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Background: Ig-Hepta knock-out mice exhibit emphysema-like symptoms, but their pathogenesis remains unclear.
Results: In Ig-Hepta knock-out mice, alveolar macrophages are activated and release matrix metalloproteinases through reac-

tive oxygen species-mediated nuclear factor-«B activation.

Conclusion: Ig-Hepta is likely to negatively regulate macrophage function and inflammation in the alveoli.
Significance: These findings reveal a novel mechanism for maintaining lung homeostasis and immune regulation.

Ig-Hepta/GPR116 is a member of the G protein-coupled
receptor family predominantly expressed in the alveolar type II
epithelial cells of the lung. Previous studies have shown that
Ig-Heptais essential for lung surfactant homeostasis, and loss
of its function results in high accumulation of surfactant lip-
ids and proteins in the alveolar space. Ig-Hepta knock-out
(Ig-Hepta™'~) mice also exhibit emphysema-like symptoms,
including accumulation of foamy alveolar macrophages
(AMs), but its pathogenic mechanism is unknown. Here, we
show that the bronchoalveolar lavage fluid obtained from Ig-
Hepta™'~ mice contains high levels of inflammatory media-
tors, lipid hydroperoxides, and matrix metalloproteinases
(MMPs), which are produced by AMs. Accumulation of reac-
tive oxygen species was observed in the AMs of Ig-Hepta™'~
mice in an age-dependent manner. In addition, nuclear fac-
tor-kB (NF-kB) is activated and translocated into the nuclei
of the AMs of Ig-Hepta™'~ mice. Release of MMP-2 and
MMP-9 from the AMs was strongly inhibited by treatment
with inhibitors of oxidants and NF-kB. We also found that the
level of monocyte chemotactic protein-1 is increased in the
embryonic lungs of Ig-Hepta™'~ mice at 18.5 days postco-
itum, when AMs are not accumulated and activated. These
results suggest that Ig-Hepta plays an important role in reg-
ulating macrophage immune responses, and its deficiency
leads to local inflammation in the lung, where AMs produce
excessive amounts of reactive oxygen species and up-regulate
MMPs through the NF-kB signaling pathway.

Pulmonary emphysema is a type of chronic obstructive pul-
monary disease (COPD),? a major cause of worldwide morbid-
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ity and mortality (1). Emphysema is characterized by abnormal
enlargement of airspaces and destruction of alveolar walls.
These structural changes are associated with decreased lung
elastic recoil, increased lung compliance, and lung hyperinfla-
tion. Cigarette smoking is a major cause of emphysema, but
there are several environmental (e.g. second hand smoke and air
pollution) and genetic (e.g al-antitrypsin deficiency) contrib-
utors to the development of this (2). In the alveoli, alveolar
macrophages (AMs) serve as the first line of host defense
against invading pathogens but play important roles in the
pathogenesis of emphysema. AMs accumulate and become
the dominant leukocyte population in the alveoli of emphy-
sema patients and smokers (3). They release various inflam-
matory mediators, including tumor necrosis factor (TNF)-q,
monocyte chemotactic protein (MCP)-1, and reactive oxy-
gen species (ROS), which promote pulmonary inflammation
(4-6). It has been shown that ROS induce expression of
macrophage matrix metalloproteinases (MMPs), including
MMP-2, MMP-9, and MMP-12, through activation of the tran-
scription factor nuclear factor-kappa B (NF-«B) (7-11). MMPs are
a family of Ca®"-activated Zn>"-dependent proteases that
degrade the extracellular matrix, such as collagens, elastins,
and gelatin (12). Imbalance between MMPs and their en-
dogenous inhibitors, tissue inhibitors of metalloproteinases
(TIMPs), is thought to cause emphysematous destruction of the
lung parenchyma (13). Although a number of studies have used
animal models (e.g. smoke-exposed mice and gene knock-out
mice) to study the pathogenesis of emphysema, none of them
accurately reproduce the human disease condition. The reason
for this problem is probably due to the differences among spe-
cies and strains in lung anatomy and in response to lung injury
(14, 15). Therefore, the use and identification of an appropriate
model will be essential to address specific concerns related to
the pathogenesis and treatment of emphysema.

tor-kB; TIMP, tissue inhibitor of metalloproteinase; SP, surfactant protein;
BALF, bronchoalveolar lavage fluid; dpc, days post coitum; H,DCFDA, 2',7'-
dichlorodihydrofluorescein diacetate; LPO, lipid hydroperoxide; CCL, CC
chemokine ligand; CXCL, CXC chemokine ligand; LPO, lipid hydroperoxide.
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Pulmonary surfactant plays an essential role in reducing the
surface tension of the air-liquid interface of the alveoli, thereby
preventing alveolar collapse (atelectasis) during expiration (16).
A growing body of evidence has suggested that pulmonary sur-
factant is correlated with the development of COPD. Pulmo-
nary surfactant is a surface-active lipoprotein complex secreted
by the alveolar type II cells. Exposure of pulmonary surfactant
to air pollution and oxidants results in peroxidation of surfac-
tant lipids and oxidation of surfactant proteins, leading to
inactivation of pulmonary surfactant, alveolar collapse, and
impaired gas exchange (17-19). Genetic mutations in the sur-
factant protein (SP)-C gene is associated with interstitial lung
disease, including emphysema (20, 21). Deficiency of SP-C
induces endoplasmic reticulum stress in the alveolar type II
cells, which promotes apoptotic and proinflammatory signaling
pathways (22). Mice lacking SP-D develop emphysema with
remodeling of the lung parenchyma, progressive accumulation
of foamy AMs and surfactant components, and excessive
proinflammatory response (23, 24). Mice lacking ATP-bind-
ing cassette A3 (ABCA3), a lipid transporter required for
surfactant lipid synthesis, exhibit abnormal surfactant homeo-
stasis, emphysema, and respiratory distress (25). Given the evi-
dence, tightly controlled homeostasis of pulmonary surfactant
plays an essential protective role in the development of emphy-
sema and its regulators could be potential drug targets for this
disease.

Ig-Hepta is a member of the adhesion class of G protein-
coupled receptors. Ig-Hepta was first identified as an orphan
receptor predominantly expressed in the lung (26). Recent
studies have reported that Ig-Hepta is highly expressed in the
alveolar type II cells and essential for homeostasis of pulmonary
surfactant. Mice deficient in Ig-Hepta exhibit massive accumu-
lation of pulmonary surfactant in the alveoli due to abnormal
synthesis and catabolism of surfactant lipids and proteins in
the alveolar type II cells (27-29). Ig-Hepta knock-out (Ig-
Hepta™'~) mice also exhibit emphysema-like symptoms with
enlarged alveoli, accumulation of foamy AMs, and increased
expression of MMP-12 (27). We therefore hypothesized that
Ig-Hepta would be of potential importance in the pathogenesis
of emphysema and that Ig-Hepta '~ mice would be a new
potential model of emphysema. In this study, we show that
AMs of Ig-Hepta '~ mice are highly activated and release sev-
eral cytokines/chemokines and ROS. Excess amounts of ROS
induce the secretion of MMP-2 and MMP-9 from AMs through
activation of NF-kB. These observations suggest that Ig-Hepta
plays an important role in lung homeostasis by regulating
immune regulation in the alveoli.

EXPERIMENTAL PROCEDURES

Animals—Ig-Hepta~'~ mice were described previously (27).
The animal protocols and procedures were approved by the
Institutional Animal Care and Use Committee of the Tokyo
Institute of Technology.

Extraction of Bronchoalveolar Lavage Fluid (BALF) and Iso-
lation of AMs—BALF was obtained according to methods
described previously with modifications (27, 30). Mice were
anesthetized with 2% isoflurane (Wako Pure Chemicals, Osaka,
Japan) by inhalation. Three alveolar lavages (1 ml of phosphate-
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buffered saline (PBS) each) were performed for each mouse. For
some experiments, BALF from several mice was pooled to
increase the yield of AMs. AMs were isolated by differential
attachment to tissue culture dishes at 37 °C. BALF was centri-
fuged at 1,000 X g for 5 min at 20 °C. Pelleted cells were resus-
pended in RPMI 1640 medium (Sigma-Aldrich) and were then
transferred to cell culture dishes. After incubation for 1 h at
37 °C, the medium was replaced with a fresh one to remove
nonadherent cells. Adherent AMs were used for experiments.

Cytokine Array Analysis—BALF samples were cleared by
centrifugation at 1,000 X g for 10 min at 4 °C followed by ultra-
centrifugation at 240,000 X g for 30 min at 4 °C in an SW41Ti
rotor (Beckman Coulter, Sunnyvale, CA). To obtain cytokine/
chemokines secreted from AMs, AMs isolated from three mice
were incubated in 1 ml of serum-free RPMI 1640 medium for
8 h at 37 °C. The medium was then cleared by centrifugation at
60,000 rpm in a TLA100.3 rotor (Beckman Coulter) for 20 min.
To prepare the lysates of embryonic lung, lungs from three
embryonic mice (18.5 days post coitum (dpc)) were homoge-
nized in PBS containing 1% Triton X-100 and protease inhibi-
tors (10 um leupeptin, 1 um pepstatin A, 5 pug/ml aprotinin, 5
mMm EDTA, and 1 mm phenylmethylsulfonyl fluoride) and then
centrifuged at 60,000 rpm in a TLA100.3 rotor for 20 min. The
supernatants were used as samples for Proteome Profiler
Mouse Cytokine Array Panel A (R&D Systems, Minneapolis,
MN), following the manufacturer’s instructions. The signals
were visualized with the chemiluminescent detection reagent
Luminata Forte (Millipore, Bedford, MA) and were captured
using ImageQuant LAS 4000 mini, a chemiluminescent image
analyzer (GE Healthcare). Individual signal intensities were
evaluated using Image] analysis software (National Institutes of
Health, Bethesda, MD). Results are reported as average signal
intensities based on pixel density.

Detection of Intracellular ROS—Accumulation of ROS in
AMs was detected with the fluorescent probe 2',7'-dichlorodi-
hydrofluorescein diacetate (H,DCFDA; Biotium, Hayward,
CA). Freshly isolated AMs were gently rinsed with PBS three
times and were then incubated with 10 um H,DCFDA in RPMI
1640 without phenol red for 30 min at 37 °C. After three times
washing with PBS, the cells were fixed with 4% paraformalde-
hyde in PBS and stained with anti-CD68 antibody (AbD Sero-
tec, Kidlington, Oxford, UK) at a dilution of 1:100 as described
below. Images were captured with a TSC-SPE laser confocal
microscope (Leica, Wetzlar, Germany).

Measurement of Lipid Hydroperoxide (LPO)—The levels of
LPO were measured with the LPO assay kit (Cayman Chemical,
Ann Arbor, MI) according to the manufacturer’s instructions.
BALF and remaining lungs after lavaged were isolated and
homogenized in PBS on ice. After centrifugation of the sample
at 3,000 X g for 10 min at 4 °C, LPO was immediately extracted
from the sample into chloroform and assayed according to the
manufacturer’s protocols.

Immunofluorescence Staining—AMs on coverslips were fixed
with 4% paraformaldehyde in PBS for 10 min, permeabilized
with 0.2% Triton X-100 in PBS for 10 min, and blocked with 5%
fetal bovine serum for 30 min at room temperature. The cells
were incubated for 2 h at room temperature with anti-NF-«B
p65 antibody (sc-109; Santa Cruz Biotechnology, Inc.) at a 1:50
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dilution in PBS containing 5% fetal bovine serum. The cells
were then incubated for 1 h at room temperature with Alexa
Fluor 488-labeled anti-rabbit IgG antibody (Molecular Probes,
Inc., Eugene, OR). Images were captured with a TSC-SPE laser
confocal microscope.

Gelatin Zymography—BALF from five mice was pooled,
added with protease inhibitors (10 um leupeptin, 1 uM pepsta-
tin A, and 5 ug/ml aprotinin), and homogenized. After centri-
fugation at 20,000 X g, for 30 min at 4 °C, the supernatants were
then concentrated with Amicon Ultra-30K centrifugal filter
devices (Millipore). The samples (20 ug of proteins) were mixed
with Tris-glycine SDS sample buffer (final concentrations: 63
mM Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, and 0.0025% bro-
mphenol blue) and applied without boiling to a 10% Novex
Zymogram gelatin gel (a 10% Tris-glycine gel containing 0.1%
gelatin; Life Technologies, Inc.). After electrophoresis, the gel
was incubated with renaturing buffer (25% Triton X-100 in dis-
tilled water) for 30 min at room temperature to remove SDS
from the gel, followed by developing buffer (50 mm Tris, pH 7.5,
200 mMm NaCl, 5 mm CaCl,, and 0.2% Brij 35) for 30 min at room
temperature. The developing buffer was then replaced with a
fresh one, and the gel was incubated for another 16-18 h at
37 °C. Subsequently, the gel was stained with 0.5% Coomassie
Brilliant Blue R250 in 50% methanol and 10% acetic acid for 1 h
and was then destained with 50% methanol and 10% acetic acid.
The activities of MMPs were detected as clear bands against a
blue background.

Treatment of AMs with Inhibitors in Vitro—AMs from Ig-
Hepta™/~ mice were pooled and placed in culture at a con-
centration of 5 X 10° cells/well in serum-free RPMI 1640
medium. The AMs were treated for 6 h at 37 °C with 20 mm
N-acetyl-L-cysteine (Sigma-Aldrich), 200 um pyrrolidine
dithiocarbamate (Sigma-Aldrich), 50 um parthenolide (Sigma-
Aldrich), or 20 um BAY 11-7082 (Wako Pure Chemical).
After incubation, medium was removed, and the cells were
washed and incubated with fresh medium including the
reagents for 3 h. The medium was then collected, added with
protease inhibitors (10 uMm leupeptin, 1 um pepstatin A, and
5 pg/ml aprotinin), and centrifuged at 1,000 X g for 10 min.
The resulting supernatants were collected and used for gel-
atin zymography analysis.

Western Blot Analysis—Preparations of BALF samples were
as described above. Remaining whole lung tissues were homog-
enized in 5 ml of PBS. The samples were added with protease
inhibitors (10 uM leupeptin, 1 um pepstatin A, 5 ug/ml apro-
tinin, 5 mm EDTA, and 1 mMm phenylmethylsulfonyl fluoride)
and 1% Triton X-100. Western blot analysis was performed
according to previous methods with several modifications (27).
Protein samples were separated by SDS-polyacrylamide gel
electrophoresis and were then transferred onto an Immobilon
FL polyvinyl difluoride membrane (Millipore) with a semidry
blotter. After blocking with 5% nonfat milk in 150 mm NaCl, 10
mM Tris-Cl, pH 8, and 0.05% Tween 20 (TBS-T) for 1 h at room
temperature, the membrane was incubated with primary anti-
bodies overnight at 4 °C, followed by corresponding secondary
antibodies conjugated to Alexa Fluor 680 (at a 1:10,000 dilution
in TBS-T) for 1 h at room temperature. Signals were detected
with the Odyssey infrared imaging system (LI-COR Biosci-
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ences, Lincoln, NE). The dilutions of the primary antibodies
were as follows: NF-kB p65, 1:1,000; MMP2 (Abcam, Cam-
bridge, MA), 1:1,000; MMP9 (Abcam), 1:1,000; IkB-a (sc-371,
Santa Cruz Biotechnology), 1:200; histone H1 (MBL, Nagoya,
Japan), 1:1,000; HSP90 (MBL), 1:1,000; Ig-Hepta N7, 1:2,000
(27); and F4/80 (CI:A3-1, AbD Serotec), 1:500.

Subcellular Fractionation—AMs from Ig-Hepta '~ mice
were incubated in a 2X volume of buffer A (10 mm HEPES, pH
7.9,10 mm KCl, 0.1 mm EDTA, 1.5 mm MgCl,, 1 mm dithiothre-
itol, and 0.5 mm phenylmethylsulfonyl fluoride) for 15 min on
ice. After adding Nonidet P-40 to a final concentration of 0.8%,
the cells were gently vortexed for 10 s and then centrifuged at
800 X g for 10 min. The supernatant was cleared by centrifuga-
tion at 60,000 rpm in a TLA100.3 rotor for 20 min and then used
as the cytosolic fraction. The pellet was washed with buffer A
three times and then incubated in an equal volume of buffer C
(20 mm HEPES, pH 7.9, 420 mm NaCl, 0.1 mm EDTA, 1.5 mm
MgCl,, 25% glycerol, 1 mwm dithiothreitol, and 0.5 mm phenyl-
methylsulfonyl fluoride) for 30 min with vortex mixing at
10-min intervals. After centrifugation at 17,800 X g for 10 min,
the resulting supernatant (nuclear fraction) was incubated with
0.1% SDS and then cleared by centrifugation at 60,000 rpm in a
TLA100.3 rotor for 20 min.

Electrophoresis Mobility Shift Assay (EMSA)—EMSA was
performed with the LightShift chemiluminescent EMSA kit
(Promega, Madison, WI) according to the manufacturer’s
instructions. Nuclear extracts of AMs were mixed with 20 fmol
of biotin-labeled consensus NF-«B oligonucleotide (5'-agtt-
gaggggactttcccagge-3') in 20 pl of binding buffer (Promega)
containing 2.5% glycerol, 5 mm MgCl,, 50 ng/ul poly(dI-dC),
and 0.05% Nonidet P-40. The reaction mixtures were incubated
for 30 min at room temperature. For control experiments, an
unlabeled consensus NF-«B oligonucleotide (4 pmol) was
added to the reaction mixtures, or a biotin-labeled mutant oli-
gonucleotide (5'-agttgaggcgactttcccagge-3') was used instead
of the wild-type (WT) oligonucleotide.

Quantitative Real-time PCR—Total RNA was isolated with
Isogen (Nippon Gene, Toyama, Japan) and used for synthesis of
first strand DNA with SuperScript IIl reverse transcriptase (Life
Technologies). Real-time PCR was performed with SYBR Pre-
mix Ex Taqll (Takara, Otsu, Japan) according to the manufac-
turer’s instructions. The following primer sets were used:
Mmp?2, 5'-ggacaagtggtccgegtaaa-3' and 5'-ccgaccgttgaacag-
gaagg-3'; Mmp9, 5'-ctttgagtccggcagacaat-3’' and 5'-ttccag-
taccaaccgtectt-3'; and Gapdh, 5'-aggtcggtgtgaacggatt-3’
and 5'-tgccgtgagtggagtcatac-3'.

Statistical Analysis—Data are presented as the mean * S.E.
of at least three independent experiments. Statistical compari-
sons were performed with Student’s ¢ test, and a value of p <
0.05 was considered significant.

/—

RESULTS

Alteration of Cytokine and Chemokine Profile in the Lung and
AMs of Ig-Hepta "~ Mice—W e examined the levels of secreted
cytokines and chemokines by using an antibody array that
could detect 40 different antigens. When the antibody arrays
were incubated with cell-free BALF, high levels of cytokines and
chemokines were detected in the BALF sample of Ig-Hepta '~
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FIGURE 1. Increased cytokine and chemokine expression in the BALF and AMs of Ig-Hepta™—'~. A and C, Proteome Profiler Mouse Cytokine Arrays were used
to detect cytokines and chemokines present in cell-free BALF (A) or those secreted from AMs (C) prepared from WT (top) and Ig-Hepta ’~ (KO; bottom) mice. The
identity of each spot s as follows. a7, a12,and f1, reference spots; b7, CXCL13; b2, complement component C5a; b3, G-CSF; b4, GM-CSF; b5, CCL1; b6, CCL11; b7,
SICAM-1; b8, IFN-v; b9, IL-1a; 10, IL-1B; b11, IL-1ra; b12,IL-2; c1, IL-3; 2, IL-4; 3, IL-5; ¢4, IL-6; ¢5, IL-7; ¢6,IL-10; 7, IL-13; ¢8, IL-12p70; ¢9, IL-16; c10,IL-17; 11, IL-23;
c12,1L-27;d1,CXCL10; d2, CXCL11; d3, CXCL1; d4, M-CSF; d5, MCP-1; d6, CCL12; d7, CXCLY; d8, CCL3; d9, CCL4; d10,CXCL2; d11,CCL5; d12,CXCL12;e1,CCL17; €2,
TIMP-1; e3, TNF-o; e4, TREM-1; f12, negative control. Band D, the signal intensity of each spot was quantified and shown in the bar graph. Gray bar, WT mice.
Filled bar, Ig-Hepta™’~ (KO) mice.
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FIGURE 2. ROS production in AMs. A-F, AMs were isolated from Ig-Hepta™’~ (KO; A, C,and E) and WT (B, D, and F) at 8 -12, 25-30, and 50— 60 weeks of age. The AMs
were stained with H,DCFDA for 30 min at 37 °C, followed by staining with anti-CD68 antibody, and then observed with a confocal microscope. Typical results obtained
from 12-week-old (A and B), 25-week-old (C and D), and 60-week-old mice (E and F) are shown. H,DCFDA staining (green in left panels), CD68 staining (red in middle
panels),and overlays (right panels) are shown. Bars, 25 um. G, bar graphs represent the percentage of AMs with H,DCFDA staining quantified in randomly chosen views.
Values are means = S.E. (error bars) from three mice. The total numbers of cells counted are indicated within or above each bar.

mice, including MCP-1, complement component C5/C5a, CC
chemokine ligand 3 (CCL3) (also known as MIP (macrophage

examine whether these cytokines and chemokines were
secreted from the AMs, antibody array analysis was performed

inflammatory protein)-1a), TIMP-1, IL-1 receptor antagonist
(IL-1ra), CXC chemokine ligand 1 (CXCL1), and M-CSF (Fig. 1,
A and B). The expression of typical proinflammatory cytokines,
such as TNFq, IL-1b and IL-6, and other cytokines/chemokines
were very low or below the detection limit of the system. To
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on the supernatant of isolated AMs. A similar cytokine/chemo-
kine profile was observed with the exception that the levels of
complement component C5/C5a and TIMP-1 were very low
while those of TNFa were detectable (Fig. 1, C and D). The
increased levels of several inflammatory cytokines/chemokines
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(A) and lung lysates (B) were determined as described under “Experimental
Procedures.” The data in Ig-Hepta™’~ (KO) mice are expressed relative to the
WT mice. Values are means = S.E. (error bars) from three mice.

and the accumulation of foamy AMs (27-29) suggest that local
inflammation occurs in the alveoli of Ig-Hepta '~ mice.

ROS Accumulation in AMs of Ig-Hepta '~ Mice—Increased
ROS production has been implicated in the development of
emphysema (31, 32). Because AM is known to be the major
source of ROS (33, 34), we examined ROS production in the
AMs of Ig-Hepta '~ mice by staining with H,DCFDA, a fluo-
rogenic probe for intracellular ROS. Accumulation of ROS was
observed in the cytoplasm of the AMs, which were double-
labeled with the macrophage marker CD68 (Fig. 2, A, C, and E).
The number of cells with positive H,DCFDA staining increased
with age (Fig. 2G). In contrast, less staining was observed in the
AMs of WT mice (Fig. 2, B, D, and F). Furthermore, we
observed that the levels of lipid hydroperoxide (LPO), a marker
of oxidative stress, were significantly increased in BALF and
lung tissue of Ig-Hepta '~ mice (Fig. 3). These results suggest
that the deletion of the Ig-Hepta gene causes excessive ROS
production by AMs and subsequent oxidative stress in the
alveoli.

Activation of NF-kB in AMs of Ig-Hepta™”~ Mice—ROS acti-
vate the redox-sensitive transcription factors involved in medi-
ating inflammatory response, such as NF-«B (7). NF-«B is a
heterodimer consisting of 50- and 65-kDa subunits (p50 and
p65), and its inactive form is localized in the cytosol. Following
degradation of the cellular NF-«kB inhibitor I«B, active NF-«B
translocates into the nucleus and promotes target gene tran-
scription (35). Western blot analysis showed increased p65
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FIGURE 4. NF-kB activation in the AM of Ig-Hepta™'~ mice. A, BALF was prepared from 60-week-old WT and Ig-Hepta /" (KO) mice. Equal amounts of protein ly-
sates (20 ug of protein each) were analyzed by Western blotting with antibodies against p65 (top), |kB (middle), and actin (for loading control; bottom). *, nonspecific
immunoreactive bands. B, cytosolic (left lane) and nuclear fractions (right lane) of the Ig-Hepta—’~ AMs (100 ug of proteins) were analyzed by Western blotting with
antibodies against p65 (top), histone H1 (middle; a nuclear marker), and heat shock protein 90 (bottom; HSP90, a cytosolic marker). *, nonspecific immunoreactive
bands. C, AMs were isolated from Ig-Hepta—’~ (KO) and WT mice at 28 weeks at age. The AMs were stained with anti-p65 antibody (green in left panels) and Hoechst
33342 (blue in middle panels), and then observed with a confocal microscope. AMs of Ig-Hepta’~ mice often have enlarged, round nuclei and swollen cytoplasm,
which are due to macrophage activation and excessive phagocytosis of surfactants (27-29). Bars, 25 um. D, bar graphs represent the percentage of cells showing only
p65 cytoplasmic staining (open bar) and those showing p65 nuclear staining or both (filled bar), which were quantified in randomly chosen views. Values are means =+
S.E. (error bars) from three mice. E, biotin-labeled WT (lanes 1-3) and mutant NF-«B oligonucleotides (lanes 4) were incubated in the presence or absence of nuclear
extracts of the Ig-Hepta /~ AMs. For a control experiment, excess unlabeled WT oligonucleotides were added to the reaction mixture as a competitor (lane 3). The
oligonucleotides were subjected to polyacrylamide gel electrophoresis and then detected with horseradish-conjugated streptavidin. The arrowhead and arrow
indicate bands corresponding to free biotin-labeled oligonucleotides and mobility shift of oligonucleotides, respectively.
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expression and decreased IkB-a expression in the AMs of Ig-
Hepta~'~ mice (Fig. 4A). In addition, subcellular fractionation
showed the nuclear localization of p65 in the AMs of
Ig-Hepta™'~ mice (Fig. 4B). Consistent with these results,
immunofluorescent confocal microscopy showed that the AMs
of Ig-Hepta~ '~ mice were strongly stained with anti-p65 anti-
body compared with those of WT mice (Fig. 4C). In addition,
the nuclear localization of p65 was observed in ~83% of the
AMs in Ig-Hepta '~ mice, whereas it was seen in only 10% of
the AMs in WT mice (Fig. 4D). To determine the activity of
NE-kB, EMSA was performed using nuclear extracts from the
AMs of Ig-Hepta™ '~ mice. Mobility shift of a consensus NF-«B
oligonucleotide was observed in the presence of the nuclear
extracts (Fig. 4E, lane 2, arrow). This shift was abolished when a
point mutation was introduced into the NF-«B-binding
sequence (Fig. 4E, lane 4). These results suggest that NF-«B is
highly activated in the AMs of Ig-Hepta '~ mice.

Increased Expression and Activity of MMPs in the Lung of
Ig-Hepta™’~ Mice—It has been shown that increased levels of
MMP-2, MMP-9, and MMP-12 are associated with emphy-
sema in human and animal models (36 —38). We have previ-
ously reported that MMP-12 expression is elevated in the lung
of Ig-Hepta™'~ mice (27). We therefore examined the expres-
sion levels of MMP-2 and MMP-9 by Western blotting. Expres-
sion of MMP-2 and MMP-9 was very low or undetectable in the
BALF of WT mice, whereas their levels were markedly
increased in the BALF of Ig-Hepta '~ mice (Fig. 54). In addi-
tion, quantitative real-time PCR analysis showed that Mmp2
and Mmp9 expression were significantly increased in the AMs
of Ig-Hepta '~ mice (Fig. 5B). Furthermore, gelatin zymogra-
phy studies showed that their gelatinase activity are also
increased in the BALF from Ig—Hepm_/ ~ mice; there were three
major gelatinase bands corresponding to MMP-2, MMP-9, and
pro-MMP-9 at positions of ~64, 82, and 97 kDa, respectively
(Fig. 5C). To investigate whether the increased MMP expres-
sion is mediated by oxidative stress-induced NF-«B activation,
the AMs of Ig-Hepta '~ mice were treated with pyrrolidine
dithiocarbamate, an antioxidant, and the activity of released
MMPs was then analyzed by gelatin zymography. Treatments
with pyrrolidine dithiocarbamate resulted in a marked decrease
in the MMP activity (Fig. 5D). Similar results were obtained
when the AMs were treated with another antioxidant, N-acetyl-
L-cysteine (NAC in Fig. 5E), or with the NF-«B inhibitors par-
thenolide (Fig. 5F) and BAY 11-7082 (Fig. 5G). These results
suggest that the AMs of Ig-Hepta '~ mice promote MMP pro-
duction through ROS-induced NF-«B activation.

Increased Cytokine and Chemokine Expression in the Lung of
Embryonic Ig-Hepta '~ Mice—It has been reported that Ig-
Hepta expression is induced in mouse lung at 18 dpc, whereas
accumulation of pulmonary surfactant initiates after birth (27,
28). We observed that expression levels of F8/40 (a macrophage
marker), Mmp2, and Mmp9 are comparable in the lung
between WT and Ig—Hepm_/_ mice at 18.5 dpc (Fig. 6, A and B),
suggesting that AM accumulation and activation do not occur
during embryonic development. When the cytokine/chemo-
kine profile was analyzed using 18.5-dpc lung lysates, increased
expression of MCP-1 was detected in Ig-Hepta '~ mice (Fig. 6,
Cand D). Other factors, such as CCL1, IL-7,IL-13, and CCL12,
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FIGURE 5. Up-regulation of MMPs in the AMs of Ig-Hepta™'~ mice. A, West-
ern blot analysis was performed on the BALF (20 g of protein each) prepared
from 12-week-old WT and Ig-Hepta ’~ (KO) mice. The protein bands corre-
sponding to MMP-2, MMP-9, and B-actin are shown. B, quantitative real-time
PCR was performed to determine the expression levels of Mmp2 and Mmp9in
AMs of 12-week-old WT and Ig-Hepta—’~ (KO) mice. The data from three inde-
pendent experiments were normalized to the levels of Gapdh and are
expressed relative to the levels in WT mice. ¥, p < 0.05; **, p < 0.005 (Student’s
t test). C, the gelatinase activity of MMP-2 and MMP-9 in the BALF was
assessed by gelatin zymography. D-G, AMs were isolated from Ig-Hepta ™/~
mice and treated with 200 um pyrrolidine dithiocarbamate (PDTC) (D), 20 mm
N-acetyl-L-cysteine (NAC) (E), 50 um parthenolide (F), or 20 um BAY 11-7082
(G). The activities of MMP-2 and MMP-9 secreted from the AMs were deter-
mined by gelatin zymography. Error bars, S.E.

also increased, albeit at very low expression levels (Fig. 6, C and
D). We failed to analyze the cytokine/chemokine profile of
BALF and AMs due to technical difficulty in obtaining lavage
fluid from very small lungs. These results suggest that deletion
of Ig-Hepta promotes the expression of proinflammatory medi-
ators in embryonic lungs prior to macrophage activation.

DISCUSSION

Recent studies have shown that targeted disruption of Ig-
Hepta in mice results in abnormal lung structure with enlarged
alveoli and in progressive accumulation of pulmonary surfac-
tant and AMs (27-29). These abnormalities are similar to those
seen in patients and animal models with emphysema (21, 39,
40), but the underlying mechanism of pathogenesis has not
been elucidated. Because AMs have been shown to play a piv-
otal role in the pathogenesis of emphysema, we determined and
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FIGURE 6. Increased cytokine and chemokine expression in the lung of embryonic Ig-Hepta™'~ mice. A, Western blot analysis was performed on lung

lysates prepared from WT and Ig-Hepta—’~ (KO) mice at 18.5 dpc (60 ug of protein each). The protein bands corresponding to Ig-Hepta, F8/40, and B-actin are
shown. B, the expression levels of Mmp2 and Mmp9in embryonic lungs (18 dpc) were analyzed by quantitative real-time PCR. The data from three independent
experiments were normalized to the levels of Gapdh and are expressed relative to the levels in WT mice. NS, no significant difference (Student’s t test). C,
Proteome Profiler Mouse Cytokine Arrays were used to detect cytokines and chemokines present in lung lysates prepared from three embryonic WT (top) or
Ig-Hepta™’~ (KO; bottom) mice (18.5 dpc). The identity of each spot is indicated in the legend to Fig. 1. D, the signal intensity of each spot was quantified and

shown in the bar graph. Gray bar, WT mice. Filled bar, Ig-Hepta’~ (KO) mice.

compared ROS accumulation, NF-kB activation, and MMP
production in the AMs of wild-type and Ig-Hepta '~ mice. Our
results showed that the AMs of Ig-Hepta '~ mice have re-
sponse profiles similar to those observed in emphysema.

An extensive accumulation of the AMs occurs in the alveoli
of Ig-Hepta™'~ mice as early as 3 weeks of age and progressively
increases thereafter (27, 28). Most AMs are enlarged and
become foamy with lipid-laden phagosomes due to extensive
uptake of surfactant lipids (27-29). The increased levels of
MCP-1/CCL2, CCL3, and complement component C5a (Fig. 1)
are likely to promote recruitment of monocytes/macrophages
within the alveoli. In addition to these morphological abnor-
malities, we showed increased ROS levels in the AMs of both
young and old Ig-Hepta '~ mice (Fig. 2). ROS are increasingly
recognized as important mediators of fundamental cellular
functions, such as cell growth and differentiation, cell signaling,
stress response, and apoptosis (41, 42). However, their exces-
sive production is known to lead to oxidative stress resulting in
tissue injury. Therefore, Ig-Hepta may have an antioxidant role
in maintaining ROS homeostasis and protect the lung tissue
from oxidative stress. The accumulation of LPO in the lung
tissue (Fig. 3) suggests that the lung parenchyma is exposed to
oxidative stress. The increased ROS levels are, however,
unlikely to reflect a direct effect of Ig-Hepta deletion because
Ig-Hepta expression is not detected in AMs (27, 29). This is
supported by the findings by Yang ez al. (29) that the phenotype
observed in AMs is not autonomous but rather determined by
the lung microenvironment of Ig-Hepta '~ mice. SP-D knock-
out mice develop emphysema with an increased number of
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foamy macrophages, excess surfactant, and overproduction of
ROS (24). The similarities in phenotypes between Ig-Hepta and
SP-D knock-out mice lead us to speculate that increased levels
of surfactant components may stimulate AMs to produce ROS.
In the development of atherosclerosis, the scavenger receptors
for oxidized low density lipoproteins (LDLs), such as CD36 and
SR-A (scavenger receptor-A), promote cholesterol uptake by
tissue macrophages, leading to foamy cell formation and ROS
production (43). A large amount of LPO in the BALF (Fig. 3)
suggests that oxidized (surfactant) lipids may be incorporated
into the AMs and enhance ROS generation. Taking into
account the fact that the alveolar type II cells also produce and
release ROS (44, 45), another possibility would be to assume
that deletion of Ig-Hepta leads to imbalanced ROS homeostasis
in the alveolar type II cells, which promotes ROS release toward
AMs as well as surfactant lipids.

Accumulated evidence has shown that ROS can initiate
inflammatory responses in the lung though the activation of the
redox-sensitive transcription factor NF-«kB (5, 24, 46). In sup-
port of the close relationship between ROS and NF-«B activa-
tion, increased nuclear expression of NF-«B was detected in the
AMs of Ig-Hepta '~ mice (Fig. 4). In addition to the previous
finding of increased MMP-12 expression (27), we found
increased levels and activity of MMP-2 and MMP-9 in the
BALF from Ig-Hepta '~ mice (Fig. 5). This phenomenon is
closely similar to that observed in COPD patients and in mice
with emphysema induced by cigarette smoke or gene knock-
out (23, 47-50). Taking account of the fact that the promoter
regions of the MMP2 and MMP9 genes contain binding sites
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for NF-«kB for their transcriptional regulation (8, 9), the
increased expression of MMP-2 and MMP-9 in Ig-Hepta '~
mice is likely to be mediated through ROS-dependent NF-«B
activation. Because MMP-12 expression is also regulated by
ROS and NF-kB (51, 52), the up-regulation of MMP-12
observed in Ig-Hepta '~ mice may be mediated via a similar
mechanism. MMP-2 and MMP-9 are known to degrade type IV
collagen and gelatin, which are major components of the extra-
cellular matrix (53-55). Their excess activity has been thought
to contribute to the development of emphysema through
extensive destruction of the extracellular matrix and remodel-
ing of lung parenchyma (54, 56, 57). Therefore, we propose that
the alveolar enlargement in Ig-Hepta '~ may result from the
overactivation of the MMPs, which causes alveolar tissue
destruction and remodeling.

It is still unknown how the local inflammatory response is
initiated. We found that increased expression of cytokines and
chemokines occurs in the lungs of Ig-Hepta '~ mice at 18.5
dpc, in which no significant accumulation or activation of AMs
was observed (Fig. 6). Bridges et al. (28) have reported that
P2RY?2, a purinergic receptor, is up-regulated in the alveolar
type II cells of embryonic Ig-Hepta '~ mice at 18.5 dpc. They
hypothesized that activation of P2RY2 signaling stimulates sur-
factant release from the alveolar type II cells after birth. P2RY2
is known to induce proinflammatory cytokines and chemo-
kines, including MCP-1, from several types of cells, such as
epithelial cells, fibroblasts, myocytes, and macrophages (58—
61). In addition, the alveolar type II cells have the ability to
recruit and activate AMs by secreting MCP-1 (62, 63). There-
fore, it is possible that activation of P2RY2 signaling by
Ig-Hepta deletion might promote the release of MCP-1 and
other proinflammatory mediators from the alveolar type II
cells, thereby leading to attraction and activation of AMs.

In conclusion, Ig-Hepta '~ mice exhibit emphysema-like
symptoms, in which AMs are activated and release MMPs
through ROS-mediated NF-«B activation. The macrophage
activation is likely to be mediated by MCP-1 induced by Ig-
Hepta deletion, but the underlying mechanism, including Ig-
Hepta-mediated signaling, should be elucidated in future
studies. Our findings suggest that Ig-Hepta bears the respon-
sibility for ensuring homeostasis of the internal environment
of the alveoli, such as surfactant homeostasis, to prevent
macrophage activation and emphysema. Therefore, we pro-
pose that Ig-Hepta '~ mice are a useful model to gain
insights into the pathogenesis and treatment of emphysema.
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