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Rationale: Alveolar transforming growth factor (TGF)-b1 signaling

and expression of TGF-b1 target genes are increased in patients

with idiopathic pulmonary fibrosis (IPF) and in animal models of

pulmonary fibrosis. Internalization and degradation of TGF-b re-

ceptor TbRI inhibits TGF-b signaling and could attenuate develop-

ment of experimental lung fibrosis.

Objectives: To demonstrate that after experimental lung injury, hu-

mansyndecan-2 confers antifibrotic effectsby inhibitingTGF-b1 sig-

naling in alveolar epithelial cells.

Methods: Microarray assays were performed to identify genes differ-

entially expressed in alveolar macrophages of patients with IPF ver-

sus control subjects. Transgenicmice that constitutively overexpress

human syndecan-2 inmacrophageswere developed to test the anti-

fibrotic properties of syndecan-2. In vitro assays were performed to

determine syndecan-2–dependent changes in epithelial cell TGF-b1

signaling, TGF-b1, and TbRI internalization and apoptosis. Wild-

typemicewere treatedwith recombinant human syndecan-2during

the fibrotic phase of bleomycin-induced lung injury.

Measurements and Main Results: We observed significant increases

in alveolar macrophage syndecan-2 levels in patients with IPF.

Macrophage-specific overexpression of human syndecan-2 in trans-

genic mice conferred antifibrotic effects after lung injury by inhibit-

ing TGF-b1 signaling and downstream expression of TGF-b1 target

genes, reducing extracellularmatrix production and alveolar epithelial

cell apoptosis. In vitro, syndecan-2 promoted caveolin-1–dependent

internalization of TGF-b1 and TbRI in alveolar epithelial cells, which

inhibited TGF-b1 signaling and epithelial cell apoptosis. Therapeutic

administration of human syndecan-2 abrogated lung fibrosis in mice.

Conclusions: Alveolar macrophage syndecan-2 exerts antifibrotic

effects by promoting caveolin-1–dependent TGF-b1 and TbRI inter-

nalizationand inhibitingTGF-b1 signaling in alveolar epithelial cells.

Hence, molecules that facilitate TbRI degradation via endocytosis

represent potential therapies for pulmonary fibrosis.
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Idiopathic pulmonary fibrosis (IPF), a debilitating chronic inter-
stitial lung disease, affects approximately 0.05 to 0.1% of individ-
uals aged 55 years or older, with average survival limited to 3 to
5 years (1). Lung transplantation in eligible individuals remains
the only effective therapeutic option (2). The underlying mech-
anisms for the pathogenesis of IPF remain poorly understood,
but involve aberrant fibrotic tissue repair responses, repetitive
alveolar microinjury, and increased epithelial cell apoptosis,
leading to ineffective reepithelialization of damaged alveolar walls
(3, 4). Although epithelial–mesenchymal interactions likely repre-
sent the major pathogenic determinants of this disease, recent
reports suggest that innate and adaptive immune responses can
contribute to disease pathogenesis by modulating lung injury and
repair processes (5–7).
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Transforming growth factor (TGF)-b1 plays a crucial role
in alveolar tissue repair after injury. TGF-b1 signaling is
increased in both patients with idiopathic pulmonary fi-
brosis (IPF) and animal models of pulmonary fibrosis.
Syndecans, a family of transmembrane heparan-sulfate
proteoglycans, have a protective role in fibrosis models in
part by regulating the biologic activity of chemokines and
growth factors.

What This Study Adds to the Field

The potential antifibrotic mechanisms of syndecan-2 remain
unidentified. Here we demonstrate that alveolar macro-
phage syndecan-2 is overexpressed in patients with IPF and
that syndecan-2 can attenuate experimental fibrosis by
inhibiting TGF-b1 signaling.
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Transforming growth factor-b1 (TGF-b1), a multifunctional
cytokine, plays a crucial role in organ development, tissue main-
tenance, and tissue repair after injury (8, 9). Excessive TGF-b1
tissue expression may contribute to the pathogenesis of multiple
fibrotic disorders, including IPF (8, 9). Several tissue- and cell-
specific mechanisms tightly regulate TGF-b1 signaling and bio-
logical activity (10). These include activation of latent TGF-b1,
modulation of intracellular signaling molecules, and regulation
of cell membrane expression of TGF-b receptors (TbRI, TbRII,
TbRIII) (11, 12). Regulation of TbRI and TbRII endocytosis
and trafficking in turn regulates TGF-b intracellular signaling
(13). Internalization of TGF-b receptors via lipid raft and/or
caveolin-1–mediated endocytosis of TGF-b receptors may facili-
tate receptor degradation and inhibit cell signaling (14–16). Hence,
strategies that promote TGF-b receptor internalization via caveolin-
1–mediated endocytosis may lead to the development of new
therapeutic approaches to inhibit TGF-b signaling in patients
affected with fibrotic lung disorders (17, 18).

Syndecans, a family of four transmembrane heparan-sulfate pro-
teoglycans, are expressed in multiple tissue and cell types (19, 20)
and regulate diverse proteins affecting tissue injury and repair (20–
24). Syndecan ectodomains, cleaved from cell membranes by pro-
teases, bind to and modulate the activity of chemokines, growth
factors, and cell surface receptors through highly glycosylated arms
(13). Syndecan-1 can promote resolution of experimental lung in-
jury through interactions with CXCL8 (20). Similarly, syndecan-4
reduces experimental lung fibrosis by inhibiting fibroblast migra-
tion via interactions with CXCL10 (22). These findings suggest
a protective role for syndecans in the development of pulmonary
fibrosis; however, the potential antifibrotic mechanisms of
syndecan-2 remain unidentified. Here we demonstrate that alve-
olar macrophage syndecan-2 is overexpressed in patients with
IPF and that syndecan-2 can attenuate experimental fibrosis by
inhibiting TGF-b1 signaling.

METHODS

For additional details regarding methods, see the online supplement.

Fiberoptic Bronchoscopy with Bronchoalveolar

Lavage (Human)

Bronchoscopy with lavage as well as isolation of alveolar macrophages
and peripheral blood mononuclear cells were performed as described
(25).

Gene Expression Profiling and Metaanalysis

Gene expression profiles for the clinical groups were determined by using
Affymetrix HG-U133A microarrays. A total of 84 arrays, including 45
normal volunteers, 16 unaffected relatives, 15 subjects with sporadic
IPF, and 8 subjects with familial IPF, were analyzed. Gene expression
data were submitted to the Gene Expression Omnibus (accession num-
ber GSE4907).

Generation of Human Syndecan-2 Transgenic Mouse

Syndecan-2 transgenic mice were generated using a transgene contain-
ing the human syndecan-2 (hsdc2) coding sequence under the control of
the scavenger receptor A enhancer/promoter (SREP) (26–28), a kind
gift from Dr. Jeanine D’Armiento (Columbia University, NY).

Hydroxyproline Assay

Left lungs were hydrolyzed in HCl 6N for 24 hours at 1108C, and
hydroxyproline levels were quantified as described (29). Each sample
was tested in triplicate. Data are expressed as micrograms of hydroxy-
proline per left lung.

Syndecan-2 Therapeutic Administration

Wild-type C57BL6 mice at 8 weeks of age were instilled by aspiration
with 0.15 U/mouse of bleomycin (Tszchem, Framingham, MA) in 100 ml
sterile saline at Day 0. Control animals were treated with an equal volume
of sterile saline. In the treatment group, recombinant human syndecan-2
(R&D Systems) (5 mg in 100 ml of phosphate-buffered saline [PBS]) was
administered at Days 14, 16, 18, and 20 post bleomycin or saline instilla-
tion. The control group was treated with an equal volume of sterile PBS.
Mice were sacrificed 28 days after bleomycin or saline treatment.

Internalization of TGF-b1 and TGF-b Receptors

Method was modified from reported biochemical analysis of syndecan
recycling (30). Human primary small airway epithelial cells (SAEC)
were incubated with or without recombinant syndecan-2; biotinylated
TGF-b1 was determined by Avidin precipitation and TGF-b1 immuno-
blotting. TGF-b1 and TbRI in membrane or cytoplasm were detected by
immunoblotting.

Statistical Analyses

Statistical analyses were performed using a Student nonpaired t test
(software Origin, version 8.5). A P value less than 0.05 was considered
significant. Values are presented as means 6 SD unless otherwise stated.

RESULTS

Elevated Alveolar Macrophage and Shed Syndecan-2

Levels in IPF

To identify genes associatedwith IPF, geneexpressionprofiles for
alveolarmacrophages derived from subjects with sporadic and fa-
milial IPFwere analyzed and compared with control subjects (see
TableE1 in the online supplement). To select genes differentially
expressed in human pulmonary fibrosis and not in other chronic
lung diseases, we conducted a metaanalysis of alveolar macro-
phage gene expression profiles obtained from patients with IPF,
asthma (31), and chronic obstructive lung disease (COPD) (32).
Furthermore, we performed a cross-sectional analysis comparing
lung function with expression levels of 84 differentially regulated
genes in both sporadic IPF and familial pulmonary fibrosis (Fig-
ure E1). Syndecan-2 was up-regulated in patients with IPF,
slightly increased in asthma, and not increased in COPD. Impor-
tantly, we found increases in syndecan-2 mRNA expression in
subjects with mild, moderate, and severe lung diffusion abnor-
malities (Figure 1A). To validate themicroarray findings, proteo-
mic assays of alveolar macrophages and bronchoalveolar lavage
fluid (BALF) from subjects with IPF or healthy control subjects
were performed. Consistent with our gene expression data, we
found significantly higher syndecan-2 protein levels in alveolar
macrophages and BALF from subjects with IPF compared with
control subjects (Figure 1B).

To determine whether our findings were specific to syndecan-2,
we performed quantitative real-time polymerase chain reac-
tion assays to measure mRNA levels of syndecan-1, -2, -3,
and -4 in alveolar macrophages. As expected, we found that mRNA
levels of syndecan-2, but not syndecan-1, -3, or -4, were signifi-
cantly increased in macrophages from patients with IPF compared
with those of healthy control subjects (Figure 1C). Furthermore,
we determined the syndecan-2 protein concentrations in BALF
and serum from subjects with IPF using a modified human
syndecan-2 ELISA. Syndecan-2 concentrations were signifi-
cantly increased in BALF and serum of patients with IPF com-
pared with normal control subjects (Figure 1D). Immunostaining
of lung tissue sections revealed that syndecan-2 was highly
expressed in alveolar macrophages in subjects with IPF compared
with control subjects (Figure 1E). Moreover, we performed im-
munostaining of lung sections obtained from patients with IPF.
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We confirmed that syndecan-2 was robustly expressed in alveolar
macrophages, in perivascular areas of CD31-positive endothelial

cells, and to a lesser extent in fibroblasts and fibroblast foci of

patients with IPF (Figure E2). These findings demonstrate that

syndecan-2 is expressed in multiple cell types and strongly sug-

gest that alveolar macrophages are the predominant source of

this heparan-sulfate proteoglycan in patients with IPF.

Syndecan-2 is Up-regulated during Bleomycin-induced Lung

Injury and Inhibits Fibrosis

To investigate the role of syndecan-2 in pulmonary fibrosis, we gen-
erated a transgenicmouse (SREP-hsdc2) that specifically expresses
human syndecan-2 in differentiated macrophages (Figure E3). Al-
veolar macrophages from SREP-hsdc2 transgenic or wild-type
C57/BL6 mice were examined for syndecan-2 expression before

Figure 1. Syndecan-2 up-regulation in idiopathic pulmonary fibrosis (IPF). (A) Syndecan-2 (SDC2) gene expression by microarray analysis of alveolar

macrophage (AM) mRNA in sporadic and familial IPF. (B) Syndecan-2 protein levels in AMs and bronchoalveolar lavage (BAL) fluid were significantly

increased in IPF compared with normal control subjects (n ¼ 3 for each group; **P , 0.01). (C) Syndecan-2, and not syndecan-1, -3, or -4, gene

expression by quantitative real-time polymerase chain reaction of alveolar macrophage mRNA was significantly increased in IPF (n ¼ 5) compared

with control subjects (n ¼ 5) (*P , 0.05). (D) Syndecan-2 concentrations were significantly increased in BAL fluid and serum of subjects with (n ¼

38) compared with normal control subjects (n ¼ 26) (**P , 0.01). (E) Syndecan-2 immunostaining of alveolar macrophages (arrows) was more

intense in lung tissue sections from subjects with IPF (left panel) compared with those of control subjects (right panel). Scale bars ¼ 20 mm.
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Figure 2. Bleomycin-induced syn-

decan-2 expression and decreased

pulmonary fibrosis in scavenger

receptor A enhancer/promoter

(SREP)–human syndecan-2 (hsdc2)

transgenic mice. (A) Bleomycin or

saline was administered to wild-type

(WT) or SREP-hsdc2 transgenic (TG)

mice by aspiration, and alveolar

macrophages were harvested at 0,

7, 14, or 21 days post administra-

tion. Alveolar macrophage mouse

syndecan-2 mRNA levels in WT mice

and human syndecan-2 mRNA lev-

els in TG mice were assessed by

quantitative real-time polymerase

chain reaction (n ¼ 10). Syndecan-

2 mRNA level was up-regulated by

bleomycin-induced lung injury at all

time points after bleomycin admin-

istration (*P , 0.05 and **P , 0.01

compared with saline control). (B)

Representative Western blot analy-

ses using anti–syndecan-2 antibody

to detect total human and mouse

syndecan-2 protein in alveolar mac-

rophages (AM) and bronchoalveolar

lavage (BAL) fluid showed increased

syndecan-2 levels in WT and TG

mice 21 days after administration

of bleomycin (BL) compared with

saline (SA). (C) Alveolar macro-

phage numbers in TG mice were

significantly increased 21 days after

bleomycin-induced lung injury

compared with WT mice (**P ,

0.01; n ¼ 8–12). There were no sig-

nificant changes in alveolar mac-

rophages 7 and 14 days after

bleomycin administration. (D) WT

mice have significantly higher

hydroxyproline lung levels following

exposure to bleomycin compared

with saline (*P ¼ 0.02). Hydroxypro-

line content in the left lung 21 days

after instillation of bleomycin, and

not saline, was not increased in TG

mice 21 days after instillation of

bleomycin compared with saline

and was significantly different from

bleomycin-instilled WT mice (**P ¼

0.0016; n ¼ 8–12). Data are repre-

sentative of three independent

experiments. (E) Lung sections of

WT and TG mice 21 days after bleo-

mycin administration were stained

with hematoxylin and eosin (H&E),

trichrome, and collagen-1a1 anti-

body. Pulmonary fibrosis was de-

creased in TG mice compared with

WT control mice (scale bar¼ 200mm).
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and at weekly intervals after aspiration of either bleomycin or sa-
line. We observed a significant increase in syndecan-2 mRNA lev-
els in alveolar macrophages from transgenic and wild-type mice
7 days after bleomycin exposure (Figure 2A). The peak levels
of syndecan-2 transcripts were followed by progressive decreases
in syndecan-2 gene expression at Days 14 and 21. Immunoblots
for total human and mouse syndecan-2 levels showed increased
syndecan-2 in alveolar macrophages and BALF in wild-type and
SREP-hsdc2 transgenic mice 21 days after instillation with bleo-
mycin, when compared with saline (Figure 2B). Furthermore, to
recapitulate experimental injury in vitro, bone marrow–derived
macrophages were treated with TGF-b1 or bleomycin. Consistent
with our findings in vivo, syndecan-2 gene expression was induced
in transgenic and wild-type bone marrow–derived macrophages
with either treatment (Figure E4). Taken together, these data
suggest that syndecan-2 is up-regulated in alveolar macrophages
in response to lung injury.

To investigate thefunctionaleffectofsyndecan-2,westudied in
vivo responses to lung injury induced by bleomycin in SREP-
hsdc2 transgenicmice. Alveolarmacrophage counts in the BALF
were significantly increased in SREP-hsdc2 mice compared with

wild-type controlmice atDay 21 after bleomycin injury, but not at
Day 7 or 14 (Figure 2C). Total and differential cell counts showed
similar neutrophil and lymphocyte numbers in lungs from trans-
genic and wild-type mice at the peak of cell influx (Day 7, Figure
E5). There was a modest decrease in neutrophils but not lympho-
cytes at 14 days in the syndecan-2 transgenic mice, when infiltration
starts to resolve. These data indicate that overexpression of
syndecan-2 does notmodulate inflammation in the early stages of
bleomycin-induced lung injury. The increase in lung hydroxypro-
line content observed in wild-type mice 21 days after bleomycin
instillation was completely suppressed in the SREP-hsdc2 trans-
genicmice (Figure2D).Consistentwith these results, lung collagen
deposition and fibrosis were dramatically reduced in SREP-hsdc2
mice comparedwithwild-typemiceafter bleomycin injury, as dem-
onstrated by trichrome and collagen I staining (Figure 2E). These
data indicate that syndecan-2 decreases fibrogenesis after lung in-
jury and that this protective effect is not due to inhibition of in-
flammatory cell infiltration, as the total number of both neutrophils
and lymphocytes recruited during the 21-day period after injury
were not significantly different between the wild-type and
syndecan-2 transgenic mice.

Figure 3. Inhibition of transform-

ing growth factor (TGF)-b1 signal-

ing and lung apoptosis in scavenger

receptor A enhancer/promoter

(SREP)–human syndecan-2 (hsdc2)

transgenic mice. (A) Representative

Western blot analyses showed

reductions in phosphorylated

SMAD3 and p38 MAPK in lungs

of SREP-hsdc2 transgenic (TG)

mice compared with wild-type

(WT) mice 21 days after adminis-

tration of bleomycin and not

saline. (B) Densitometry shows

significant reduction of phos-

phorylated SMAD3 and p38

MAPK in lungs from TG mice

compared with WT control mice

(*P ¼ 0.02 and *P¼ 0.04, respec-

tively; n ¼ 3). (C) Gene expres-

sion measured by quantitative

polymerase chain reaction of

Col1a1, Pai1, Lama1, and Fn1,

which are TGF-b1 target genes,

was significantly down-regulated

in lungs of TG mice compared

with WT control mice 21 days

after bleomycin administration

(**P , 0.01; n ¼ 3). (D) Terminal

deoxynucleotidyl transferase-

mediated dUTP nick-end labeling

(TUNEL) staining of lung tissue 21

days after intratracheal instillation

of bleomycin showed less apo-

ptosis in TG mice compared with

WT mice. Total cells were coun-

terstained with propidium iodide

(red). TUNEL-positive cells appear

green or yellow (in merged images)

(scale bar ¼ 25 mm). (E) Epithelial

cells in lung tissue sections were counterstained with an antibody to cytokeratin (red). Fewer TUNEL-positive cells (green or yellow [in merged images]) were

found in TG mice compared with WT control mice 21 days after administration of bleomycin (scale bar ¼ 25 mm). (F) Apoptotic cell index was calculated as

the number of TUNEL-positive cells per 100 total or epithelial cells. The apoptotic cell index of total or epithelial cells was significantly reduced in lung tissue

from TG mice compared with WT mice (***P , 0.001; **P ¼ 0.002). (G) Consistent with these findings of decreased apoptosis in TG mice, Western

immunoblot analyses showed reduced levels of cleaved caspase-8 and -9 in lungs from TG mice compared with WT control mice.
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Syndecan-2 Inhibits TGF-b Signaling and Protects Epithelial

Cells from Apoptosis during Lung Injury in the

Transgenic Mouse

TGF-b1 contributes to the pathogenesis of lung fibrosis (2). Tar-
geted transgenic overexpression of bioactive TGF-b1 in murine
lung is sufficient to generate histopathologic findings resembling
IPF (33). Thus, we examined whether TGF-b1 signaling was al-
tered in lung tissue of SREP-hsdc2 mice compared with wild-type
mice after bleomycin instillation. SMAD3 and p38 MAPK phos-
phorylation in the lungs from wild-type mice were significantly
increased compared with the lungs of SREP-hsdc2 mice (Figures
3A and 3B). We also tested expression levels of known TGF-b1
target genes (i.e., Col1a1, Pai1, Lama1, Fn1) (34). As expected,
these genes were up-regulated in wild-type mice after bleomycin
injury compared with saline control mice (Figure 3C). However,
the expression of these genes was significantly reduced in SREP-
hsdc2 mice after bleomycin administration compared with wild-
type mice. To determine if inhibition of apoptosis was associated
with a relative increase in the expression of epithelial genes,
EpCAM, podoplanin, and surfactant protein C (SP-C) expression
was measured in transgenic and wild-type mice. After bleomycin
administration, expression of Lama1, EpCAM, podoplanin, and
SP-C were not significantly changed in SREP-hsdc2 mice, whereas
significant changes were observed in wild-type mice (Figure E6).

Given that our findings show inhibition of TGF-b1 signaling in
SREP-hsdc2 transgenic mice, we hypothesized that apoptosis would
be diminished in these mice. Terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assays demonstrated
significantly reduced apoptosis in total cells and epithelial cells in
the SREP-hsdc2 transgenic mice compared with wild-type mice

after bleomycin-induced lung injury (Figures 3D and 3F). Double
labeling of cells using cytokeratin and TUNEL staining revealed
that most of the apoptotic cells were epithelial cells (Figures 3E
and 3F). Western immunoblot analyses of pro- and cleaved forms
of caspase-8 and -9 revealed that apoptosis was activated after bleo-
mycin instillation in the lungs of wild-type mice but not transgenic
mice (Figure 3G). Taken together, these data indicate that over-
expression of syndecan-2 protects epithelial cells from apoptosis
induced by lung injury.

Syndecan-2 Protects Epithelial Cells from Apoptosis

by Attenuating TGF-b1 Signaling

To further investigate the effects of syndecan-2 on TGF-b1
signaling and cell death in the lung epithelium, we studied hu-
man primary SAEC. We found that the TGF-b1 signaling pro-
teins SMAD3 and p38 MAPK were expressed in SAEC
stimulated with extracellular TGF-b1 (Figure 4A). However,
the addition of recombinant syndecan-2 or a human mono-
cytic cell line (i.e., HL-60 cells) down-regulated canonical
TGF-b1–induced signaling. HL-60 cells were selected for
coincubation, because we found that these human monocytic
cells highly expressed syndecan-2 and released shed syndecan-2
after TGF-b1 stimulation (Figure E7). Coincubation with anti–
syndecan-2 antibody, but not IgG control antibody, restored
TGF-b1 signaling, indicating that this effect was specific to
syndecan-2.

Given our findings that syndecan-2 has antiapoptotic activity
in vivo, we assessed the effects of syndecan-2 on cell death in
vitro by measuring lactate dehydrogenase (LDH) release by
SAEC exposed to TGF-b1. We found that TGF-b1 stimulation
induced death of SAEC and that coincubation of SAEC with

Figure 4. Inhibition of cell

death/apoptosis and trans-

forming growth factor (TGF)-

b1 signaling by recombinant

syndecan-2 in small airway ep-

ithelial cells (SAEC). (A) West-

ern immunoblot analyses of

primary human SAEC stimu-

lated with TGF-b1 (5 ng/ml)

for 2 hours and incubated with

recombinant human syndecan-

2 demonstrated reduced phos-

phorylation of SMAD3 and p38

MAPK compared with SAEC

that were not incubated with

syndecan-2. Phosphorylation

of SMAD3 and p38 MAPK was

also reduced in SAEC stimu-

lated with TGF-b1 and cocul-

tured with HL-60 monocytic

cells, which secrete syndecan-

2. This inhibitory effect on

SMAD3 and p38 MAPK phos-

phorylation was lost when

these cells were incubated with

anti–syndecan-2 antibody but

not with an IgG control antibody. (B) Cell death measured by lactate dehydrogenase (LDH) release of SAEC stimulated with TGF-b1 (5 ng/ml)

for 48 hours and incubated with recombinant syndecan-2 or HL-60 cells was significantly reduced compared with cells incubated without syndecan-

2 or HL-60 cells (***P, 0.001). This inhibitory effect on cell death was reversed when these cells were incubated with anti–syndecan-2 antibody, but

not with an IgG control antibody. LDH release assays are representative of at least three independent experiments performed in triplicate. (C) SAEC

stimulated with TGF-b1 (5 ng/ml) were coincubated with or without recombinant syndecan-2 for 48 hours and stained with Annexin V-FITC/PI.

Flow cytometry showed live cells in the lower left quadrant, early apoptotic cells in the lower right quadrant, late apoptotic cells in the upper right

quadrant, and necrotic cells in the upper left quadrant. Data shown were representative of three independent experiments. (D) Percentage of

apoptotic SAEC stimulated with TGF-b1 alone (28.16 8.5%) was significantly higher than that of TGF-b1–stimulated cells treated with recombinant

syndecan-2 (15.4 6 6.5%; *P ¼ 0.03) or unstimulated SAEC (10.2 6 4.2%; **P ¼ 0.009).
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recombinant syndecan-2 or with HL-60 cells conferred
cytoprotection (Figure 4B). The addition of anti–syndecan-2
monoclonal antibody, but not an IgG control antibody,
blocked the cytoprotective effect of HL-60 cell coculture.
Furthermore, flow cytometry showed that annexin-V expres-
sion was significantly increased in SAEC incubated with

TGF-b1 for 2 days compared with control subjects (Figures
4C and 4D). However, annexin-V expression was signifi-
cantly reduced after coincubation with recombinant syndecan-
2. These findings demonstrate that syndecan-2 inhibits TGF-b1
signaling and protects epithelial cells from TGF-b1–induced ap-
optosis and cell death.
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Syndecan-2 Blocks TGF-b1 Signaling by Enhancing

Internalization and Degradation of TGF-b1

and TbRI via Caveolae

To evaluate the mechanism by which syndecan-2 inhibited TGF-b1
signaling, we analyzed potential protein interactions between
syndecan-2 and TGF-b1 ligand or TGF-b receptors (i.e., TbRI,
TbRII, TbRIII). The total amount of biotin-labeled TGF-b1 in cell
culture medium rapidly and significantly decreased when SAEC
were treated with syndecan-2 compared with untreated cells (Figure
5A). Immunoblotting for biotin-labeled TGF-b1 in the cell pellet
demonstrated increased levels of TGF-b1 in the cytosolic fractions
beginning 15 minutes after treatment with syndecan-2 (Figure 5B).
These data suggest that internalization of TGF-b1 was enhanced by
syndecan-2. Moreover, internalization of TGF-b1 ligand in the pres-
ence of recombinant syndecan-2 was associated with inhibition of
SMAD3 phosphorylation, which occurs within minutes (Figure 5C).

Coimmunoprecipitation assays showed that TbRI, but not
TbRII or TbRIII, strongly interacted with syndecan-2 in SAEC
(Figure E8). TGF-b activity can be enhanced or inhibited by in-
ternalization of TGF-b receptors via clathrin-coated or lipid raft–
mediated endocytosis of TGF-b receptors (16, 18, 35). We therefore
studied the effects of syndecan-2 on the interaction between TbRI
and caveolin-1. Binding between TbRI and caveolin-1 was robustly
increased in SAEC stimulated with TGF-b1 and syndecan-2
compared with cells cultured without syndecan-2 (Figure 5D).
Moreover, cell fractionation assays showed that TbRI localized
to non–lipid-raft fractions in SAEC stimulated with TGF-b1.
However, the distribution of TbRI shifted from non–lipid rafts
to lipid-raft fractions when SAEC were coincubated with recombi-
nant syndecan-2 (Figure 5E). b-Cyclodextrin, a lipid-raft chemical
inhibitor, decreased syndecan-2–dependent receptor internali-
zation in SAEC stimulated with TGF-b1, suggesting that TbRI
is internalized via caveolin-rich lipid rafts. Furthermore, immu-
nostaining for TbRI was decreased in SAEC stimulated with
TGF-b1 and treated with recombinant syndecan-2 compared
with untreated cells (Figure 5F). Western immunoblot analyses
of serial samples of membrane and cytosolic fractions from SAEC
stimulated with TGF-b1 and treated with syndecan-2 showed
progressive increase in TbRI cytoplasmic levels and a correspond-
ing decrease in membrane expression beginning within 1 hour of
syndecan-2 exposure (Figure 5G). In contrast, TbRI localized mostly
to the membrane in untreated SAEC stimulated with TGF-b1.

As described for TGF-b1 and TbRI SAEC internalization,
there was a progressive increase in biotin-labeled syndecan-2
cytoplasmic levels and a corresponding decrease in membrane
levels (Figure 5G). These findings suggest that syndecan-2 was
internalized with both TGF-b ligand and receptor via caveolin-
rich lipid rafts. Syndecan-2 did not lead to changes in TGF-b1
signaling or promote internalization of TGF-b1 and TbRI in
human or mouse primary lung fibroblasts (Figure E9). These
findings suggest that the syndecan-2 biological effects described
above were cell specific.

Administration of Recombinant Human Syndecan-2 Rescues

Bleomycin-induced Pulmonary Fibrosis

Overexpression of TGF-b1 in vivo leads to progressive fibrosis in
the lung and other organs (8, 36, 37). Given the observed inhibitory
effect of syndecan-2 on TGF-b1 signaling and on the development
of lung fibrosis in syndecan-2 transgenic mice, we investigated
whether treatment with exogenous syndecan-2 would have a ther-
apeutic effect on established pulmonary fibrosis. We studied mu-
rine lung tissue specimens 14 days after instillation of bleomycin,
because this stage of bleomycin-induced lung disease is character-
ized by pulmonary fibrosis. Four doses of recombinant syndecan-2
treatment were administered by aspiration into the lungs on Days
14, 16, 18, and 20 post-bleomycin exposure, and lung tissue was
harvested for analysis on Day 28 (Figure 6A). We found that lung
hydroxyproline content was significantly decreased in mice treated
with syndecan-2 compared with untreated mice (Figure 6B). More-
over, the expression levels of three ECM remodeling genes, which
were up-regulated in wild-type mice after bleomycin injury, were
also significantly reduced in the syndecan-2–treated animals com-
pared with untreated mice (Figure 6C). Consistently, trichrome
and collagen I staining revealed dramatic reductions in lung colla-
gen deposits in syndecan-2–treated mice compared with control
animals (Figure 6C). Immunoblots and TUNEL assays confirmed
that treatment with syndecan-2 significantly suppressed phosphor-
ylation of SMAD3, cleavage of caspase-8, and apoptosis in the
lung (Figure E10).

DISCUSSION

In the current study, we identified increased levels of alveolar
macrophage syndecan-2 in patients with IPF and describe novel

;

Figure 5. Syndecan-2 enhances transforming growth factor (TGF) b receptor (TbRI) and ligand’s internalization via caveolae pathway. (A) Small

airway epithelial cells (SAEC) were cultured with and without syndecan-2 (Control); biotinylated TGF-b1 was added to the medium and measured at

different time points. Approximately 25% of total labeled TGF-b1 remained in the medium after 15 minutes’ incubation with syndecan-2 compared

with approximately 80% in control. (B) SAEC lysates of cells incubated with and without syndecan-2 were separated into membrane (M) and

cytosolic (C) fractions, and biotinylated TGF-b1 was precipitated by Avidin beads. Immunoblots using anti–TGF-b1 antibody showed internalization

of TGF-b1 after 15 minutes of incubation with syndecan-2. (C) SAEC were treated with TGF-b1 alone or TGF-b1 with syndecan-2 for 0 to 120

minutes, then phosphorylation of SMAD3 in cell lysates was measured by immunoblotting. (D) Coimmunoprecipitation showed increased inter-

action between Caveolin-1 (Cav-1) and TbRI when SAEC were incubated with recombinant syndecan-2 and TGF-b1 compared with cells incubated

with TGF-b1 alone. (E) SAEC (Control) or SAEC incubated with TGF-b1 with or without syndecan-2 were solubilized, and the lipid raft/caveolae

fraction was separated by sucrose gradient centrifugation. Western immunoblot analyses of TbRI, caveolin-1 (Cav-1), and flotillin-1 in 12 cell

fractions from SAEC showed that syndecan-2 incubation caused a shift of TbRI from non–lipid raft fractions to the lipid raft fractions. Adding 10

mM b-cyclodextrin to disrupt lipid raft–caveolin internalization inhibited the shift of TbRI induced by syndecan-2. (F) SAEC incubated with or

without syndecan-2 were stimulated with 10 ng/ml of TGF-b1 for 0, 2, or 24 hours. Cells were stained with anti-TbRI antibody (red) and DAPI (blue).

Immunostaining of TbRI in SAEC was decreased after 2 or 24 hours in the presence of syndecan-2 (scale bar ¼ 10 µm). (G) Immunoblot using anti-

TbR1 antibody is shown of membrane (M) and cytosolic (C) fractions of SAEC stimulated with TGF-b1 with or without syndecan-2 (Control) for 0,

0.5, 1, 2, and 24 hours. TbRI in SAEC was expressed predominantly in the membrane (M) fraction. However, TbRI internalized from the membrane

to cytosolic fraction in SAEC incubated for 1 hour with syndecan-2. Recombinant syndecan-2 was traced by biotinylation. In both membrane and

cytosolic fractions, biotinylated syndecan-2 was precipitated by Avidin beads and immunoblotted with syndecan-2 antibody. The blot shows that

syndecan-2 was also internalized from the membrane to the cytosolic fraction. The addition of 10 mM b-cyclodextrin inhibited the internalization of

TbRI induced by syndecan-2.
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roles for syndecan-2 in inhibiting alveolar TGF-b1 signaling and
promoting the resolution of fibrosis. We demonstrate that
syndecan-2 is predominantly expressed in alveolar macrophages,
although macrophage staining may represent uptake as well as
production of syndecan-2. Expression of syndecan-2 is also
observed in CD-31–positive perivascular areas and to a lesser
extent in fibroblasts (38); hence, increases in syndecan-2 in
BALF and peripheral blood of patients with IPF are likely
derived from multiple cell sources. Using gain-of-function
experiments, we demonstrate that syndecan-2 inhibits TGF-
b1 signaling and abrogates experimental fibrosis. Impor-
tantly, our findings suggest that therapeutic administration
of syndecan-2, or a small molecule mimetic that exerts sim-
ilar biological actions, may represent a novel therapy to treat
human pulmonary fibrosis. However, potential prooncogenic
effects of syndecan-2 must be considered, as increased syndecan-
2 expression has been reported in multiple solid organ cancers
(39, 40).

Our findings demonstrate a cell surface interaction between
TbRI and caveolin-1 that occurs in the presence of TGF-b1 ligand
and is augmented by recombinant syndecan-2. Furthermore, we
demonstrate that syndecan-2 promotes trafficking of the TbRI
from a primarily plasma membrane nonraft localization, to the
caveolin-1–rich lipid-raft fraction. Syndecan-2 increases caveolin-
1–dependent TGF-b1 and TbRI internalization and degradation,
inhibits TGF-b1 signaling, and reduces apoptosis in human pri-
mary small airway epithelial cells. Consistently, a prior report has
shown that CD109 promotes localization of the TGF-b receptors
to caveolae and facilitates TGF-b receptor degradation. Impor-
tantly, the authors found significant cell-dependent differences in
the rate of receptor endocytosis (41). In contrast, a study in renal
fibroblasts demonstrates that syndecan-2 interacts with TbRIll,
resulting in increased signaling and TGF-b–mediated matrix de-
position in vitro (42). These differences outline two potential di-
verging roles for syndecan-2 in modulating cell surface receptor
function. Importantly, our findings also suggest that syndecan-2

Figure 6. Recombinant syndecan-2 attenu-

ates bleomycin-induced pulmonary fibrosis

in fibrotic phase. (A) After instillation of bleo-

mycin, recombinant syndecan-2 was ad-

ministered at Day 14, 16, 18, and 20 to

wild-type mice by aspiration. (B) Hydroxy-

proline content in the right lung was mea-

sured at Day 28 post-bleomycin exposure

(n ¼ 8–10). The syndecan-2–treated group

displayed significantly less fibrosis compared

with the untreated group after bleomycin

exposure (n ¼ 8–10; *P , 0.05, ***P ,

0.001). (C) Expression of transforming

growth factor (TGF)-b1 target genes by

quantitative polymerase chain reaction was

significantly down-regulated in lungs from

syndecan-2–treated mice after instillation of

bleomycin compared with saline-treated

mice (n¼ 5; **P, 0.01). (D) Representative

lung sections from control (saline), un-

treated (bleomycin without syndecan-2),

or treated group (bleomycin with synde-

can-2) 28 days after bleomycin administra-

tion were stained with hematoxylin and

eosin (H&E), Trichrome, and anti-collagen1a1

antibody. Pulmonary fibrosis was decreased

in mice treated with syndecan-2 compared

with untreated mice (scale bar ¼ 200 mm).
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inhibits TGF-b1 signaling by competing with binding of TGF-b1
ligand to its receptor. Hence, we propose that syndecan-2 exerts
antifibrotic effects through several mechanisms. For instance, alve-
olar macrophages can promote resolution of lung injury by enhanc-
ing the clearance of apoptotic bodies (43), which suggests that
recruitment of alveolar macrophages observed in syndecan-2 trans-
genic mice during the late phase of bleomycin-induced pulmonary
fibrosis could enhance efferocytosis (44). Increased clearance of
apoptotic cells by alveolar macrophages, and possibly by epithelial
cells (efferocytosis), would favor alveolar repair over induction of
fibrosis. Additional studies are required to define these and other
alternative protective mechanisms and their individual contribu-
tions to the in vivo antifibrotic effects of syndecan-2.

We have shown that humanmonocyte/macrophage syndecan-
2 expression in vitro is induced by TGF-b1; however, little is
known regarding the regulation of human alveolar macrophage
syndecan-2 expression. Bleomycin administration in vivo was fol-
lowed by increases in syndecan-2 expression for both the endoge-
nous mouse gene and the human syndecan-2 transgene. SREP
used to drive transcription of the human transgene is stimulated
by bleomycin (45); bleomycin administration or treatment with
recombinant TGF-b1 in vitro increased syndecan-2 expression in
human monocyte/macrophages. Although these findings suggest
that increased alveolar TGF-b1 signaling up-regulates syndecan-
2 expression, additional studies are required to confirm that human
alveolar macrophage syndecan-2 is targeted, transcriptionally and/
or post-transcriptionally, by TGF-b1. Our study demonstrates that
shed syndecan-2 inhibits epithelial TGF-b1 signaling; however, the
lung proteases that cleave syndecan-2 are unknown. We have pre-
viously shown that matrilysin (MMP7) levels are increased in lung,
BALF, and peripheral blood of patients with IPF (46), and others
have shown that MMP7 can cleave syndecan-1 and syndecan-2
ectodomains (21, 47, 48). Because many lung proteases are both
expressed in IPF and regulated by TGF-b1 (49), it is plausible that
proteolytic enzymes expressed in the lung of patients with IPF
shed alveolar macrophage syndecan-2. These findings suggest that
alveolar TGF-b1 signaling leads to overexpression and shedding of
syndecan-2, which promotes caveolin-1–mediated endocytosis of
TGF-b1 and TbRI that inhibits alveolar epithelial cell TGF-b1
signaling. Similar TGF-b1 autoregulatory loops that contribute
to tissue homeostasis have been reported (50). Additional studies
will define the transcriptional and post-translational regulation of
syndecan-2 in the alveolar microenvironment and how this modu-
lates TGF-b1 signaling and pulmonary fibrosis.

In conclusion, our findings suggest that in IPF, shed alveolar
macrophage syndecan-2 exerts antifibrotic effects by inhibiting
TGF-b1 signaling. Our preclinical findings suggest that inhibiting
TGF-b1 signaling by promoting caveolin-1–dependent TGF-b1
and TbRI internalization and degradation may represent a novel
therapeutic approach to treat human pulmonary fibrosis.
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