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The pathological hallmarks of idiopathic pulmonary
fibrosis include proliferating fibroblasts and myofi-
broblasts, as well as excessive collagen matrix depo-
sition. In addition, both myofibroblast contraction
and remodeling of the collagen-rich matrix contrib-
ute to the abnormal structure and function of the
fibrotic lung. Little is known, however, about collag-
en-associated proteins that promote fibroblast and
myofibroblast retention, as well as the proliferation
of these cells on the extracellular matrix. In this
study, we demonstrate that aortic carboxypeptidase-
like protein (ACLP), a collagen-associated protein
with a discoidin-like domain, is expressed at high
levels in human fibrotic lung tissue and human fibro-
blasts, and that its expression increases markedly in
the lungs of bleomycin-injured mice. Importantly,
ACLP-deficient mice accumulated significantly fewer
myofibroblasts and less collagen in the lung after
bleomycin injury, as compared with wild-type con-
trols, despite equivalent levels of bleomycin-induced
inflammation. ACLP that is secreted by lung fibro-
blasts was retained on fibrillar collagen, and ACLP-
deficient lung fibroblasts that were cultured on
collagen exhibited changes in cell spreading, pro-
liferation, and contraction of the collagen matrix.
Finally, the addition of recombinant discoidin-like
domain of ACLP to cultured ACLP-deficient lung fi-
broblasts restored cell spreading and increased the
contraction of collagen gels. Therefore, both ACLP
and its discoidin-like domain may be novel targets for
anti-myofibroblast-based therapies for the treatment
of pulmonary fibrosis. (4m J Pathol 2009, 174:818—-828;
DOI: 10.2353/ajpath.2009.080856)
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Idiopathic pulmonary fibrosis (IPF) is a fatal disease with
no known effective therapy that is characterized by a
progressive decline in lung function and a median sur-
vival of only 36 months.” The key pathological feature
of IPF is fibroblastic foci, areas rich in fibroblasts,
myofibroblasts, and excess extracellular matrix (ECM).
Myofibroblasts, through their secretion of ECM mole-
cules including fibrillar collagens, fibronectin, elastin,
and proteoglycans, contribute significantly to the for-
mation of fibrotic lesions.?3

The cellular origin(s) of lung myofibroblasts is still un-
certain, but they likely arise through differentiation of
fibroblasts that originate from numerous sources, includ-
ing resident lung fibroblasts, and mesenchymal and
bone marrow-derived progenitor cells, and from epithelial
and endothelial cells via transdifferentiation.” Fibroblast
to myofibroblast differentiation is classically defined by
expression of the pro-contractile, cytoskeletal protein
a-smooth muscle actin (a-SMA); however, other impor-
tant differentiation events include expression of special-
ized matrix proteins, such as the extra-domain A of fi-
bronectin, and formation of mature focal adhesions and
actin stress fibers.® Although numerous cytokines and
growth factors, including transforming growth factor-g1
(TGF-B1), are known to regulate the fibrotic process,® the
ECM also influences myofibroblast proliferation and dif-
ferentiation via biochemical and mechanical signaling.®”
For example, on tissue culture plastic, a collagen-poor
and stiff planar surface, fibroblast to myofibroblast differ-
entiation occurs predominantly via fibronectin-mediated
contacts.>® On a deformable in vitro collagen lattice,
fibroblast proliferation and differentiation to myofibro-
blasts depends on at least two major processes: 1) cell
adhesion and spreading on the matrix, and 2) generation
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of tension in the matrix mediated by fibroblast contrac-
tion.>” Although collagen-binding integrin receptors me-
diate, in part, fibroblast adhesion to collagen, the potent
morphological, proliferative, and differentiating effects of
collagen on fibroblasts indicate a role for additional me-
diators of cell-collagen matrix interactions.®>”°

We previously identified aortic carboxypeptidase-like
protein (ACLP), an ECM-associated protein highly ex-
pressed in collagen-rich tissues and secreted by fibro-
blasts, myofibroblasts, and smooth muscle cells.'®~2
ACLP, a modular protein, contains a lysine- and proline-
rich extensin domain, a putative collagen binding discoi-
din-like domain (DLD), and a catalytically inactive metal-
locarboxypeptidase domain at its carboxyl terminus.™® In
addition to its expression in collagen-rich tissues, ACLP
expression markedly increases in the injured dermis and
vasculature.’ "3 Most ACLP-deficient (ACLP™/~) mice
have a lethal defect in closure of the ventral abdominal
wall called gastroschisis; ACLP ™/~ mice that do not have
gastroschisis survive to adulthood but exhibit a signifi-
cant delay in healing experimentally induced dermal
wounds."® Given the cellular and molecular similarities
between wound healing and pulmonary fibrosis,*~° we
hypothesize that ACLP is an important mediator of pul-
monary fibrosis. In this study, we show that ACLP is
highly expressed in fibrotic lungs, both in humans with
IPF and in bleomycin-treated mice, and that ACLP~/~
mice are substantially protected from bleomycin-induced
lung fibrosis, including lessened accumulation of lung
myofibroblasts. Moreover, we demonstrate that ACLP
mediates lung fibroblast cell spreading and proliferation
on collagen and collagen matrix contraction, in part via
its DLD.

Materials and Methods
Mice

Wild-type (ACLP™*) and ACLP~/~ mice were obtained
through breeding ACLP heterozygote (ACLP*/~) mice as
previously described.’® ACLP~/~ mice on a pure C57BI/6
background die perinatally from gastroschisis (unpub-
lished observations). We therefore studied mice on a
mixed 129Sv-C57BI/6 background that had been inbred
for >12 generations and are genetically homogenous.
Wild-type littermate siblings were used for all controls.
The Harvard Medical Area Standing Committee on Ani-
mals approved all animal experimental procedures.

Bleomycin Injury

Equal numbers of 10- to 12-week-old male and female
ACLP*/* and ACLP~/~ mice were given 50 ul of sterile
normal saline or 0.0011 U/g body weight of bleomycin
sulfate (NOVAPLUS, Irvine, CA) via a 22-gauge oral en-
dotracheal catheter under intraperitoneal avertin anes-
thesia. This dose of bleomycin produced consistent lung
fibrosis with a mortality of <10% and is consistent with
doses used in the murine bleomycin model.'*
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Human Lung Specimens

Lung tissue from six patients with idiopathic pulmonary
fibrosis was obtained at the time of lung transplant sur-
gery. All patients had a presurgical diagnosis of IPF and
the diagnosis was confirmed by clinical pathological re-
view of the explanted lung tissue. Control lung tissue was
obtained through the Center for Organ Recovery and
Education (Pittsburgh, PA) from normal regions of lungs
of six organ donors whose lungs were not used for trans-
plantation. The Institutional Internal Review Board at the
Brigham and Women'’s Hospital (Boston, MA) approved
the experimental protocol.

Histology and Immunohistochemistry

Lungs were perfused with PBS, inflation-fixed at 25 cm
H,O pressure with methyl Carnoy’s solution or 10% neu-
tral buffered formalin and then processed and embed-
ded in paraffin. Human and mouse lung sections (5 um)
were stained for collagen with Masson’s trichrome ac-
cording to the manufacturer’s instructions (Sigma, St
Louis, MO). Parallel sections were immunostained for
ACLP and a-SMA as described.'®'® Where indicated,
immunostaining was quantified by measuring the area of
staining per microscopic field using ImageJ software.

Hydroxyproline Assay

Total right lung collagen content was determined by mea-
suring the amount of hydroxyproline in 6 N HCI lung
hydrosylates and expressed as ug hydroxyproline/mg
|ung.14,16

Bronchoalveolar Lavage Fluid Analysis

After anesthetizing mice, bronchoalveolar lavages
(BALs) were performed with 2 X 0.75 ml aliquots of PBS.
Total and individual leukocyte counts were performed on
the BAL fluid as described.'” To measure active TGF-$1,
BALs were performed with Dulbecco’s Modification of
Eagles Medium (DMEM) (in the absence of serum) in-
stead of PBS. After clearing cells from the DMEM/BAL
fluid by centrifugation, aliquots were used in a bioassay
to quantify active TGF-B1. In brief, 200 ul of BAL fluid or
standard concentrations of TGF-B1 (Peprotech Inc,
Rocky Hill, NJ) were applied to 1.6 X 10* mink lung
epithelial cells stably transfected with a plasminogen ac-
tivator inhibitor-1 promoter—luciferase reporter construct
(a generous gift from Dr. Daniel Rifkin, NYU Medical
Center). After culturing cells for 18 hours, luciferase ac-
tivity in cell lysates was measured using a luciferase
substrate (Promega) and luminometer (EG&G Berthold,
Oak Ridge, TN); BAL fluid TGF-B1 concentrations were
then quantified from a standard curve of luciferase activ-
ity created using standard concentrations of TGF-B1.

Lung Fibroblast Isolation and Culture

Each culture of lung fibroblasts was isolated from two
mice as described.'® Briefly, ACLP*/* or ACLP~/~ mice
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were euthanized and, after perfusion with PBS, their
lungs minced and treated with 0.25% trypsin for 45 min-
utes at 37°C. Primary cells were then separated from lung
tissue using a 100-um filter and cultured in DMEM with
10% FBS. Fibroblasts were used in experiments only
between passages 3 and 6. Human IMR-90 lung fibro-
blasts (ATCC, Manassas, VA) were cultured in DMEM
with 10% FBS. Cells were treated with TGF-B1 and pro-
teins were analyzed as described in Figure legends.

Collagen Gel Contraction Assay

Collagen gel matrices were prepared by adding 250 ul of
a neutralized collagen (Vitrogen, Angiotech, Palo Alto,
CA) solution [8 ml collagen (3 mg/ml), 1 ml 10X DMEM,
1 ml 200 mmol/L HEPES, pH 8.5], to a 24-well tissue
culture well as described.'92° After incubating cells on
the restrained gels as indicated in the Figure legends,
gels were released and their two longest diameters mea-
sured with calipers at various time points. Gel size was
defined as the sum of the two gel diameters and gel
contraction expressed as a percentage of the original gel
size.?" Where indicated, cells were extracted from colla-
gen gels using 2 mg/ml bacterial collagenase for 1 hour
at 37°C.

Lung Fibroblast Adhesion Assays

Lung fibroblasts (3 X 10%) were seeded in serum-free
media onto 96-well dishes coated with 10 mg/ml bovine
serum albumin or 0.5 mg/ml type | collagen. After 30, 60,
120, and 180 minutes, cells were washed to remove
non-adherent cells, fixed in 1% glutaraldehyde, and then
stained with 0.1% crystal violet. Adherent cells were
washed extensively and cell adhesion quantified by mea-
suring the OD..,, for each well as described.??

ECM Protein Extraction

After lung fibroblasts (2 X 10°) were cultured on collagen
gels for 18 hours, total protein or protein subfractions
were extracted as described.'®'® Briefly, cell and ECM
protein fractions were sequentially extracted as follows:
(1) with buffered 0.5% Triton-X 100 to solubilize cytosol
and membrane associated cellular proteins, (2) with 25
mmol/L ammonium acetate pH 9.0 to extract nuclear and
cytoskeletal associated proteins, and finally with (3) SDS-
containing buffer to extract ECM-retained proteins. Pro-
tein fractions were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and Western blot analysis was
performed for ACLP.

Western Blot Analysis

Total protein from lungs and cultured cells was extracted
and analyzed by Western blot as described. ' Antibodies
were used, as indicated in the Figure legends, against
ACLP,"° smooth muscle a-actin (Sigma, 1A4), a-tubulin
(Sigma, DM1A), B-actin (Sigma), total myosin light chain

(MLC), and di-phosphorylated MLC (Santa Cruz Biotech-
nology, Santa Cruz, CA).2® Immunoblots were quantified
by measuring the density of scanned images using Im-
aged software.

ACLP DLD Recombinant Expression and
Furification

The discoidin domain of mouse ACLP (DLD) was ob-
tained using PCR with Pfu Turbo (Stratagene) and prim-
ers containing 5" BamHI and 3" EcoRl sites respectively.
The PCR product was ligated into pRSET B (Invitrogen)
and expressed in the bacterial strain BL21(DE3)pLysS
(Stratagene) as an N-terminal His-tagged protein. Bacte-
rial pellets were sonicated in lysis buffer [50 mmol/L
sodium phosphate, 10 mmol/L Tris (pH 8.0), 8 M/L urea,
100 mmol/L NaCl, 10 mmol/L imidazole, 1% Tween-20,
and 10 mmol/L B-mercaptoethanol], and the protein was
purified using TALON metal affinity resin (Clontech). DLD
was eluted by three washes with lysis buffer containing
250 mmol/L imidizole and dialyzed overnight firstin 1 M/L
urea, 50 mmol/L Tris (pH 8.0), 0.005% Tween-20, 2
mmol/L reduced glutathione, 0.02 mmol/L oxidized glu-
tathione, and 10% glycerol, and then in the same buffer
without urea in a 10,000 molecular weight cutoff Slide-
A-Lyzer cassette (Pierce). Finally, DLD was dialyzed
against PBS containing 10% glycerol. Protein concentra-
tion was determined by spectrophotometry at OD,g, US-
ing the extinction coefficient of 36,900 M~ 'cm™~". Protein
concentration and purity were verified by gel electro-
phoresis (Novex, Invitrogen) and stained with SimplyBlue
SafeStain (Invitrogen) and estimated to be >95% pure.

Statistical Analysis

Data are presented as mean values *+ SEM. Statistical
significance was determined by the Student’s t-test for
comparisons between two groups and defined as a P
value <0.05.

Results

ACLP Is Highly Expressed in Mouse Fibrotic
Lung in a Pattern Similar to Collagen

ACLP and collagen expression are closely associated in
normal tissues and ACLP expression markedly increases
during wound repair,’"~'® a process with features similar
to pulmonary fibrosis. To better define the relationship
between ACLP expression and the onset of lung fibrosis,
we studied ACLP expression in the well-characterized
bleomycin model of mouse lung fibrosis. In saline-treated
control mice, little ACLP is seen in the lung parenchyma,
and expression is mostly confined to the walls of blood
vessels and large airways (Figure 1A, and data not
shown), a finding consistent with our prior observations of
ACLP expression in normal developing lung tissue.'? In
contrast, after bleomycin injury, mice had a marked in-
crease in lung ACLP expression by 28 days (Figure 1A),
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Figure 1. ACLP levels increase in mouse lungs after bleomycin injury. A:
Wild-type mice (n = 5 each group) were treated with either 50 ul of
intratracheal normal saline or 0.0011 U/g body weight of bleomycin. Lungs
were harvested after 7 or 28 days, fixed, and immunostained for ACLP
(brown, black arrows), stained with Masson’s trichrome for collagen
(Trichrome, blue, white arrow), or immunostained for a-SMA (red, gray
arrows). Data are representative of parallel 5 um sections for each condi-
tion. Arrows indicate areas of specific immunostaining (magnification =
original X200). B: ACLP and B-actin Western blots of whole-lung protein
extracts from wild-type mice 28 days after treatment with saline or bleomycin
(Bleo). C: Densitometric quantitiation of ACLP Western blots of whole-lung
protein extracts from wild-type mice 28 days after treatment with saline or
bleomycin (72 = 4 each group).

the time of peak bleomycin-induced fibrosis.>?* The in-
creases in expression and distribution of ACLP in fibrotic
lung lesions were very similar to trichrome-stained colla-
gen (Figure 1A), indicating a likely association between
ACLP and collagen in the ECM. Moreover, ACLP expres-
sion increases by just 7 days after bleomycin injury, a
time when relatively few myofibroblasts are present as
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indicated by the low numbers of a-SMA positive cells at 7
days, as compared with the increased number at 28 days
(Figure 1A). Although ACLP is present in areas of a-SMA
staining 28 days after bleomycin injury, ACLP staining
more closely associates with collagen (Figure 1A). Con-
sistent with our immunostaining results, Western blot
analysis on lung extracts also revealed a substantial in-
crease in ACLP expression (>threefold) at 28 days in
bleomycin treated mice (Figure 1, B and C).

ACLP~~ Mice Are Protected from
Bleomycin-Induced Lung Fibrosis

To investigate the role of ACLP in lung fibrosis, we com-
pared the responses of ACLP*/* and ACLP~/~ mice to
bleomycin lung injury. ACLP*/* mice developed areas of
dense lung fibrosis 28 days after bleomycin injury char-
acterized by accumulation of a-SMA-positive fibroblasts
(Figure 2A) and collagen, demonstrated by trichrome
collagen staining (Figure 2A) and quantified by measur-
ing whole-lung hydroxyproline (Figure 2C). In contrast,
lungs from bleomycin-injured ACLP~/~ mice had mark-
edly fewer a-SMA-positive fibroblasts (4.8-fold less
a-SMA immunostaining, Figure 2, A and B) and signifi-
cantly less collagen staining (Figure 2A) and 28% less
hydroxyproline content (Figure 2C) than ACLP*/* mice,
indicating they were protected from developing signifi-
cant fibrosis.

Since early inflammation and production of active
TGF-B1 are important events for the development of fi-
brosis in the bleomycin model,?2%26 we studied whether
these early inflammatory and pro-fibrotic responses to
bleomycin were different in ACLP*/* and ACLP~/~ mice.
First, the marked increases in macrophages, neutrophils,
and lymphocytes in BAL fluid 7 days after bleomycin
injury, as compared with saline-treated controls, were not
different between ACLP™/* and ACLP '/~ mice (Figure
3A). Moreover, ACLP** and ACLP™/~ mice developed
an equally robust pneumonitis 7 days after bleomycin-
injury and contained similar numbers of cells staining
positive for the leukocyte common antigen, CD45 (Figure
3, B and C). Finally, when we compared the active
TGF-B1 concentrations in BAL fluid between ACLP*/*
and ACLP™/~ mice 7 days after treatment with saline or
bleomycin, we found marked and equivalent increases in
BAL fluid TGF-B1 in bleomycin treated mice (Figure 3D).

ACLP Is Retained on Collagen and ACLP ™"~
Lung Fibroblasts Have a Defect in Cell
Spreading and Contraction on Collagen Matrix

Since ACLP is secreted by fibroblasts, co-localized with
collagen in vivo, and expressed early in the fibrotic phase
of lung injury (see Figure 1A, column 3), we reasoned that
ACLP might promote fibrosis by regulating the interaction
between fibroblasts and collagen matrix. Thus, we com-
pared primary lung fibroblast ACLP expression on a col-
lagen-poor substrate, tissue culture plastic, to type | col-
lagen gels. Consistent with our prior studies of smooth
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Figure 2. ACLP™/~ mice accumulate fewer a-SMA-positive fibroblasts and
less collagen in the lung after bleomycin injury compared with wild-type
mice. A: Wild-type (ACLP*/™) and ACLP-deficient (ACLP™/7) mice were
treated with intratracheal bleomycin (7 = 6 each group). After 28 days
harvested lungs were immunostained for a-SMA (red indicated by arrows)
or stained with Masson’s trichrome (Trichrome, blue) to detect collagen. Data
are representative of 5 wm sections for each condition. B: Wild-type (+/+,
filled bar) and ACLP-deficient (—/—, open bar) mice were treated with
bleomycin (Bleo) (1 = 6 each group). After 28 days, harvested lungs were
immunostained for a-SMA and the staining quantified by measuring the area
of red staining per X100 field; the data are expressed as % staining per X100
field. C: Wild-type (+/+, filled bars) and ACLP-deficient (—/—, open bars)
mice were treated with either saline or bleomycin (Bleo) (12 = 6 each group).
After 28 days harvested lungs were assayed for whole-lung hydroxyproline
content and expressed as hydroxyproline (ng/mg lung weight). Data are
mean values * SE ("P < 0.05 for bleomycin-treated compared with saline-
treated ACLP™* mice and *P = NS for bleomycin-treated compared with
saline-treated ACLP™/~ mice).

muscle cells,® lung fibroblasts cultured on tissue culture
plastic express ACLP in a form that migrates at ~170 kDa
on SDS-PAGE, with a second faint band at ~195 kDa
(Figure 4A). In contrast, fibroblasts cultured on fibrillar
collagen gels express increased amounts of the ~195-
kDa form of ACLP (Figure 4A), a pattern of ACLP expres-
sion more consistent with what we observe in bleomycin-
treated fibrotic lung (Figure 1B). In separate experiments
we determined that the 195-kDa ACLP band was due to
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Figure 3. ACLP™'* and ACLP™/~ mice have similar early inflammatory
responses to bleomycin injury. A: Wild-type (+/+) and ACLP-deficient
(—=/=) mice were treated with either saline or bleomycin (Bleo) (1 = 3 each
group). After 7 days BALs were performed on anesthetized mice using 1.5 ml
of PBS. After staining, BAL macrophages (black bars), neutrophils (gray
bars), and lymphocytes (open bars) were counted and the cell counts
expressed per ml of recovered BAL fluid. B: Wild-type (ACLP**) and
ACLP-deficient (ACLP™/7) mice were treated with bleomycin (12 = 4 each
group). After 7 days, harvested lungs were immunostained for CD45 (brown)
and the staining quantified by measuring the area of brown staining per
X100 microscope field; the data are expressed as % staining per X100 field
(O). Wild-type (+/+) and ACLP-deficient (—/—) mice were treated with
either saline or bleomycin (Bleo) (7 = 3 each group). After 7 days, BALs
were performed on anesthetized mice using 1.5 ml of DMEM. Active
TGF-B1 in the BAL fluid was assayed and expressed as ng/ml of BAL fluid
(D) ("N.D. = none detected). All data are mean values * SE.
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Figure 4. ACLP is retained on collagen and ACLP™/~ lung fibroblasts have
normal adhesion to collagen. A: ACLP Western blot of total proteins extracted
from wild-type lung fibroblasts cultured for 18 hours on either collagen gels
(Col gel) or tissue culture plastic (plastic). B: Lung fibroblasts were cultured
for 18 hours on either collagen gels (Col gel) or tissue culture plastic (plastic)
followed by extraction of cell and ECM protein fractions as indicated in the
Materials and Methods section. ACLP Western blot of cell and ECM fractions:
lanes 1 and 2 cell and ECM proteins, respectively, from fibroblasts cultured
on collagen; lanes 3 and 4 cell and ECM proteins, respectively, from fibro-
blasts cultured on tissue culture plastic. C: Adhesion of ACLP** and
ACLP™/" lung fibroblasts was measured as described in Materials and Meth-
ods. ACLP*'™ on Col I (closed square), ACLP™'~ on Col I (open square),
ACLP™™ on BSA (closed circle), ACLP™/~ on BSA (open circle).

glycosylation (data not shown). Next, we examined
whether the 170-kDa, 195-kDa, or both forms of ACLP
associate with collagen. After culture for 18 hours on
either tissue culture plastic or collagen gel, fibroblast
extracts containing total protein, soluble cell-associated
protein, or ECM-associated proteins were analyzed for
ACLP content using Western blotting.' Interestingly, the
195-kDa form of ACLP was present in the ECM fraction
when cells are cultured on collagen (Figure 4B). In con-
trast, essentially no ACLP accumulated in the ECM frac-
tion when lung fibroblasts were cultured on tissue culture
plastic (Figure 4B). Importantly, Western blot analysis of
our starting collagen solution revealed it contained no
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detectable ACLP (data not shown). We next measured
wild-type and ACLP~/~ fibroblast adhesion to plastic
wells coated with either bovine serum albumin as a con-
trol or type | collagen as a function of time. Whereas no
lung fibroblasts adhered to bovine serum albumin, equal
quantities of wild-type and ACLP~/~ lung fibroblasts ad-
hered with similar kinetics to type | collagen (Figure 4C).
In addition, there were no differences between wild-type
and ACLP /" lung fibroblasts in their kinetics of adhesion
to several other ECM substrates, including types Ill and V
collagen and fibronectin, or their expression of the colla-
gen-binding a2B1 integrin (data not shown).

To determine whether ACLP mediates fibroblast func-
tion on collagen gels, we compared ACLP™" and
ACLP~/~ lung fibroblast morphology on purified type |
collagen gels and their abilities to contract collagen ma-
trix."9-2" After culture for 24 hours on restrained collagen
gels, ACLP™* primary lung fibroblasts dispersed evenly
across the matrix and had numerous cell membrane
projections (Figure 5A). In contrast, ACLP~/~ lung fibro-
blasts remained grouped (Figure 5A), leaving acellular
gaps in the matrix, and had few membrane projections
(Figure 5A). Importantly, these morphological differences
were unique to collagen matrix, since both ACLP*/* and
ACLP~/~ lung fibroblasts spread evenly with normal ap-
pearing cell membrane processes on either tissue culture
plastic or fibronectin (data not shown). To examine the
potential functional consequences of these morphologi-
cal findings, we compared ACLP*™* and ACLP~/~ lung
fibroblast collagen contraction by culturing the cells on
tethered collagen gels for 18 hours and then gently re-
leasing them to allow contraction. By 6 hours after gel
release, ACLP*/* fibroblasts contracted the gels to 51 *
3% of their original size whereas ACLP /" fibroblasts
contracted the gels to only 78 = 0.2% of their original size
(Figure 5, B and C). In addition, treatment with the con-
tractile agonist lysophosphatidic acid (LPA) augmented
collagen contraction by ACLP*/* fibroblasts but had a
minimal effect on collagen contraction by ACLP~/~ fibro-
blasts (Figure 5D).

Although the lack of cell spreading and dispersion
across the collagen matrix likely account for the matrix
contraction defect in ACLP~/~ fibroblasts, additional pro-
cesses necessary for collagen contraction by fibroblasts,
including expression and activation of cytoskeletal con-
tractile proteins may be involved. We next examined the
expression and phosphorylation of the key contraction
regulatory protein MLC to determine whether ACLP~/~
fibroblasts have an additional defect in basic cellular
contractile function.?®27:28 After culture on restrained col-
lagen gels for 18 hours, ACLP*/* and ACLP~/~ lung
fibroblasts exhibited similar levels of phosphorylated
MLC (P-MLC) (Figure 5E, Time 0), potentially suggesting
equivalent cellular force generation before release of the
restrained gels. After its release, gel contraction begins
immediately and P-MLC de-phosphorylates rapidly but
similarly in ACLP*/* and ACLP~/~ lung fibroblasts (Fig-
ure 5E). Moreover, while de-phosphorylation is complete
by 30 minutes after gel release, treatment with LPA pre-
serves P-MLC to a similar degree in ACLP*'* and
ACLP~/~ lung fibroblasts (Figure 5E), an event that does
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Figure 5. ACLP~/~ lung fibroblasts have a defect in cell spreading and
contraction of a collagen matrix. A: Phase contrast photomicrographs of
wild-type (ACLP*/*) and ACLP-deficient (ACLP~/7) primary lung fibro-
blasts cultured on restrained collagen gels for 24 hours at a density of 2 X 10°

not markedly augment collagen contraction by ACLP~/~
fibroblasts (Figure 5D).

The DLD of ACLP Promotes Fibroblast
Spreading on Collagen and Increases Collagen
Matrix Contraction by Fibroblasts

Other discoidin domain containing proteins interact with
fibrillar collagens and have a diverse and extensive role
in cell adhesion, membrane extension, and migration.?®
To investigate whether the DLD of ACLP might be suffi-
cient to mediate the collagen contraction phenotype, we
generated and purified recombinant His-tagged DLD
(Figure 6A). After culture for 18 hours on collagen matrix,
ACLP~/~ lung fibroblasts form clusters of rounded cells
with relatively few membrane extensions (lamellipodia-
like structures, Figure 6B). Interestingly, ACLP~/~ fibro-
blasts cultured in the presence of 10 ug/ml of the DLD
demonstrated more extensive cell spreading and
branching membrane extensions consistent with in-
creased lamellipodia formation (Figure 6B). Importantly,
although the DLD had little effect on collagen matrix
contraction by wild-type lung fibroblasts, it increased
collagen contraction by ACLP~/~ fibroblasts up to 39% in
a dose-dependent manner (Figure 6, C and D). To control
for a possible effect of the DLD’s his tag on collagen
contraction, we treated ACLP~/~ fibroblasts with an un-
related His-tagged protein with a similar molecular weight
as DLD (His-tagged core protein from heptatitis B virus)
and found no effect on collagen gel contraction (data not
shown). In addition, the minimal effect of His-tagged DLD
on wild-type fibroblast contraction (Figure 6D) further
indicates the His tag likely has no additional effect on
collagen gel contraction.

ACLP ™"~ Lung Fibroblasts Have a Defect in Cell
Proliferation on Collagen Matrix

Although the collagen contraction defect in ACLP™/~ fi-
broblasts indicates a role for ACLP in the matrix remod-

cells/gel. Clustering of ACLP ™/~ fibroblasts is marked by arrows; viewed at
X40. B: Wild-type (ACLP*'™) and ACLP-deficient (ACLP™/7) primary lung
fibroblasts were cultured on restrained collagen gels for 24 hours at a density
of 2 X 10° cells/gel. The gels were then released, allowed to contract for 6
hours and photographed; arrows mark gel edges. C: Time course of colla-
gen gel contraction by wild-type (closed circle) and ACLP™'~ (open circle)
lung fibroblasts. Cells were cultured and collagen gels released and allowed
to contract as in panel (B); gel contraction is expressed as a percentage of the
original gel size. D: Primary lung fibroblasts were cultured and collagen gels
released and allowed to contract as in panel (B). Twenty min before releasing
gels, fibroblasts were cultured in the absence [wild-type (ACLP*/*, closed
circle); ACLP-deficient (ACLP™/~, open circle)] or presence [wild-type
(ACLP™™ + LPA, closed inverted triangle); ACLP-deficient (ACLP~/~ + LPA,
open triangle)] of 10 um lysophosphatidic acid. Gel contraction is expressed
as a percentage of the original gel size. E: Wild-type (+/+) and ACLP-
deficient (—/—) primary lung fibroblasts (2 X 10°) were cultured on re-
strained collagen gels for 18 hours. Twenty minutes before releasing gels,
cells were cultured in the absence or presence (+LPA) of 10 um lysophos-
phatidic acid. After gel release and contraction for the indicated time points
[time (min)], total cell proteins were immediately extracted and equal
amounts subjected to SDS-PAGE followed by Western blotting using anti-
bodies to phosphorylated myosin light chain (P-MLC) and total myosin light
chain (MLC); data shown are from one of two experiments showing similar
results.
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Figure 6. The discoidin-like domain of ACLP promotes fibroblast spreading
on collagen and increases collagen matrix contraction by fibroblasts. A:
Purified His-tagged DLD protein was analyzed by SDS-PAGE and stained as
described in the Materials and Methods. Lane 1, MW marker. Lane 2, 1 ug
aliquot of purified DLD. B: Phase contrast photomicrographs of ACLP-
deficient primary lung fibroblasts cultured under serum-free conditions on
restrained collagen gels at a density of 1 X 10 cells/gel for 24 hours in the
presence of 10 ug/ml BSA (Control) or 10 ug/ml of the discoidin-like domain
(DLD) of ACLP (+DLD). The arrows indicate cells with enhanced spreading
and membrane extensions; viewed at X100. C: ACLP-deficient (ACLP™/7)
and (D) wild-type (ACLP™/*) primary lung fibroblasts were cultured under
serum-free conditions on restrained collagen gels at a density of 2 X 10°
cells/gel for 24 hours in the presence of 0 (closed circle), 1 (open circle), 10
(closed box), or 50 (open box) ug/ml DLD. The collagen gels were then
released and allowed to contract for the indicated amount of time. Collagen
gel contraction is expressed as percent original gel size. All data are mean
values ® SE. Data are from one of three experiments all showing similar
results.

eling characteristic of fibrotic lung, this cellular pheno-
type may not be sufficient to explain the paucity of
myofibroblasts and collagen in the lungs of bleomycin-
treated ACLP~/~ mice (Figure 2). Thus, we explored
whether the altered cell-collagen interaction in ACLP~/~
fibroblasts may also affect fibroblast proliferation. After
culture for 24 hours equal numbers of wild-type and
ACLP /" lung fibroblasts were present on restrained col-
lagen gels (Figure 7A), a time when there are clear dif-
ferences between wild-type and ACLP~/~ fibroblasts in
cell spreading and dispersion on the collagen matrix
(Figure 5). However, by 72 hours of culture there are
1.5-fold more wild-type than ACLP ™/~ fibroblasts present
on the collagen matrix (Figure 7A). Wild-type fibroblasts
do proliferate more than ACLP~/~ fibroblasts on a plastic
substrate (Figure 7B), but the difference in proliferation is
not as great for cells cultured on collagen. Importantly,
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Figure 7. ACLP™/~ lung fibroblasts have a defect in cell proliferation on
collagen matrix. Wild-type (closed circle) and ACLP-deficient (open circle)
primary lung fibroblasts were cultured under serum-free conditions on re-
strained collagen gels (A) or tissue culture plastic (B) in 24-well dishes at a
starting density of 1 X 10° cells/well. At the indicated time points, cells were
extracted from collagen gels by collagenase digestion (A) or removed from
plastic wells using trypsin (B). Cells were then counted using a Coulter
particle counter and expressed as cells extracted/gel (A) or cells removed/
well (B). All data are mean values = SE. All experiments were performed at
least three times with different primary cell cultures.

although an increased rate of apoptosis in ACLP™/~ fi-
broblasts could account for the differences in cell num-
ber, we observed no difference between the number of
apoptotic wild-type and ACLP /™ fibroblasts present on
collagen gels (data not shown).

ACLP Expression in Human Fibroblasts and in
Fibrotic Human Lungs

Although the mouse bleomycin model of lung fibrosis
shares many characteristics with the human disease,
nothing is currently known about ACLP expression by
human lung fibroblasts or in human pulmonary fibrosis.
We first measured ACLP expression in IMR-90 cells, a
human fibroblast cell line, in the absence or presence of
10 ng/ml TGF-B1. At baseline, IMR-90 cells expressed
ACLP but little a-SMA (Figure 8A, Time 0). Treatment with
TGF-B induced expression of both ACLP and a-SMA by
24 and 48 hours as compared with untreated control cells
(Figure 8A). Of note, the control cells also had increased
expression of both ACLP and a-SMA with time in culture
(Figure 8A, compare control cells at Time 0, 24, and 48
hours). We next investigated whether ACLP expression is
increased in fibrotic lung tissue from patients with IPF.
ACLP expression in normal human lung is modest and
limited primarily to the collagen-rich areas in the media of
large blood vessels (Figure 8B, column 1) and absent
from lung parenchyma (Figure 8B, column 2). In contrast,
lung specimens from IPF patients demonstrate high lev-
els of ACLP immunostaining in areas of dense collagen
deposition (Figure 8B, column 3). ACLP immunostaining
in human lung tissue was specific since we did not detect
significant staining on parallel sections incubated with
control (pre-immune) serum (Figure 8B, pre-immune).
Our IPF lung specimens were from patients with ad-
vanced lung disease and demonstrated similar ACLP
staining in areas of dense collagen deposition. In the few
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Figure 8. ACLP is expressed by human fibroblasts and levels are increased in
human fibrotic lung tissue. A: IMR-90 cells were cultured in the absence (—)
or presence (+) of 10 ng/ml TGF-B. After culture for the indicated amount of
time, cell proteins were extracted, subjected to SDS-PAGE and Western blots
were performed to detect ACLP, a-SMA, and tubulin. B: Surgical specimens
from normal human lung (72 = 6) and from patients with idiopathic pulmo-
nary fibrosis [IPF] (7 = 6) were immunostained with either control (pre-
immune) rabbit serum or anti-ACLP rabbit serum (brown) or stained with
Masson’s trichrome (Trichrome, blue) to detect collagen. Data are represen-
tative serial 5-um sections for each condition. Black arrows indicate regions
of ACLP expression; white arrows indicate collagen rich areas. V: blood
vessel.

areas of relatively normal lung in these samples we did
not find significant ACLP immunostaining (data not
shown). Collectively, these results indicate that ACLP is
expressed and induced by TGF-B8 in human lung fibro-
blasts and up-regulated in fibrotic human lung tissue in
areas of collagen deposition.

Discussion

In the current study we demonstrate that ACLP, a colla-
gen-matrix-associated protein, is expressed in fibrotic
lung tissue from IPF patients and is necessary for the

development of bleomycin-induced lung fibrosis in mice.
Importantly, bleomycin-injured ACLP~/~ mice do not ac-
cumulate a significant number of lung myofibroblasts
even in the presence of preserved bleomycin-induced
lung inflammation and TGF-B1 activity. These observa-
tions and the tight association between ACLP and fibrillar
collagen in fibrous tissue indicate ACLP may regulate
myofibroblast retention, proliferation, or differentiation on
collagen-rich matrix either in conjunction with or down-
stream of TGF-B1. Interestingly, ACLP is retained on fibril-
lar collagen and is important for lung fibroblast spread-
ing, formation of membrane extensions, proliferation on
collagen, and for collagen matrix contraction. Further-
more, the DLD of ACLP is sufficient to induce formation of
cell membrane extensions and augment collagen matrix
contraction in ACLP /" lung fibroblasts.

Our findings have important implications for the mo-
lecular pathogenesis of pulmonary fibrosis and possibly
the molecular mechanisms of wound healing in general.
For example, collagen matrix contraction and remodeling
by myofibroblasts is a central feature of both wound
healing and lung fibrosis. Moreover, increased mechan-
ical tension in collagen-rich tissue is sufficient to stimulate
myofibroblast contraction, proliferation and differentiation
in vivo.*® Although collagen-binding integrins certainly
have a role in these processes,®' ACLP may be a novel,
collagen-specific cofactor that regulates signals from col-
lagen matrix to fibroblasts and myofibroblasts. Moreover,
the ability of ACLP’s DLD to induce cell spreading on
collagen and to augment collagen contraction by myofi-
broblasts suggests a novel role for discoidin domain
proteins in fibrosis and wound healing. The discoidin
domain receptor 1, for example, is a receptor tyrosine
kinase necessary for bleomycin-induced lung fibrosis but
acts by promoting the inflammatory phase of bleomycin
lung injury.®2 In contrast, ACLP is the first known discoi-
din protein critical for the fibrotic phase of bleomycin lung
injury suggesting the discoidin motif may be a target for
anti-myofibroblast and anti-fibrosis therapies. Currently
little is known about the molecular events that mediate
re-epithelialization of injured and fibrotic lung, a key final
step in lung repair. Itis likely that several ECM-associated
proteins are critical in this process and our future studies
will test a potential role for ACLP in promoting lung epi-
thelial repair.

These findings also provide new insight into the mech-
anisms of fibroblast and myofibroblast retention, cell-
spreading, and proliferation on collagen matrix. Myofibro-
blast remodeling of collagen requires cell adhesion,
extension of cell membrane processes (eg, lamellipodia),
and formation of mature focal adhesions followed by cell
contraction and collagen shortening. Myofibroblasts sta-
bilize the shortened matrix by re-extending cell mem-
brane processes onto newly synthesized collagen and
further contracting the matrix.>” These events and myo-
fibroblast proliferation account for the collagen deposi-
tion, volume loss, and distorted architecture of fibrotic
lung in IPF. ACLP has an important role in these pro-
cesses since ACLP-null myofibroblasts have a defect in
cell spreading and formation of cell membrane exten-
sions on collagen, leading to reduced collagen matrix



contraction. Although we do not yet know the detailed
molecular events associated with this phenotype, ACLP-
null fibroblasts, as compared with wild-type, when cul-
tured on collagen have a marked decrease in focal ad-
hesions within peripheral cell-membrane extensions as
measured by paxillin immunocytochemistry, and altered
cortical actin re-organization as indicated by decreased
phosphorylation of the actin regulatory proteins moesin
and cortactin (unpublished observations). Moreover, al-
though the molecular interactions between the discoidin
domain of ACLP and the fibroblast cell surface that direct
membrane extensions are unknown, the discoidin do-
main of other proteins, including coagulation factor VIII
and retinoschisin, may act by directly binding membrane
phospholipids.?® Finally, the proliferative effect of ACLP
on lung fibroblasts in vitro is likely key in promoting fibro-
blast and myofibroblast accumulation in fibrotic lung in
vivo. Since ACLP null fibroblasts express a-SMA in vitro
(data not shown), it is not clear if ACLP has an additional
role in regulating fibroblast to myofibroblast differentia-
tion in vivo. At least in the collagen contraction assays, the
DLD did not influence cell number (data not shown), thus
our future studies are aimed at identifying the domain or
domains of ACLP necessary for inducing fibroblast pro-
liferation and possibly differentiation to myofibroblasts.
In summary, ACLP is a collagen-associated protein
highly expressed in fibrotic lung from IPF patients and is
necessary for bleomycin-induced lung fibrosis in mice.
ACLP regulates fibroblast and myofibroblast cell spread-
ing and proliferation on collagen and mediates myofibro-
blast collagen matrix contraction. ACLP and its discoidin
domain may be novel targets for future IPF therapies.
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