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Abstract

Laminins are heterotrimeric proteins that are secreted by the alveolar
epithelium into the basement membrane, and their expression is
altered in extracellular matrices from patients with pulmonary
fibrosis. In a small number of patients with pulmonary fibrosis, we
found that the normal basement membrane distribution of the o3
laminin subunit was lost in fibrotic regions of the lung. To determine
if these changes play a causal role in the development of fibrosis,
we generated mice lacking the a3 laminin subunit specifically in the
lung epithelium by crossing mice expressing Cre recombinase driven
by the surfactant protein C promoter (SPC-Cre) with mice expressing
floxed alleles encoding the a3 laminin gene (Lama3™"). These mice
exhibited no developmental abnormalities in the lungs up to 6
months of age, but, compared with control mice, had worsened
mortality, increased inflammation, and increased fibrosis after the
intratracheal administration of bleomycin. Similarly, the severity

of fibrosis induced by an adenovirus encoding an active form of
transforming growth factor-3 was worse in mice deficient in a3 laminin
in the lung. Taken together, our results suggest that the loss of a3
laminin in the lung epithelium does not affect lung development, but

plays a causal role in the development of fibrosis in response to
bleomycin or adenovirally delivered transforming growth factor-f3.
Thus, we speculate that the loss of the normal basement membrane
organization of a3 laminin that we observe in fibrotic regions from
the lungs of patients with pulmonary fibrosis contributes to their
disease progression.
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Clinical Relevance

Pulmonary fibrosis is defined by changes in the amount and
composition of extracellular matrix proteins in the lung. In this
article, we use a lung-specific knockout strategy in mice to show
that the loss of a protein found only in the extracellular
matrix contributes to the development of fibrosis. These data
complement findings from other groups suggesting that the
altered composition of the matrix plays a causal role in

the progression of lung fibrosis.
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The flattened conformation of the alveolar
type I cells and alveolar capillary endothelial
cells, and their separation by only a thin
basement membrane, facilitates the exchange
of oxygen and carbon dioxide in the healthy
lung (1). In patients with pulmonary fibrosis,
an excess deposition of extracellular matrix
proteins results in thickening and distortion
of the alveolar basement membrane,
eventually obliterating the alveolar
architecture, with an accompanying increase
in the elastic recoil of the lung and
impairment in gas exchange (2). Although
the diagnosis of pulmonary fibrosis is made
by radiographic or histologic detection
of these excess matrix proteins (3),
abnormalities of the matrix have traditionally
been considered as a consequence of the
cellular injury or dysfunction that underlies
the pathogenesis of the disorder, rather than
causal factors in its development (3). Recent
studies, in which normal human lung
fibroblasts have been seeded onto
decellularized scaffolds from the lungs of
patients with idiopathic pulmonary fibrosis
(IPF) or individuals without lung disease,
show that the fibrotic matrices can induce
a profibrotic expression program in the
overlying fibroblasts, suggesting a vicious
circle of increasing fibrosis with the matrix
playing a causal role (4).

Laminins are heterotrimeric matrix
proteins comprised of an «, a B, and a
v subunit, and the 16 identified laminin
heterotrimer combinations resulting from the
five a, three B, and three y chains show
tissue-specific patterns of expression (5-8). In
the adult lung, the a3 laminin is a major
component of the alveolar basement
membrane (5, 6); however, its function is not
known, as mice and humans with disruptions
in the gene expressing a3 laminin die
of a blistering skin disease (juvenile
epidermolysis bullosa in humans) early in life
(9, 10). When Booth and colleagues (4)
conducted a proteomic analysis of lung
matrix scaffolds from patients with IPF, they
found a plethora of matrix proteins that were
increased in fibrotic compared with control
lungs. Intriguingly, on the other hand, the
expression of several laminins, including
laminin «-3, B-3, and -2 chains, was
reduced (4). In this study, we show that a3
laminin is homogenously distributed in the
basement membrane in the normal human
lung and in unaffected areas of the lungs of
patients with pulmonary fibrosis. However,
this pattern is disrupted in fibrotic regions of
lungs from patients with pulmonary fibrosis,
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where the expression of a3 laminin subunit
proteins is reduced. To determine whether
loss of a3 laminin plays a causal role in the
development of fibrosis, we examined

the susceptibility of mice with a lung
epithelial-specific deletion of a3 laminin to
bleomycin and transforming growth factor
(TGF)-B-induced lung fibrosis.

Materials and Methods

Human Subjects

Studies using human subjects were approved
by the Northwestern University Institutional
Review Board (Chicago, IL) and the Bioethics
Committee at the Instituto Nacional de
Enfermedades Respiratorias (Mexico City,
Mexico). Deidentified human lung tissue
obtained from donors whose lungs were
unsuitable for transplantation was provided by
the Regional Organ Bank of Illinois (Chicago,
IL). Stored lung tissues and frozen lung
sections from patients with IPF were obtained
from the National Institute of Respiratory
Diseases (Mexico City, Mexico). The diagnosis
of IPF was based on published consensus
guidelines and determined on the basis of
high-resolution computed tomography or
surgical lung biopsy showing a definite

usual interstitial pneumonia pattern (11).

Mice

All experiments using mice were approved by
the Animal Care and Use Committee at
Northwestern University (Chicago, IL).
Unless indicated otherwise, we used mice that
were 8-12 weeks of age (20-25 g). Mice
harboring floxed alleles in the gene encoding
a3 laminin (Lama3™) were created by
generating a vector that targets exon 42 of the
mouse o3 laminin allele flanked by loxP
(locus of x-ing over bacteriophage P)
sequences and introduced this into
embryonic stem cells, as we previously
described (12). To generate a line of mice
deficient in a3 laminin in the lung
epithelium, we crossed Lama3™" animals
with transgenic mice expressing Cre
recombinase driven by the surfactant protein
C promoter (SPC-Cre) (a kind gift of Dr. B.
Hogan, Duke University, Durham, NC) (13).

The Administration of Bleomycin and
Infection with Adenoviruses Encoding
Active TGF-p to Induce Lung Fibrosis
Mice were anesthetized with isoflurane and
their lungs were intubated orally with a
20-gauge Angiocath (Becton-Dickinson,

Franklin Lakes, NJ) for the intratracheal
administration of bleomycin, saline, or
adenoviruses, as previously described (14).
For all substances, a total volume of 50 ul
was instilled in two equal aliquots through
the endotracheal catheter. After each aliquot,
the mice were placed first on their right side
and then on their left side for 10-15 seconds.
Bleomycin was purchased from APP
Pharmaceuticals LLC (Schaumburg, IL), and
sterile saline for injection was from Baxter
(Deerfield, IL). An adenovirus encoding an
active form of TGF-B (Ad-TGF-B) was

a kind gift from Dr. R. Derynck (University
of California San Francisco, San Francisco,
CA) (15). This adenovirus and an
adenovirus encoding no transgene were
commercially amplified, tittered, and
confirmed to be replication deficient
(Viraquest, Liberty City, Iowa). For
experiments using Ad-TGF-3 or adenovirus
encoding no transgene, mice were
intratracheally infected with 1 X 10® plaque-
forming units/mouse in Tris-EDTA buffer,
as previously described (16). Mice were
killed 21 and 28 days after the instillation of
bleomycin and Ad-TGF-p, respectively.

Tissue Analysis and Staining
A 20-gauge Angiocath was sutured into the
trachea, the lungs and heart were removed
en bloc, and the lungs were inflated to
15 cm H,O with 4% paraformaldehyde.
The heart and lungs were fixed in paraffin,
and 5-pm sections were stained with
hematoxylin and eosin and Masson’s
trichrome stains (17). Images of murine
lungs were obtained using TissueGnostics
system and software (Vienna, Austria).
For immunofluorescence analysis of
human lung tissue, the tissue was rapidly
frozen in Tissue-Tek OCT compound
(Electron Microscopy Sciences, Hatfield, PA)
and 5-pm sections were prepared on
a cryomicrotome. Frozen sections were
mounted onto microscope slides, fixed for 2
minutes in —20°C acetone, air dried, and then
incubated for 2 hours at room temperature
with antibody against the mouse o3 laminin
subunit, diluted in PBS. The sections were
then washed extensively and subsequently
incubated for 1 hour at 37°C in rhodamine-
conjugated secondary antibody. After further
washing, the sections were covered with
mounting medium and a coverslip. Tissue
sections were viewed on a Leica SP8X
TCS confocal imaging microscope (Leica
Microsystems Inc., Buffalo Grove, IL).
Microscope images were exported as tif files
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Figure 1. The 83 laminin subunit is aberrantly expressed in fibrotic regions of human lungs from patients with pulmonary fibrosis. (A) Distal lung tissue
(~ 1 cm?) from four organ donors whose lungs were not suitable for transplantation and four patients with pulmonary fibrosis was homogenized for
RNA extraction and the expression of the mMRNA encoding «3 laminin subunit (Lama3) (A) and collagen type IV (CollVa) (B) was measured using

quantitative RT-PCR. Values are normalized to the levels of 78S ribosomal RNA. *P < 0.05. (C and D) Frozen sections of distal lung tissue were generated
from the normal subjects and those with pulmonary fibrosis and stained using antibodies that recognize collagen type IV (green) and a3 laminin (red). Shown
are normal and fibrotic regions from the same lung of a patient with pulmonary fibrosis. The bottom panels show the phase (left) and merged (right) images.
(©) In normal regions of the lung, linear staining for a3 laminin was observed in the alveoli and colocalized with the basement membrane protein collagen type

IV (merged panel) (D). In fibrotic regions of the lung, collagen type IV was found in disordered clumps throughout the fibrotic regions, whereas staining for a3 laminin
was lost. A relatively spared region adjacent to the fibrotic region continues to demonstrate linear staining for both collagen type IV and a3 laminin (white arrows).

Representative images are shown; all images were obtained at 400X using identical microscope and imaging settings.

and figures generated using Adobe Photoshop
software (Adobe Systems, San Jose, CA).

Immunoblotting

Protein immunoblotting was performed as
previously described (17). Cell lysates were
mixed with sample loading buffer (125
mM Tris base [pH 6.8], 4% [wt/vol]
SDS, 20% [vol/vol] glycerol, 200 mM
dithiothreitol, 0.02% [wt/vol]
bromphenol blue). After heating, the
protein was resolved on a SDS-15%
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polyacrylamide gel and transferred to

a Hybond-ECL nitrocellulose membrane
(Amersham, Piscataway, NJ). After transfer,
the gel was stained with Ponceau S to verify
uniform transfer. Membranes were blocked
with 5% (wt/vol) nonfat milk in TBS-T (100
mM Tris base [pH 7.5], 0.9% [wt/vol] NaCl,
0.1% [vol/vol] Tween 20) for 1 hour at room
temperature and subsequently incubated
with the appropriate primary antibody
overnight at 4°C. The membrane was
washed with TBS-T three times and

incubated for 1 hour at room temperature
with horseradish peroxidase-conjugated
secondary antibody. The membrane was
washed three times with TBS-T and
analyzed by enhanced chemiluminescence
(Amersham). Densitometry was assessed
using Image J software (Bethesda, MD) (18).

Measurement of Total Lung Collagen
Lung collagen was measured using

a modification of a previously described
method for the precipitation of lung collagen
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Figure 2. Lung epithelial-specific deletion of a3 laminin is not associated with detectable morphologic or mechanical changes in the lungs of adult mice.
(A) Transgenic mice expressing Cre recombinase driven by the surfactant protein C promoter (SPC-Cre) were crossed with mice harboring floxed alleles in
the gene encoding a3 laminin (Lama3™) to generate SPC-Cre/Lama3™" mice. (A) mRNA was isolated from whole-lung homogenates generated from

untreated mice with the indicated genotypes, and expression of a3 laminin was measured using quantitative RT-PCR. (B) Lung homogenates (solubilized
in 8 M urea) from mice with the indicated genotypes were immunoblotted and stained using an antibody against (B) a3 laminin or (C) a5 laminin; nuclear

lamin and tubulin were used as loading controls, respectively. Representative blots from three independent experiments are shown. (D) Lung sections were
obtained from mice with the indicated genotypes and stained using hematoxylin and eosin or trichrome and examined using light microscopy. Significant
differences between the genotypes were not observed. Representative images from more than six animals in each group are shown. The panels on the left
are montage images (100X). The panels on the right are higher-magnification views of the areas indicated by squares. (E) Quasistatic lung compliance (Cst)
and (F) total airway resistance (R) was measured in Lama3”" and SPC-Cre/Lama3™" mice (five animals each group) using a FlexiVent system. (G and H)
Decellularized lung scaffolds were generated from (G) Lama3™" and (H) SPC-Cre/Lama3™" mice and examined using electron microscopy. No significant
differences were seen in the basement membrane morphology. Representative images from three animals in each group are shown. Values are means = SEM.

using picrosirius red (19). Mouse lungs were
harvested and suspended in 1 ml of 0.5 M
acetic acid and then homogenized, first with
a tissue homogenizer (60 s on ice) and then
using 15 strokes in a Dounce homogenizer
(on ice). The resulting homogenate was
spun (12,000 X g) for 10 minutes, and

the supernatant was used for subsequent
analyses. Collagen standards were prepared
in 0.5 M acetic acid using rat tail collagen
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(Sigma-Aldrich, St. Louis, MO). Picrosirius
red dye was prepared by mixing 0.2 g of
Sirius red F3B (Sigma-Aldrich) with 200 ml
of water; 1 ml of the Picrosirius red dye was
added to 100 pl of the collagen standard or
the lung homogenates and then mixed
continuously at room temperature on

an orbital shaker for 30 minutes. The
precipitated collagen was then pelleted and
washed once with 0.5 M acetic acid

(12,000 X g for 15 min each). The resulting
pellet was resuspended in 1 ml of 0.5 M
NaOH and Sirius red staining was quantified
spectrophotometrically (540 nm) using

a colorimetric plate reader (Bio-Rad,
Hercules, CA).

Measurement of Lung Mechanics
Measurements of lung mechanics were
performed using a FlexiVent mouse

American Journal of Respiratory Cell and Molecular Biology Volume 52 Number 4 | April 2015
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ventilator (Scireq, Montreal, PQ, Canada)
according to the protocols established by
Scireq (20). A standard ventilation history
for each mouse was obtained with three total
lung capacity maneuvers before the forced
oscillation and quasistatic pressure-volume
curve protocols that were used to calculate
airway resistance, dynamic and quasistatic
tissue compliance, and elastance.

Generation of Lung Scaffolds for
Electron Microscopy

The lungs were decellularized using

a previously described procedure (21).
Briefly, the lungs were rinsed five times
by instilling 3 ml of distilled H,O through
the trachea and right ventricle. The lungs
were then instilled with 0.1% Triton X-
100 and incubated at 4°C for 24 hours,
followed by 2% deoxycholate at 4°C for
24 hours. Between each incubation period,
the lungs were rinsed five times with

3 ml of distilled H,O. Finally, lungs were
incubated at room temperature for 1 hour
in 1 M NaCl, followed by DNase (30ug/ml)
in 1.3 mM MgSO4 and 2 mM CaCl,. Tissue
materials were prepared for electron
microscopy as detailed elsewhere (22).
Thin sections of tissues were viewed on
an FEI Tecnai Spirit G2 transmission
electron microscope (FEI Co., Hillsboro,
OR). Microscope images were exported as
if files and figures generated using Adobe
Photoshop software.

Quantitative Real-Time RT-PCR
Measurement of RNA

We isolated total RNA using a commercially
available system (TRIzol; Invitrogen,
Carlsbad, CA) from mouse lung
homogenates and performed quantitative
real-time RT-PCR (qRT-PCR) reactions
using IQ SYBR Green superscript with the
primers listed in the online supplement,
analyzed on a Bio-Rad CFX384 real-time
PCR detection system. We employed the
AACt method to analyze the normalized
data (23).

Quantification of Inflammatory Cell
Populations Using Flow Cytometry
Inflammatory cell populations in whole-
lung homogenates were measured as
previously described (24). Briefly, the lungs
were perfused, removed en bloc, cut into
3- to 4-mm pieces, and processed using

a Lung Dissociation Kit (Miltenyi, Auburn,
CA) and GentleMACS tissue dissociator
(Miltenyi), according to the manufacturer’s
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Figure 3. Lung epithelial-specific deletion of a3 laminin worsens pulmonary fibrosis in response to
bleomycin. (A) Mice with the indicated genotype were treated with bleomycin (0.025 IU/mouse), and
unanticipated mortalities were recorded (lethal dose, 50% [LDso] Lama3™, undefined, n = 16; LDso
SP-C-Cre/Lama3”", 15 d, n = 11; P < 0.001). (B) Mice with the indicated genotype were treated with
bleomycin (0.01 1U/animal), and unanticipated mortalities were recorded (LDsq undefined in both groups;
n = 22 for both groups; P = 0.01). (C—£) Mice were treated with bleomycin 0.01 IU/mouse and 5 days later
the lungs were homogenized and the number of CD45-positive cells were counted. (C) neutrophils, (D)
alveolar macrophages, and (£) interstitial macrophages were identified from their pattern of cell surface
marker expression using flow cytometry. (F—/) Mice with the indicated genotype were treated with bleomycin
(oleo) 0.01 IU/animal or saline, and the lungs of the surviving mice were harvested 21 days later. (F)
Trichrome-stained lung sections of the bleomycin-treated mice were imaged at 100X using
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instructions and passed through a 40-pum
nylon mesh to obtain a single cell
suspension. Remaining red blood cells
were lysed using BD Pharm Lyse (BD
Biosciences, San Jose, CA). Immune cells
were isolated using anti-CD45 microbeads
(Miltenyi) and positive selection on
AutoMACS separator. CD45-positive cells
were counted using Countess automated
cell counter (Invitrogen); dead cells were
excluded using trypan blue. After live/dead
staining with eFluor506 viability dye
(eBioscience, San Diego, CA), cells were
incubated with FcBlock (BD Biosciences)
and stained with a mixture of
fluorochrome-conjugated antibodies (see
Table El in the online supplement for the
list of antibodies, clones, fluorochromes,
and manufacturers). Data were acquired
on a BD LSR II flow cytometer (BD
Biosciences; see Table E2 for instrument
configuration). Compensation and data
analysis were performed using Flow]Jo
software (TreeStar, Ashland, OR). After
gating out cell aggregates, debris, and
dead cells, immune cells were identified
using the panhematopoietic marker,
CD45. Specific cell types were

identified as follows: eosinophils as
CD11b™e™ed e Cp 1™ Siglec
pintermediategghigh, heytrophils as
CD11b"Ly6G™; alveolar macrophages
as highly autofluorescent and _
CD1 1Ch1ghCD1lbmtermedlateSiglec Fhlgh
CD64"€"; plasmacytoid dendritic cells
as mPDCA-1"CD11c™emediatep vt
CD103™ dendritic cells as

CD1 lchighCD 1 lbintermediateMHC
I1"CD103™; CD11b™" dendritic cells as
CD11c"¢"CD11b"MHC II"CD103™;
interstitial macrophages as
CD11b*CD11c™ermediate g4 * Siglec
F~; and monocytes as
CD11b*CD11c”CD64°“MHC II".
Data are presented as mean number of
cells in both lung (£SEM).

Statistical Analysis

Differences between groups were explored
using ANOVA. When the ANOVA
indicated a significant difference, individual
differences were explored using Student’s

t tests with a Bonferonni correction for

multiple comparisons. Mortality differences
were determined using a Kaplan-Meier
analysis. All analyses were performed using
GraphPad Prism version 4.00 for Windows
(GraphPad Software, San Diego, CA). Data
are shown as means (= SEM).

Results

The o3 Subunit of Laminin Is
Localized to the Alveolar Basement
Membrane in Normal Human Lung
Tissue, but Not in Fibrotic Regions
from Patients with Pulmonary Fibrosis
We obtained lung tissue and frozen lung
sections from four deidentified subjects who
had undergone transplant for IPF and
individuals without a history of lung disease
from normal-appearing regions of lungs
that were unsuitable for transplantation.
We found increased levels of mRNA
encoding Lama3 and collagen type IV
(CollVa) in lung specimens from patients
with pulmonary fibrosis compared with
normal individuals (Figures 1A and 1B).
The levels of Lama3 expression in control
subjects were near the lower limits of
detection. Staining for a3 laminin in frozen
lung sections from normal individuals and
in normal regions of lung in patients with
lung fibrosis revealed a linear pattern
morphologically consistent with the
basement membrane and colocalizing with
the basement membrane protein collagen
type IV (Figure 1B). However, in fibrotic
areas, the basement membrane pattern of
staining and colocalization with collagen
type IV was lost (Figure 1C). Instead,
aggregates positive for collagen type IV, but
not a3 laminin, were scattered throughout
the fibrotic regions of the lung (Figure 1D).
To provide a means of comparison, images
from normal and fibrotic regions of the
same lung are shown.

Loss of the a3 Laminin Subunit Does
Not Result in a Detectable Phenotype
in Adult Mice

Mutations in the laminin a3 gene in
humans are associated with the blistering
skin disease, junctional epidermolysis
bullosa (9). Global deletion of the laminin

a3 gene in mice results in a similar
blistering skin disease, which is the cause of
death of the animals shortly after birth, before
lung development is complete (25). Thus,
we developed a mouse line lacking the a3
laminin subunit specifically in the lung
epithelium by crossing mice expressing Cre
recombinase driven by the SPC promoter
(SPC-Cre) with mice expressing floxed alleles
encoding the a3 laminin gene (Lama3"™"),
which we have previously described (12).
Expression of the SPC gene in early
progenitors of the lung epithelium during
development results in Cre-mediated

gene recombination in the entire airway
epithelium (13, 26). The resulting SPC-Cre/
Lama3"" mice exhibited a complete absence
of a3 laminin mRNA (Figure 2A) and
protein in total lung homogenates

(Figure 2B). A gene-dose relationship was
also seen in the heterozygous animals
(Figure 2B), without a compensatory increase
in a5 laminin (Figure 2C). We were not able
to detect differences upon careful histologic
evaluation of the airways, pulmonary vessels,
or lung parenchyma in hematoxylin and
eosin-stained lung sections from SPC-Cre,
Lama3™", and SPC-Cre/Lama3"™" mice, and
trichrome staining revealed no apparent
differences in lung collagen (Figure 2D).
Similar results were obtained in mice 6
months of age (data not shown). Similarly,
the static compliance of the lung and airwa
resistance were similar in untreated Lama3’™"
and SPC-Cre/Lama3™" (Figures 2E and 2F).
To more closely examine the morphology
of the basement membrane, we generated
decellularized lung scaffolds from Lama3™"
and SPC-Cre/Lama3™" mice, and examined
them using electron microscopy. We were
unable to detect significant differences in
basement membrane morphology in the two
strains of mice (Figures 2G and 2H).

Lung-Specific Loss of the a3 Laminin
Subunit Increases the Susceptibility

to Bleomycin-Induced Injury and
Fibrosis

We treated SPC-Cre, Lama3™", and
SPC-Cre/Lama3™" mice with a dose of
intratracheal bleomycin that induces
fibrosis, but seldom results in a sufficiently
severe illness to require killing in wild-type

Figure 3. (Continued). a TissueGnostics system. Left panels are montage images; right panels are higher-magnification views of the areas indicated by the
squares. (G) Fibrosis severity was quantified using Ashcroft scores (n = 4 animals per group). (H) Total lung collagen was measured in whole-lung
homogenates by picrosirius red collagen precipitation (7 = 8-10 mice in both saline control groups and n = 22 and 23 mice in the bleomycin-treated groups).
() Lung compliance was measured using the FlexiVent system before harvest (n = 4 animals per group). All animals were 8-12 weeks of age at the time

of bleomycin administration. WWhen present, significant differences between groups are indicated in the figures. Error bars indicate SEM. ns, not significant.
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mice (0.025 IU/animal). We observed an A CTGF B Pai-1 (o} TGF-3
unexpectedly high mortality in SPC-Cre/ p=0.003 p=0.01 p=0.03
Lama3™" mice, which was significantly 47 — 129 - 251

higher than that observed in the Lama3"" ° o 107 © 2.0

mice (lethal dose, 50% [LDs,] undefined in > 3 2 8- 2

Lama3"" and 15 d in the SPC-Cre/Lama3™" e 2 | &8 6 8§ 157

mice; Figure 3A). No mortality was ; % 4 (é) 1.0 ~

observed in SPC-Cre mice treated with the £ 14 £ £ 0.5

same dose of bleomycin (data not shown). 27 '

The deaths in these animals all occurred 0- i 0- o 0.0- P

more than 10 days after the instillation of Lama3 f; ni;g,f/?, Lama3 f;ni;g,ﬁ Lama3 f; ,Ségf',’/?,

bleomycin, a time when acute lung injury
has usually resolved and lung fibrosis has
begun (17). Excess mortality was also
observed at a dose of 0.020 IU bleomycin/
animal (see Figure E1), and even at a dose
of 0.01 TU bleomycin/animal, significant
excess mortality was still observed in the
SPC-Cre/Lama3”" compared with the
Lama3’™" animals (Figure 3B). We
measured the numbers and activation
state of inflammatory cells in the lungs of
Lama3™" and SPC-Cre/Lama3”™" mice 5
days after the administration of bleomycin,

before lung injury had resolved. The total Ad-TGF-pB Ad-TGF-B
number of alveolar macrophages, but not Lama3if SPC-Cre/LLama3/f
interstitial macrophages or neutrophils,
was increased in the SPC-Cre/Lama3™" mice
(Figures 3C-3E). The numbers of classical
(Iymphocyte antigen 6C high [Ly6C"]) and
nonclassical (lymphocyte antigen 6C low
[Ly6Cl°]; monocytes), CD103" and
CD11b™ dendritic cells, and eosinophils
were similar in the two strains (Figures
E1A-E1E). Markers of M1 macrophage 0l
activation (CD40, CD80, and CD86) were Lama3" SPC-Cre/ Ad-Null 0.0- P —
lower in alveolar macrophages from SPC- Lama3™

Cre/Lama3™" compared with Lama3™" Ad-TGF-p L
mice, whereas CD206—a marker of M2 Lama3™ SPC-Cre/
polarization in alveolar macrophages p=0.04 Lama3""
(AMs)—was similar (Figures E2A-E2E). 1

Interstitial macrophages from SPC-Cre/
Lama3”™" mice exhibited higher levels of
M2 markers when compared with those
from Lama3’"" mice (Figures E2F-E2I).
We measured the severity of lung fibrosis
in the surviving animals 21 days after
treatment with 0.01 IU of bleomycin. Ad-Null + - o+ _
Ashcroft scores generated from the Ad-TGF-p -+ - 4
histologic examination of trichrome- —_—
stained lung sections showed increased Lama3™  SP C-Crf%
lung collagen in SPC-Cre/Lama3"" Lamas
compared with Lama3™" animals (Figures
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3F and 3G). Consistent with these fin dings, Fig'ure 4, I_ung'epithelial—speoific deletion of a3 Iaminin .Worser.ws pulmonary fibrosis induced by '

. L. L active transforming growth factor-g (TGF-B) (A-C) Mice with the indicated genotype were treated with
picrosirius red collagen p recip 1t.at1on from bleomycin (0.01 IU/mouse) and, 5 days later, the levels of mRNA encoding the TGF-B target gene,
lung hox}logenates was higher in SI;C'CTE/ connective tissue growth factor (CTGF), plasminogen activator inhibitor-1 (Pai-1), and TGF-B (which
Lama3™" compared with Lama3™" mice induces its own transcription) were measured in lung homogenates (n = 5 animals per group). (D)
(Figure 3H). To confirm the physiologic Mice with the indicated genotype were treated intratracheally with an adenovirus encoding no
effects of the increased fibrosis, we transgene (Ad-Null) or an adenovirus encoding an active form of TGF-B (Ad-TGF-) both at 1 X 10°
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measured lung compliance in the three
strains of mice using the FlexiVent system.
Whereas low-dose bleomycin (0.01 IU/
animal) resulted in only modest reductions
in lung compliance in the Lama3™" mice,
significant reductions in lung compliance
were observed in the SPC-Cre/Lama3""
animals (Figure 3I). Total lung collagen was
similar in SPC-Cre and Lama3"" mice
(Figure E3), and the administration

of bleomycin to mice in which gene
recombination was accomplished through
delivery of adenoviral Cre resulted in
enhanced bleomycin-induced fibrosis
(Figure E4).

Lung-Specific Loss of the «3 Laminin
Subunit Worsens TGF-p-Mediated
Lung Fibrosis

The development of fibrosis in response to
bleomycin requires the activation of TGF-$
(27). To determine whether the loss of a3
laminin altered the activation of TGF-$ in
response to bleomycin, we treated Lama3'™"
and SPC-Cre/Lama3"™" mice with
intratracheal bleomycin (0.01 IU/animal),
and measured the expression of TGF-
target genes 5 days later. After treatment
with bleomycin, the expression of the TGF-
[ target genes, connective tissue growth
factor (CTGF), plasminogen activator
inhibitor-1 (Pai-1), and TGF-f, were all
increased in SPC-Cre/Lama3’"" mice when
compared with Lama3™" mice (Figures
4A-4C). We then examined whether a3
laminin loss worsened lung fibrosis
downstream of the activation of TGF-$ by
administering an adenovirus encoding an
active form of TGF-B (1 X 10° plaque-
forming units/animal) to Lama3™" and SPC-
Cre/Lama3™" mice and measuring lung
fibrosis 28 days later. Lung fibrosis, as
assessed by Ashcroft scores generated by
examination of trichrome-stained lung
sections, was worse in SPC-Cre/Lama3"™"
compared with Lama3""" mice (Figures 4D
and 4E). Whereas total soluble collagen
measured using picrosirius red collagen
precipitation was higher in the SPC-Cre/
Lama3™" compared with Lama3™" mice,

these differences did not reach statistical
significance, even with the relatively large
numbers of animals examined (Figures 4E).
Lung compliance was significantly lower in
the SPC-Cre/Lama3™" compared with
Lama3™" mice (Figures 4F).

Discussion

The laminins are essential components of the
basement membrane, where they serve as
important points of adhesion to the overlying
cells and can serve as ligands for signaling
receptors on the cellular surface (10). The a3
laminin subunit is expressed throughout the
basement membranes of the lung in mice
and rats (28-30). Here, we show that a3
laminin is expressed uniformly throughout
the alveolar basement membrane in normal
human lungs. Despite the widespread
expression of a3 laminin protein in the
normal lung, o3 laminin mRNA was
nearly undetectable in lung homogenates,
suggesting that a3 laminin may have a very
long half-life in the human lung, as we have
previously observed in mice (3 mo) (12).
In patients with lung fibrosis, a normal
basement membrane pattern of laminin
staining was observed in areas of the lung
without fibrosis. However, in the fibrotic
regions, this normal basement membrane
organization of laminin was lost, and staining
overall for a3 laminin was reduced, despite
a significant increase in the expression of o3
laminin mRNA. These findings are consistent
with those of Booth and colleagues (4), who
used a proteomic approach to show that the
expression of a3 laminin was reduced in
decellularized matrices from patients with
IPE. We and others have suggested that
a3-containing laminins play an important
signaling role in the lung (12, 28, 31-33).
Therefore, we used a lung epithelial-specific
knockout approach in mice to show that the
loss of a3 laminin plays a causal role in the
development and/or progression of lung
fibrosis.

Because humans and mice deficient in
the a3 laminin gene die prematurely as

a result of blistering skin disease (junctional
epidermolysis bullosa in humans), a lung
epithelial-specific promoter was used to
delete the a3 laminin gene specifically in
the adult lung (9, 12, 25). Specifically,

we used mice generated by Hogan and
colleagues, which express Cre recombinase
driven by the SPC promoter (13). SPC is
active in the lung epithelium in some of
the earliest stages of lung development;
therefore, Cre-mediated recombination of
the floxed a3 laminin allele removes the
gene from the developing lung epithelium
and all of its daughter cells (13, 26). In lung
homogenates from the SPC-Cre/Lama3"""
mice, we observed very little if any
expression of a3 laminin mRNA or protein,
suggesting that a large majority of laminins
comprised of a3 subunits in the lung are
secreted by the alveolar epithelium. We did
not detect evidence of a compensatory
increase in the expression of a5 laminin in
the lungs of the SPC-Cre/Lama3"" mice,
and we have previously reported that Cre-
mediated recombination in cells from these
mice does not result in the expression of
a truncated protein (12). In untreated mice,
we found no difference in lung histology,
lung mechanics, or basement membrane
organization in adult mice deficient in a3
laminin when compared with wild-type
controls.

The lack of an unstressed phenotype in
the lungs of mice deficient in @3 laminin
subunit protein is consistent with previous
findings in humans and mice. In the lung,
o3 laminin binds with either a B1 and y1
chain to form laminin 311, or a 2 and y2
chain to form laminin 322 (28). Loss-of-
function mutations in either the laminin o3
or laminin 7y2 gene are associated with
junctional epidermolysis bullosa, and,
although these individuals typically
succumb to their illness by early adulthood,
no reported phenotype in the lung has been
reported (5, 10, 34). In mice, global loss of
either the laminin a3 or laminin y2 gene
is associated with a similar blistering skin
disease that results in death of the animal
within the first several days of life (5, 10,

Figure 4. (Continued). plaque-forming units [pfu)/animal, and the lungs of the mice were harvested 28 days later. Trichrome-stained lung sections of the
TGF-B-treated mice were imaged at 100X using a TissueGnostics system. Left panels are montage images; right panels are higher-magnification views

of the areas indicated by the squares. (E) Fibrosis severity was quantified using Ashcroft scores (n = 4 animals per group). (F) Total lung collagen was measured in
whole-lung homogenates by picrosirius red collagen precipitation (7 = 5-10 mice in the (Ad-Null) control groups and n = 12 and 10 mice in the TGF-B-treated
groups). (G) Lung compliance was measured using the FlexiVent system before harvest (n = 4 animals per group). All animals were 8-12 weeks of age at the time
of bleomycin administration or adenoviral infection. When present, significant differences between groups are indicated in the figures. Error bars indicate SEM.
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34). Although death in these animals occurs
before lung development is complete, no
abnormalities have been reported in their
lungs. Together, these findings provide
strong support for the conclusion that,
unlike the a1, a2, and o5 laminin subunits,
expression of the a3 laminin subunit is not
required for normal lung development in
the mouse (29).

We found that the loss of a3 laminin
worsened lung fibrosis in mice treated
with intratracheal bleomycin. The
administration of intratracheal bleomycin
results in an acute lung injury, which is
maximal 3-5 days after the administration
of bleomycin, and then resolves within 10
days after infection (35). In response to
the injury, there is an increase in TGF-3
activity in the lung, which is both
necessary and sufficient for the
development of lung fibrosis (16, 36). We
found that mice lacking a3 laminin in the
lung exhibited unexpected morality in
response to bleomycin, with all of the
deaths occurring 10 days or more after the
intratracheal administration of bleomycin,
a time when lung injury is resolving and
fibrosis is developing (35). In mice
deficient in o3 laminin, we found that
lung inflammation, as measured by the
number and activation state of alveolar
macrophages in the lung, was enhanced,
and the expression of several TGF-f3 target
genes was increased, 5 days after the
administration of bleomycin. These results
suggest that the loss of a3 laminin might
increase or prevent the resolution of
bleomycin-induced acute lung injury.
Although the effects were smaller, the loss
of a3 laminin also worsened lung fibrosis
induced by an adenovirus encoding an
active form of TGF-, suggesting that
the loss of a3 laminin also contributes to
fibrosis downstream of the activation of
TGF-B. Our results complement those
of Booth and colleagues (4), who found

reduced levels of laminin in decellularized
matrices from patients with IPF. Both
Booth and colleagues (4) and Parker and
colleagues (37) showed that matrices from
patients with pulmonary fibrosis can
activate normal human lung fibroblasts.
The mechanism by which a3 laminin
contributes to the development of fibrosis is
not clear from our studies. However, we and
others have reported that a3 laminin in the
basement membrane of the skin serves as
a ligand for two key integrins expressed on
the surface of epithelial cells—a3B1 and
a6B4—which are involved in epithelial
repair (32). In humans, mutations in the
a3B1 integrin result in abnormal epithelial
barrier function in the lung, skin, and kidney
(38). In mice, global deletion of the a3
integrin is developmentally lethal; however,
Chapman and colleagues (39) reported that
specific deletion of the a3 integrin from
alveolar type II cells resulted in reduced
fibrosis following exposure to bleomycin.
In vitro, they showed that binding between
a3 integrin and laminin promoted TGF-3
signaling through Smad phosphorylation.
Our finding that TGF-B induced fibrosis
was worse in o3 laminin deficient mice
compared with wild-type controls, suggest
that this is not the dominant mechanism by
which a3 laminin influences fibrosis in vivo.
However, Chapman and colleagues (33) also
reported a rare cell population expressing
the a6B4 integrin in the lungs of mice,
which are increased in number after
bleomycin treatment, and show many
features of a progenitor cell population. In
the skin, we have shown that binding of
o634 to a3 laminin facilitates the migration
of progenitor cells in response to wounding
(31). It is therefore tempting to speculate
that the loss of 3 laminin impairs the
migration of a6f34 integrin—positive
cells in the lung, resulting in prolonged
inflammation, increased TGF-f target gene
expression, and enhanced fibrosis.

Consistent with this hypothesis, we observed
increased mortality in a3 laminin-deficient
mice treated with bleomycin at a time when
the animals were recovering from lung
injury and developing fibrosis. This
hypothesis may also explain our previous
report in which we deleted a3 laminin from
the lung epithelium using a high-titer
adenovirus expressing Cre recombinase.
Although the acute inflammation induced
by infection with an adenovirus encoding
Cre recombinase resolves without fibrosis in
wild-type mice, the use of this adenovirus to
delete a3 laminin in the lung epithelium
resulted in an increase in lung collagen that
persisted for as long as 3 months after the
infection (12).

In summary, we show that the o3
laminin subunit is distributed throughout
the basement membrane in the normal
lung. In patients with pulmonary fibrosis,
the transcription of a3 laminin is increased;
however, the protein is not present in the
fibrotic regions of the lung. Moreover,
in mice, although not being required
for lung development, the loss of a3
subunit-containing laminins results
in enhanced fibrosis in response to
intratracheal bleomycin and an adenovirus
encoding an active form of TGF-B. These
results lend support to the hypothesis
that changes in the composition of the
extracellular matrix play a causal role in
the development of lung fibrosis. Future
investigations will focus on the role of
laminins that include the a3 laminin
subunit in the resolution of acute lung
injury and the development of TGF-
B-induced fibrosis. B
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