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There are an insufficient number of donor organs available to meet the demand for lung transplantation. This
issue could be addressed by regenerating functional tissue from diseased or damaged lungs that would otherwise
be deemed unsuitable for transplant. Detergent-mediated whole-lung decellularization produces a three-
dimensional natural scaffold that can be repopulated with various cell types. In this study, we investigated the
decellularization and initial recellularization of diseased lungs using a rat model of monocrotaline-induced
pulmonary hypertension (MCT-PHT). Decellularization of control and MCT-PHT Sprague-Dawley rat lungs
was accomplished by treating the lungs with a combination of Triton X-100, sodium deoxycholate, NaCl, and
DNase. The resulting acellular matrices were characterized by DNA quantification, Western blotting, immu-
nohistochemistry, and proteomic analyses revealing that decellularization was able to remove cells while
leaving the extracellular matrix (ECM) components and lung ultrastructure intact. Decellularization signifi-
cantly reduced DNA content (*30-fold in MCT-PHT lungs and *50-fold in the control lungs) and enriched
ECM components ( > 60-fold in both the control and MCT-PHT lungs) while depleting cellular proteins.
MicroCT visualization of MCT-PHT rat lungs indicated that the vasculature was narrowed as a result of MCT
treatment, and this characteristic was unchanged by decellularization. Mean arterial vessel diameter of repre-
sentative decellularized MCT-PHT and control scaffolds was estimated to be 0.152 – 0.134 mm and
0.247 – 0.160 mm, respectively. Decellularized MCT-PHT lung scaffolds supported attachment and survival of
rat adipose-derived stem cells (rASCs), seeded into the airspace or the vasculature, for at least 2 weeks. The
cells seeded in MCT-PHT lung scaffolds proliferated and underwent apoptosis similar to control scaffolds;
however, the initial percentage of apoptotic cells was slightly higher in MCT-PHT lungs (2.79 – 2.03% vs.
1.05 – 1.02% of airway-seeded rASCs, and 4.47 – 1.21% vs. 2.66 – 0.10% of vascular seeded rASCs). The ECM
of cell-seeded scaffolds showed no signs of degradation by the cells after 14 days in culture. These data suggest
that diseased hypertensive lungs can be efficiently decellularized similar to control lungs and have the potential
to be recellularized with mesenchymal stem cells with the ultimate goal of generating healthy, functional
pulmonary tissue.

Introduction

There are not enough donor lungs available to meet
the incredible demand for lung transplantation. As of

June 2013, there were over 1735 patients in the United
States in need of lung transplantation; in 2012, 224 patients
died while waiting for a suitable transplant and 194 patients
became too sick to undergo transplantation.1 Most lung
donations are obtained from brain-dead donors; unfortu-

nately, these lungs are highly susceptible to injury via
trauma, resuscitation or ventilator-associated injury, pul-
monary edema, aspiration of blood or gastric fluids, or
infection—all of which render the lung unsuitable for
transplant.2 Since strict criteria reduce the number of po-
tential donations, only 15–25% of available lungs are suit-
able for transplantation.3 Moreover, lung transplant
recipients require life-long immunosuppression to prevent
the onset of organ rejection, and the median post-transplant
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survival time is only *5.7 years.3 A novel means for ac-
quiring transplant-suitable lungs and reducing postoperative
complications is crucial.

The rapidly evolving field of whole-organ decellulari-
zation holds great promise for producing bioartificial,
transplant-suitable organs in the laboratory for human
clinical application. Detergent-mediated whole-organ de-
cellularization generates a three-dimensional (3D) extra-
cellular matrix (ECM) scaffold of the organ that is apt for
tissue engineering of patient-specific tissue. Because the
decellularization process removes cells and cellular antigens
responsible for immune rejection, organs recellularized with
autologous cells have reduced risk of rejection upon trans-
plantation. Advancing this technology to human clinical use
would provide an alternative therapeutic avenue, signifi-
cantly reduce the demand for transplantable organs, and
decrease the organ transplant wait-list time. Scientists have
reported successful decellularization and organ repopulation
in the heart, liver, and kidney.4–7 A growing number of
groups have reported similar success in the lung using naı̈ve
rodent models8–12 and, recently, in our own laboratory using
rhesus macaque lungs.13 Two groups transplanted crude
bioartificial rat lungs that demonstrated short-term pulmo-
nary function in vivo; however, these studies utilized either
A549 carcinoma cells or freshly isolated pulmonary cells
from fetal or neonatal rats to repopulate acellular rat
lung matrices.8–10,14 These studies offer essential proof-of-
concept in naı̈ve rodent models; however, to advance this
technology toward increasing the availability of human
transplant-suitable organs in the clinic, future research should
focus on the potential regeneration of damaged, diseased,
or otherwise unsuitable lungs. Herein, a more compre-
hensive assessment of decellularization–recellularization
technology is presented using a rodent model of pulmonary
disease.

Pulmonary hypertension (PHT) is a disease characterized
by increased pulmonary vascular resistance, which ulti-
mately leads to right heart failure and death.15 Pathology of
PHT includes endothelial dysfunction, proliferation of en-
dothelial and pulmonary arterial smooth muscle cells, inti-
mal hyperplasia and fibrosis, medial hypertrophy, and
excessive metalloprotease activity in the vascular adventi-
tia.15–17 PHT is a secondary complication of many condi-
tions, including asthma, congenital heart disease, chronic
obstructive pulmonary disease, bronchiolitis obliterans
(chronic rejection), pulmonary fibrosis, thrombosis, high
blood pressure, autoimmune diseases, connective tissue
diseases, human immunodeficiency virus, and cancer.15

Lungs from individuals inflicted with PHT are unsuitable for
transplantation3; however, decellularization of these organs
may provide an acellular scaffold appropriate for re-
cellularization with healthy autologous cells.

Monocrotaline (MCT)-induced PHT (MCT-PHT) is a
well-established model of this disease in rats.18,19 MCT is a
toxic pyrrolizidine alkaloid derived from the rattlepod plant
Crotalaria spectabilis. MCT is metabolized by the liver into
a biologically active toxin that is carried by red blood cells
to the lung leading to pulmonary vascular hypertrophy, in-
timal fibrosis, endothelial cell damage, pulmonary vasculi-
tis, PHT, and right ventricular hypertrophy.20–25 These
manifestations closely resemble the clinical presentation of
PHT in humans; therefore, MCT is an appropriate model to

study the regeneration of PHT-diseased lungs using decel-
lularization and recellularization.

The use of stem cells in regenerative medicine has gen-
erated a great deal of interest due to their ease of isolation
from multiple sources, including embryonic and adult tis-
sues, as well as their ability to differentiate into diverse cell
lineages.26–29 Both embryonic stem cells (ESCs) and mes-
enchymal stem cells (MSCs) from umbilical cord blood and
adult bone marrow have been shown to differentiate into
respiratory epithelial cells in vitro.30–35 Stem cells are being
avidly explored as a means to regenerate or repair functional
pulmonary tissues for the treatment of lung injury and
disease.36–41 Bioartificial tissue regeneration relies on the
interaction of these cells with the ECM proteins of decel-
lularized organ scaffolds. Recent studies have shown that
the ECM contributes to the functional behavior of MSCs
and may be essential in guiding cell fate during tissue-
specific differentiation.42–47 Our group has recently dem-
onstrated that bone marrow- and adipose-derived MSCs
adhere to and proliferate within decellularized lung scaf-
folds in a rhesus macaque model of lung tissue engineer-
ing.13 Here, the initial interaction of adipose-derived MSCs
with decellularized scaffolds generated from MCT-PHT rat
lungs is described in an effort to provide the necessary
proof-of-principle that bioartificial organs can be derived
from diseased sources.

Methods

Monocrotaline-induced pulmonary hypertension

All studies were approved by the Institutional Animal
Care and Use Committee at Tulane University. A 25 mg/mL
solution of MCT (Sigma-Aldrich, St. Louis, MO) was pre-
pared by dissolving in 1 N HCl, adjusting the pH to 7.4
using NaOH, and diluting with phosphate-buffered saline
(PBS).48 To induce PHT, male Sprague-Dawley rats,
weighing between 250 and 300 g (Charles River Labora-
tories, Portage, MI), were anesthetized using isoflurane
balanced with O2 (maintained at 1 barr) and injected with
60 mg/kg MCT intraperitoneally (IP). Control animals were
sham-injected with PBS (pH of 7.4) at a volume equivalent
to that which was used for MCT injections. Rats were killed
4 weeks after the injection (Supplementary Fig. S1A; Sup-
plementary Data are available online at www.liebertpub
.com/tea).

Extraction of intact heart/lung blocs

Control and MCT-PHT rats were anesthetized with
ketamine/xyalzine (80–110/5–10 mg/kg intramuscularly/
intraperitoneally) and supinated. The animals were then
injected with 1 mL of PBS containing heparin (300 U/kg) for
anticoagulation and sodium nitroprusside (SNP; 5mg/kg) for
vasodilation via the jugular vein. A laparotomy was performed
10 min after infusion of the heparin-SNP solution. Abdominal
organs were carefully moved to reveal the distal abdominal
vena cava. The animals were killed and exsanguinated by
laceration of the abdominal vena cava while *20 mL of the
heparin-SNP saline solution was injected (*10 mL/min) into
the pulmonary artery by the way of the right ventricle to
perfuse the lungs in situ. Following exsanguination and
perfusion, the heart and lungs were removed en bloc by
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transecting the trachea proximal to the larynx and dissecting
the dorsal connective tissues, esophagus, aorta, and vena cava.

Whole-lung decellularization

Lungs were decellularized by slight modifications to a
protocol originally described by Price et al.9 Briefly, the
trachea and the pulmonary artery were cannulated and the
left atrium was lacerated to allow decellularization solutions
to easily drain from the vasculature. The pulmonary vas-
culature was perfused via the pulmonary artery cannula
using a gravity-driven apparatus in which a column of liquid
(10-mL syringe; BD Biosciences, San Jose, CA) was sus-
pended 22 cm above the lung (Supplementary Fig. S1B).
The lungs were perfused with *10 mL of deionized water
(DI water) instilled via the aforementioned gravity-driven
apparatus. Then, the lungs were instilled with 10 mL of DI
water by intratracheal inflation with a 10-mL syringe
(Supplementary Fig. S1C). The DI water was allowed to
drain from the lung by natural recoil. Perfusion followed by
intratracheal instillation of DI water was repeated four more
times. As depicted in Supplementary Figure S1D, 0.1%
Triton X-100 (Sigma-Aldrich) was delivered to the lungs
and pulmonary vasculature as before. The lungs were sub-
merged in 0.1% Triton X-100 and incubated statically at
4�C overnight. The following day, the lungs were removed
from the Triton solution and washed five times with DI
water through the vasculature and the airway as before. The
lungs were then inflated and perfused with 2% sodium
deoxycholate (SDC; Fisher Scientific, Pittsburgh, PA) fol-
lowed by an overnight incubation at 4�C. The next day, the
lungs were removed from the SDC solution and washed five
times with DI water as before. The lungs were then inflated
and perfused with hypertonic saline (1 M NaCl) and incu-
bated in this solution for 1 h at room temperature. After
incubation in hypertonic saline, the lungs were washed with
DI water and then inflated and perfused with a solution of
30 mg/mL DNase (Sigma-Aldrich DN25), 1.3 mM MgSO4,
and 2 mM CaCl2. The lungs were incubated in this solution
for 1 h at room temperature followed by five washes with
PBS (without Ca2 + /Mg2 + ) containing 500 U/mL penicillin,
500 mg/mL streptomycin, and 1.25 mg/mL amphotericin B.
Decellularized lungs were stored in this solution at 4�C until
needed.

Inflation fixation

Native and decellularized lung tissues from control
and MCT-PHT animals were preserved by inflation-fixation
with 10% neutral-buffered formalin (NBF) delivered in-
tratracheally by gravity at *25 cm H2O while the lungs
were also bathed in NBF. A peristaltic pump circulated NBF
from the bathing reservoir back up to a syringe maintained
at *25 cm above the tissue over a period of 45 min. Fixed
lungs were stored in NBF before dissection and histological
analysis. For other analyses, fresh native and decellularized
lung tissues were flash-frozen in liquid nitrogen and then
stored at - 80�C until needed.

Histological characterization

Slices of lung tissue of *0.5 cm thick were cut from
inflation-fixed native or decellularized lung tissues, em-

bedded in paraffin, cut into 5mm sections, and mounted onto
glass microscope slides. Sections were stained with hema-
toxylin and eosin (H&E), Gömöri trichrome, modified
Movat’s pentachrome, and Alcian blue histological stains by
the Center for Stem Cell Research and Regenerative Med-
icine Histology Core Facility using standard protocols.
Stained slides were scanned using the Aperio ScanScope
(Aperio, Vista, CA) at an initial magnification of 40 · .
Images were then captured and analyzed using the Aperio
ImageScope program.

Genomic DNA extraction and quantification

The Qiagen DNeasy kit (Valencia, CA) was used to
isolate genomic DNA (gDNA) from native and decellular-
ized lungs. Briefly, blot-dried lung tissue was cut into small
pieces and minced. Minced tissues were weighed and
combined to total 25 mg per sample. Each sample was
processed identically according to the manufacturer’s in-
structions. gDNA was quantified using a NanoDrop 2000c
spectrophotometer (Thermo-Fisher Scientific, Waltham,
MA). Two-way analysis of variance (ANOVA) was used to
compare control native, MCT native, control decellularized,
and MCT decellularized lung gDNA yield per 25 mg tissue.

To facilitate equal loading for DNA gel electrophoresis,
gDNA isolated from decellularized lungs was precipitated
by adding 0.1 volumes of 3 M sodium acetate followed by
2.5 volumes of 100% ethanol. Precipitated DNA was pel-
leted by centrifugation at 14,000 rpm for 10 min. The pellet
was washed with 70% ethanol and centrifuged again at
14,000 rpm for 10 min. The supernatant was removed, and
the pellets were allowed to air dry for an hour before dis-
solving in nuclease-free water.

Five hundred nanograms of gDNA from control native,
MCT native, control decellularized, and MCT decellularized
lungs was loaded into a 0.8% Ultrapure agarose gel (In-
vitrogen, Carlsbad, CA) and separated by electrophoresis at
80 V for *1 h. Gels were visualized by UV transillumina-
tion and imaged using the GE ImageQuant LAS 4000 sys-
tem (GE Healthcare, Piscataway, NJ).

Western blot

Protein lysates from native and decellularized lungs were
prepared as follows. Lung tissue was cut into small sections
with scissors and then minced using a razor blade. Minced
tissue was homogenized in a prechilled Dounce homoge-
nizer containing RIPA buffer and 1· HALT protease in-
hibitor cocktail (Thermo-Fisher Scientific). The tissue was
incubated for 30 min at 4�C with gentle rotation. The lysates
were cleared by centrifugation at 14,000 g for 10 min at 4�C.
The supernatants were collected and protein concentrations
were determined using the BCA assay (Pierce, Rockford,
IL). Protein lysates derived from decellularized lungs were
concentrated by centrifuging at 4000 rpm for 5 min in Mil-
lipore (Billerica, MA) Ultracel-3K centrifugal filter devices.
This step was necessary because lysates from decellularized
lungs were dilute in protein concentration due to the lack of
cell-associated soluble proteins.

Thirty micrograms of protein lysate was combined with
NuPage LDS Sample Buffer and NuPage Reducing Agent
(Invitrogen) according to the manufacturer’s instructions.
Samples were then boiled at 100�C for 5 min to denature the
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protein. Samples were loaded into NuPage 4–12% gradient
gels (Invitrogen) for electrophoresis at 200 V for 1 h. A 1:1
mixture of Magic Mark XP (Invitrogen) and Precision Plus
Protein Kaleidoscope (Bio-Rad, Hercules, CA) was used as
a molecular weight marker. The proteins were transferred
from the gel to nitrocellulose membranes using the In-
vitrogen iBlot semi-dry transfer system. Membranes were
stained with Ponceau S (Sigma-Aldrich) for 5 min and
photographed to confirm equal protein loading by densi-
tometry. To remove the Ponceau S stain, membranes were
rinsed with DI water three times followed by a 15-min in-
cubation in DI water. Membranes were then washed once
for 5 min with PBS containing 0.1% Tween-20 (PBS-T)
before blocking with PBS-T containing 5% reagent-grade
blocking dry milk (Bio-Rad) and 1% goat serum. Mem-
branes were blocked for 2 h at room temperature on a
shaking platform. Membranes were then incubated over-
night with gentle shaking at 4�C with blocking solution
containing primary antibody (Supplementary Table S1). On
the next day, membranes were washed 3 · 5 min with PBS-T
and then incubated with gentle shaking for 1 h at room
temperature in blocking solution containing 1:2000 goat
anti-rabbit immunoglobulin G (IgG)–horseradish peroxidase
(HRP) (Cell Signaling, Danvers, MA) or goat anti-mouse
IgG-HRP (Santa Cruz Biotechnology, Santa Cruz, CA).
Membranes were washed 2 · 5 min then once for 15 min in
PBS-T. Membranes were incubated for 1 min with enhanced
chemiluminescence reagent (Invitrogen) and visualized us-
ing the GE ImageQuant LAS 4000 system.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on 5mm
lung sections of native and decellularized lung tissues using
antibodies listed in Supplementary Table S1. Briefly, slides
were deparaffinized by warming on a heating platform at
57�C for at least 30 min followed by incubation in the
Histochoice solvent (Amresco, Solon, OH) and rehydration
through ethanol to water. Depending on the recommenda-
tions from the antibody provider, antigen retrieval was
performed either enzymatically by incubating the tissue
sections with proteinase K (400 mg/mL in 20 mM Tris pH
8.0) for 15 min at 37�C in a humidified chamber or antigen
retrieval was heat mediated by submerging the tissue sec-
tions in sub-boiling sodium citrate (10 mM, 0.05% Tween-
20, pH 6.0) for 10 min. Slides were blocked with 10%
normal serum (from the secondary antibody host animal)
and 1% bovine serum albumin (BSA) in Tris-buffered saline
(TBS) for 2 h at room temperature in a humidified chamber.
The slides were then incubated with a primary antibody
(diluted in TBS with 1% BSA) overnight at 4�C in a hu-
midified chamber. Following incubation, slides were ex-
tensively washed with TBS-T (TBS containing 0.05%
Tween-20). Slides were incubated with a secondary anti-
body (diluted 1:200 in TBS with 1% BSA) for 1 h at room
temperature in a humidified chamber protected from light.
The secondary antibody was either AlexaFluor 594 goat
anti-rabbit IgG (H + L) or AlexaFluor 594 goat anti-mouse
IgG (H + L) from Invitrogen. After incubation with a sec-
ondary antibody, slides were washed with DI water and
coverslips were mounted with Prolong Gold Anti-fade Re-
agent with 4¢,6-diamidino-2-phenylindole (DAPI) (Invitro-

gen). Isotype and secondary antibody-only controls were
performed to distinguish nonspecific antibody binding
(Supplementary Fig. S2). Images were captured using the
Leica DMRXA2 deconvolution inverted fluorescent micro-
scope (Leica Microsystems, Buffalo Grove, IL) fitted with
the Cooke SensiCAM camera/controller and Slidebook
software.

Proteomics

Whole native and decellularized lungs were dissected into
individual lobes and snap-frozen in liquid nitrogen. Using a
chilled mortar and pestle, the frozen tissue was ground into a
powder and then incubated in RIPA buffer containing 1·
HALT protease inhibitor cocktail for 30 min at 4�C with
shaking. The lysates were then centrifuged at 14,000 g for
10 min at 4�C, and the supernatant was collected. The pro-
tein concentration of the supernatant was determined using a
BCA assay. For collection of native protein lysate, one
whole lung was used. For collection of decellularized lung
protein lysate, three decellularized whole lung lysates were
pooled and concentrated using Millipore Ultracel 3K cen-
trifugal filters. Proteomic analyses were performed by the
RCMI Core facilities at the Xavier University of Louisiana
in New Orleans as previously described.13 Briefly, 100mg of
each sample lysate was processed for analysis by high-
performance liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS). Protein samples were
trypsin-digested, desalted, lyophilized, and then analyzed
using an LTQ-Orbitrap XL (Thermo-Fisher Scientific) in-
terfaced with an Ultimate 3000 Dionex nanoflow HPLC
system (Dionex, Sunnyvale, CA). Peptides were identified
using high mass resolution measurement of the parent ion
and its product ions generated by collision-induced disso-
ciation of a reporter ion. The Mascot (Matrix Science,
Boston, MA) protein search algorithm was used for the
database search. Proteome Discoverer 1.2 software (Thermo-
Fisher Scientific) generated Mascot format files using the
following criteria: database, IPI.Rat.fasta.v3.77; enzyme,
trypsin; maximum missed cleavages, 2; static modifica-
tions, carbamidomethylation ( + 57 Da), N-terminal
TMT6plex ( + 229 Da), lysyl TMT6plex ( + 229 Da); dy-
namic modifications, N-terminal Gln-pyro-Glu ( - 17 Da);
methionine oxidation ( + 16 Da); STY phosphorylation
( + 80 Da); MS peptide tolerance set to 15 ppm; MS/MS
tolerance set to 0.05 Da. Peptides identified by the search
engine were accepted only if they met the false discovery
rate of p < 0.05 (target decoy database). Identified peptides
were sorted according to subcellular localization: cyto-
plasmic/intracellular, cytoskeletal, membrane, nuclear,
mitochondrial, ECM (nonsecreted components), and se-
creted (non-ECM components). The percentage of peptides
sorted to each category was determined. Because some
peptides belong to multiple categories, the percentages
total to greater than 100%.

Vascular casting of decellularized lungs

To confirm that the vasculature of decellularized lungs
remains intact after decellularization, red Microfil liquid
compound (Flow Tech, Inc., Carver, MA) was prepared at a
ratio of 52.9% Microfil MV-130 Red, 42.3% MV dilutent,
and 4.76% curing agent. This mixture was perfused through
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the pulmonary arterial vasculature of native and decel-
lularized lungs via the pulmonary artery cannula using a
perfusion pump (Cole-Parmer, Vernon Hills, IL). Fourteen
LS Masterflex tubing (Cole-Parmer) was used to instill
Microfil into the vasculature at a rate of 1 mL/min for 5 min.
Next, *10 mL of 2% low melting point (LMP) agarose
(Invitrogen) was injected into the airway while the vascu-
lature was perfused with Microfil for an additional 5 min at
1 mL/min. This was followed by perfusion at a rate of
0.1 mL/min for 15 min to provide a constant pressure while
the Microfil polymerized. While still connected to the per-
fusion pump, the lungs were statically incubated for 15 min
to allow complete polymerization of the casting agent and
solidification of the agarose. The casted agar-inflated lungs
were submerged in 10% NBF and stored at 4�C.

Native and decellularized lung vascular casts were visu-
alized using a vivaCT-40 (SCANCO Medical, Wayne, PA).
MicroCT slices were obtained at 38mm voxel size, 45 kV
peak x-ray tube voltage, 88mA tube current, and standard
resolution (250 pictures per 180�). Integration time was
650 ms with continuous rotation. Scans took *70–80 min
and resulted in *1100– 1300 serial sections through
*45 mm (longitudinally) of lung tissue. Data files were
converted to DICOM (Digital Imaging and Communications
in Medicine) format for analysis in ImageJ (version 1.47p).
Images were imported into ImageJ as a sequence and ana-
lyzed using the BoneJ plugin (version 1.3.10) by adjusting
the threshold to highlight the vascular cast in the foreground
and converting the image sequence to binary mode. BoneJ’s
‘‘Thickness’’ algorithm was used to determine the average
diameter of the vascular casts and to generate a heatmap of
the casts where larger diameter vessels are orange and
smaller diameter vessels are purple (Supplementary Figure
S3). The Thickness algorithm determines the thickness at a
point as the diameter of the largest sphere that fits within the
structure at that point. Only the foreground (vascular cast) of
the binary image was analyzed. The heatmap graphic gen-
erated by the algorithm represents the thickness at each
point within the structure. The heatmap of the vascular cast
was visualized using the 3D Viewer application in ImageJ.

Airway seeding of acellular matrices with ASCs

Sprague-Dawley rat adipose-derived stem cells (rASCs)
were graciously provided by Dr. Jeffrey Gimble at the
Pennington Biomedical Research Center (Baton Rouge,
LA). rASCs were cultured in complete culture media (CCM)
comprising alpha-modified Eagle’s medium containing
16.4% fetal calf serum, 4 mM l-glutamine, 100 U/mL pen-
icillin, 100mg/mL streptomycin, and 250 ng/mL amphoter-
icin B at 37�C, 5% CO2. Decellularized lungs were washed
thrice with PBS containing 500 U/mL penicillin, 500 mg/mL
streptomycin, and 1.25 mg/mL amphotericin B and then
thrice with CCM warmed to 37�C. rASC cultures at *70%
confluence were lifted using 0.25% trypsin, pelleted by
centrifuging at 1500 rpm for 7 min, and resuspended in
CCM at a density of 1 million cells/mL. This suspension
was combined with 2% LMP agarose (1:1) for a final con-
centration of 500,000 cells/mL in 1% LMP agarose. As
shown in Supplementary Figure S4, 10 mL of the cell–
media–agar mixture was then instilled into decellularized
lungs through the trachea, and the seeded lungs were

transferred to PBS in a 4�C bath for 30 min to solidify the
agarose. The cell-seeded lungs were cut into 1 mm slices
using a Krumdieck Tissue Slicer (Alabama Research and
Development, Munford, AL). Tissue slices were cultured
with 2 mL of CCM in a six-well tissue culture dish. The
media were changed every other day, and the slices were
flipped daily to evenly distribute nutrients and oxygen to
the cells dispersed throughout the tissue slices. Slices were
collected 24 h, 3 days, 7 days, and 14 days after culture to
assess the attachment and survival of the instilled rASCs.
Slices were washed with PBS and fixed in 10% NBF before
paraffin embedding, sectioning, and mounting onto glass
slides for staining with H&E or for use in IHC analyses.

Vascular seeding of acellular matrices with ASCs

For vascular seeding, 8 mL of cell suspension (containing
1 million cells/mL in 1% LMP agarose) were perfused
through the pulmonary vasculature. Ten milliliters of 2%
LMP agarose was then instilled into the airway and allowed
to solidify before 1-mm slices were cut using the Krumdieck
Tissue Slicer. The media was changed every other day, and
the slices were flipped daily. Slices were collected 24 hours,
3 days, 7 days, and 14 days after initial seeding and fixed in
10% NBF before histological processing.

Ki-67 staining for the determination of proliferation
of seeded cells

Control and MCT-PHT scaffolds seeded with rASCs in
either the vasculature or the airspace were stained with Ki-
67 at various time points to determine the persistence of
cells throughout slice culture. Tissue sections were depar-
affinized and rehydrated as previously described in the IHC
methods. Antigen retrieval was accomplished by incubating
the tissue sections with proteinase K (400mg/mL in 20 mM
Tris pH 8.0) for 15 min at 37�C in a humidified chamber.
Sections were blocked with TBS containing 10% goat serum
and 1% BSA for 2 h at room temperature in a humidified
chamber. Sections were stained with an anti-Ki-67 antibody
(Abcam, Cambridge, MA) diluted 1:200 in TBS with 1%
BSA overnight at 4�C in a humidified chamber. The fol-
lowing day, the tissue sections were incubated for 1 h at
room temperature in a humidified chamber protected from
light with AlexaFluor 594 goat anti-rabbit secondary anti-
body diluted 1:200 in TBS with 1% BSA. Ten random
pictures were taken at 10 · magnification using the Leica
DMRXA2 deconvolution inverted fluorescent microscope
fitted with a Cooke SensiCAM camera/controller and Sli-
debook software. For each picture, the total number of
DAPI-stained cells and the number of Ki-67-stained cells
were counted. The counts from all 10 pictures taken per
sample were summed, and the total number of positively
stained cells was divided by the total number of cells per
field to determine the overall percentage of proliferating
cells. Each time point was analyzed in triplicate.

Terminal deoxynucleotidyl transferase dUTP nick
end labeling staining for the determination
of apoptosis of seeded cells

Control and MCT-PHT scaffolds seeded with rASCs in
either the vasculature or the airspace were stained for
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terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL), which is indicative of apoptosis. The
In Situ Cell Death Detection Kit with Fluorescein from
Roche (Indianapolis, IN) was used according to the manu-
facturer’s instructions. Briefly, tissue sections were depar-
affinized, rehydrated, and incubated with proteinase K
(400 mg/mL in 20 mM Tris, pH 8.0) for 15 min at 37�C in a
humidified chamber followed by staining with the TUNEL
label and enzyme solutions. Negative controls were incu-
bated with the label solution without enzyme. Positive
controls were treated with 1000 U/mL DNase for 30 min at
37�C in a humidified chamber before TUNEL staining.
Coverslips were mounted with the Prolong Gold Anti-fade
Reagent containing DAPI (Invitrogen). Ten random pictures
were taken at 10· magnification using the Leica deconvo-
lution microscope. For each picture, the total number of
DAPI-stained cells and the number of TUNEL-stained cells
were counted. The counts from all 10 pictures taken per
sample were summed, and the total number of positively
stained cells was divided by the total number of cells per
field to determine the overall percentage of cells undergoing
apoptosis. Each time point was analyzed in triplicate.

Cell count determination

The average number of cells per field in rASC-seeded rat
lung matrices from various time points was determined. For
each sample, 10 random photos were taken at 5· magnifi-
cation of the DAPI-stained tissue. The number of cells was
counted, and the average number of cells per field was de-
termined. Each time point was analyzed in triplicate.

Statistical analyses

gDNA quantification, Ki-67 staining, TUNEL staining,
and cell count data were analyzed for statistical significance
using a two-way ANOVA with Tukey’s post hoc test be-
tween the groups. For DNA quantification, the two vari-
ables, which warranted the use of two-way ANOVA, were
decellularization and disease. For Ki-67 staining, TUNEL
staining, and cell count data, the two variables were disease
and time. In addition to two-way ANOVA, one-way AN-
OVA was conducted for each scaffold and seeding location
(i.e., control airway-seeded, MCT-PHT airway-seeded,
control vascular-seeded, and MCT-PHT vascular-seeded) to
determine whether time alone significantly affected the re-
sults. p-Values of < 0.05 were considered to be statistically
significant.

Results

Detergents, salts, and enzymes effectively
remove cells from rat lungs with MCT-PHT
while retaining ECM structural components

Lungs from control rats and rats with MCT-PHT (Fig.
1A, B, respectively) were decellularized (Fig. 1C, D, re-
spectively) using serial incubations in Triton X-100, SDC,
hypertonic saline, and DNase. Characteristic of PHT, H&E
staining of native lung tissue from MCT-PHT rats, depicted
cell infiltration due to inflammation as well as hypertrophy
and hyperplasia of cells surrounding blood vessels (Fig. 1B).
Decellularization of control and MCT-PHT lungs efficiently
removed cells as indicated by a lack of darkly stained nuclei

and cellular material in tissue sections stained with H&E
(Fig. 1C, D, respectively). The eosin-stained lung ECM
ultrastructure of both control and MCT-PHT lungs remained
intact after decellularization as indicated by the maintenance
of alveolar (A), bronchiolar (B), and vascular (V) structures
(Fig. 1C, D). Control and MCT-PHT lungs were also stained
with Alcian Blue for glycosaminoglycans (GAGs), Gömöri
trichrome for collagens, and Movat’s modified pentachrome
for elastins. Alcian Blue-stained GAGs were seen through-
out native control and native MCT-PHT lungs and were well
retained after decellularization. Collagen bundles stained
green by Gömöri trichrome were seen around blood vessels
and bronchioles as well as throughout the alveolar paren-
chyma in native control and native MCT-PHT rat lungs. The
collagen stain was notably pronounced in native MCT-PHT
lungs around hyperplastic blood vessels. In decellularized
control and MCT-PHT lungs, Gomorı̈-stained collagen was
prevalent throughout alveolar septae and more heavily
around bronchial and vascular structures. Elastin fibers
darkly stained by Movat’s modified pentachrome were
abundant throughout native control and native MCT-PHT
lungs. Elastin staining was especially prevalent surrounding
blood vessels and bronchioles. In native MCT-PHT lungs,
heavy staining concentrated around hyperplastic blood
vessels was observed. Elastin was maintained throughout
alveolar septae (gray arrows), at the axes of respiratory
bronchioles (black arrows), and surrounding bronchi and
blood vessels in decellularized control and decellularized
MCT-PHT lungs (Fig. 1C, D). Overall, staining revealed
that decellularization removed cells from MCT-PHT rat
lungs while retaining ECM ultrastructure and maintaining
the molecular components of GAGs, collagens, and elastin
similar to decellularized control lungs.

DNA is effectively removed by decellularization
of MCT-PHT lungs

To further assess the efficiency of decellularization,
gDNA was isolated from representative samples of native
and decellularized control and MCT-PHT lungs and quan-
tified (Fig. 2A). No significant difference between the DNA
yield of control native lungs and MCT-PHT native lungs
( p = 0.4330) was found. After decellularization, DNA was
greatly reduced in both control decellularized and MCT-
PHT decellularized lungs. DNA reduction was *30-fold in
decellularized MCT-PHT lungs and 50-fold in decellular-
ized control lungs. gDNA extracted from decellularized
control lungs was significantly less ( p = 0.0009) than that
extracted from native control lungs. Similarly, gDNA ex-
tracted from decellularized MCT-PHT lungs was signifi-
cantly less ( p = 0.0006) than that extracted from native
MCT-PHT lungs. There was no significant difference be-
tween the amounts of DNA recovered from decellularized
control lungs and decellularized MCT-PHT lungs
( p = 0.9997). Gel electrophoresis of 500 ng of DNA recov-
ered from native control and native MCT-PHT lungs pro-
duced a heavy band of high-molecular-weight gDNA,
whereas DNA recovered from decellularized control and
decellularized MCT-PHT lungs produced low-molecular-
weight smears, signifying that the bulk of the DNA was
degraded and removed following the DNase treatment
(Fig. 2B).
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ECM components are retained and enriched
after decellularization of MCT-PHT lungs

Protein lysate from native and decellularized lungs was
subjected to sodium dodecyl sulfate (SDS)–polyacrylamide
gel electrophoresis and blotting for smooth muscle alpha
actin (SMA), fibronectin, laminin, and GAPDH. Western
blotting (Fig. 2C) showed that SMA was detectable in MCT-
PHT lungs but not in control lungs after decellularization.
Western blotting indicated that both fibronectin and laminin
were enriched by decellularization in control and MCT-PHT
lungs. Blotting for cellular protein GAPDH showed that
cellular materials were adequately removed by decellular-
ization as noted by the absence of detectable GAPDH in
decellularized samples.

IHC staining for collagen I, collagen IV, collagen VI,
elastin, laminin, SMA, and vitronectin was conducted to
investigate the effect of decellularization on individual ECM
components (Fig. 3). Basement membrane components
collagen IV (Fig. 3E–H) and laminin (Fig. 3M–P) were
retained in control and MCT-PHT lungs after decellular-

ization. Collagen I stained bronchial and vascular structures
heavily before and after decellularization of both control
and MCT-PHT lungs (Fig. 3A–D). Collagen VI stained in-
tensely throughout native and decellularized control and
MCT-PHT lungs (Fig. 3I–L). Elastin stained most intensely
around bronchial and vascular structures but only lightly
throughout the parenchyma of decellularized control and
decellularized MCT-PHT lungs (Fig. 3S, T, respectively).
SMA appeared to stain more abundantly in native MCT-
PHT lungs (Fig. 3V) than in native control lungs (Fig. 3U).
After decellularization, SMA appeared to be depleted in
control lungs (Fig. 3W) but was retained in MCT-PHT lungs
(Fig. 3X), supporting a similar observation using Western
blotting. Vitronectin stained lightly throughout native and
decellularized lungs (Fig. 3Y, BB). Lack of DAPI staining
in decellularized tissues validated that cells were efficiently
removed by decellularization (insets). Ultimately, most
ECM components were well preserved after decellulariza-
tion of both control and MCT-PHT lungs.

Proteomic analysis of 100mg of protein from one repre-
sentative native lung or three pooled decellularized lungs

FIG. 1. Lungs from rats with monocrotaline-induced pulmonary hypertension (MCT-PHT) are decellularized similarly to
normal control rat lungs and retain lung extracellular matrix (ECM) components. (A) Sham-injected control rat lungs were
extracted and inflation fixed for histological analysis by hematoxylin and eosin (H&E) staining (dark purple nuclei and light
pink ECM), Alcian Blue staining of glycosaminoglycans (GAGs, blue), Gömöri trichrome staining of collagen fibers
(green), and Movat’s Modified Pentachrome staining of elastin fibers (black). Pulmonary structures such as bronchi (B),
blood vessels (V), and alveoli (A) were easily identifiable. (B) MCT-PHT rat lungs were similarly extracted, inflation fixed,
and stained and showed hyperplasia of the cells of vascular walls, a feature that is characteristic of PHT. (C) Control rat
lungs were decellularized using Triton X-100, sodium deoxycholate, hypertonic saline, and a DNase solutions. H&E
staining revealed the removal of darkly staining nuclei with retention of alveolar, bronchial, and vascular structures. Alcian
Blue, Gömöri, and Movat’s staining indicated the retention of key ECM components, including elastin in alveolar septae
(gray arrows) and at the axes of respiratory bronchioles (black arrows). (D) MCT-PHT rat lungs were decellularized, fixed,
and stained as above. H&E staining showed efficient removal of cells despite PHT-associated hyperplasia. Alcian Blue,
Gömöri, and Movat’s staining showed retention of collagens, elastin, and GAGs, respectively, similar to decellularized
control lungs. Color images available online at www.liebertpub.com/tea
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was conducted. Over 4000 peptides were identified in
100 mg of native lung samples, whereas approximately only
2000 were identified in 100mg of pooled decellularized
samples. ECM components accounted for < 1% of the total
peptides identified in native control and native MCT-PHT
lungs (Fig. 4). In comparison to native control lungs, native
MCT-PHT lung lysate contained more peptides related to
the blood/endothelium, including complement components,
clotting factors, and globulins (14.99% vs. 6.68%; data not
shown). After decellularization, ECM components com-
prised the largest constituent of identified peptides in de-
cellularized lungs accounting for 31.6% of decellularized
control lung peptides and 36.2% of decellularized MCT-
PHT lung peptides (Fig. 4) signifying that decellularization
enriches for ECM proteins ( > 60-fold) while depleting cel-
lular proteins.

Table 1 displays the top 10 most frequently identified
peptides in native and decellularized lung protein lysates.

Peptides identified as ECM components are listed in italics.
No ECM protein-associated peptides were detected fre-
quently enough in native lung samples to be ranked in the
top 10. The highest ranked ECM protein-associated peptide
was ranked 513 in native control lung lysate and 248 in
native MCT-PHT lung lysate (data not shown). After de-
cellularization, however, multiple ECM protein-associated
peptides were ranked in the top 10 of decellularized control
and decellularized MCT-PHT lungs with procollagen type 6
being the most frequently identified peptide in both the
groups. More proteins related to smooth muscle, particularly
myosin, were identified in decellularized MCT-PHT lungs
than in decellularized control lungs (12.06% vs. 9.94%; data
not shown) (Table 1).

The vascular network of hypertensive lungs
is intact after decellularization

To determine whether the vascular compartment of de-
cellularized lung scaffolds remains intact after detergent-
mediated decellularization, the vasculature of representative
decellularized control and decellularized MCT-PHT lungs
were instilled with Microfil casting solution through the
pulmonary artery using a perfusion pump. Native control
and native MCT-PHT lungs were also casted for compari-
son. Vascular casts were visualized by microCT (Supple-
mentary Fig. S3). MicroCT scans of the vascular casts from
native and decellularized MCT-PHT lungs analyzed for
vessel thickness depicted narrowed blood vessels charac-
teristic of PHT. The average diameter of the vascular casts
was estimated. The representative native MCT-PHT vas-
cular cast had a mean vessel diameter of 0.109 – 0.053 mm.
The representative native control lungs had a mean vessel
diameter of 0.128 – 0.075 mm. The mean vessel diameter of

FIG. 2. Decellularization of MCT-PHT lungs depletes
DNA and cellular components while enriching ECM proteins.
(A) Genomic DNA (gDNA) was extracted from control native
(CN), MCT-PHT native (MN), control decellularized (CD),
and MCT-PHT decellularized (MD) lungs. Total gDNA ex-
tracted from decellularized lung tissues was significantly less
than that from native lungs ( p < 0.001). There was no sig-
nificant difference between the amount of gDNA recovered
from native control and native MCT-PHT lungs ( p > 0.05;
n = 8 for CN, n = 9 for MN). There was also no significant
difference between the amount of DNA extracted from de-
cellularized control and decellularized MCT-PHT lungs
( p > 0.05; n = 6 for CD, n = 3 for MD). On average, decel-
lularized control lungs contained 18.0 ng of DNA per milli-
gram of tissue, whereas decellularized MCT-PHT lungs
contained an average of 41.6 ng of DNA per milligram of
tissue. (B) Gel electrophoresis of 500 ng of DNA isolated
from each of the four samples indicated that the DNA ex-
tracted from decellularized lungs was highly degraded form-
ing a smear rather than a distinct band. (C) Western blotting
of smooth muscle actin (SMA), fibronectin, and laminin re-
vealed that decellularization enriches ECM components while
depleting cellular components such as glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). Decellularized MCT-
PHT lung protein lysate produced a darker band for SMA
than decellularized control lung lysate. Asterisks indicate
p < 0.001 by two-way analysis of variance with Tukey’s post
hoc test. NS (not significant) indicates p > 0.05.

=
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FIG. 3. Structural ECM
components are retained in
MCT-PHT lungs after decel-
lularization. Native control
lungs widely expressed col-
lagen I (A), collagen IV (E),
collagen VI (I), and laminin
(M). Elastin (Q) and SMA
(U) were detected in bronchi
and large blood vessels but
were only faintly detected
throughout the lung paren-
chyma. Vitronectin (Y) was
only marginally detected.
Native MCT-PHT lungs
similarly expressed these
ECM components with some
notable differences. In-
creased expression of colla-
gen I (B), collagen IV (F),
collagen VI ( J), laminin (N),
elastin (R), SMA (V), and
vitronectin (Z) was seen
around hyperplastic blood
vessels. Decellularized con-
trol lungs retained collagen I
(C), collagen IV (G), colla-
gen VI (K), laminin (O),
elastin (S), and vitronectin
(AA) but lost SMA (W).
Decellularized MCT-PHT
lungs retained collagen I (D),
collagen IV (H), collagen VI
(L), laminin (P), elastin (T),
SMA (X), and vitronectin
(BB). Scale bars represent
70 mm. Color images avail-
able online at www
.liebertpub.com/tea
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the representative decellularized MCT-PHT vascular cast
was 0.152 – 0.134 mm. The representative control decel-
lularized lung vascular cast had an average vessel diameter
of 0.247 – 0.160 mm. Overall, both the native and decel-
lularized vascular casts of the MCT-PHT lungs had a
smaller mean vessel diameter than their control counterpart.
Decellularization appeared to lead to an increase in mean
diameter seen in both the control and MCT-PHT scaffolds.

rASCs attach, survive, and proliferate in the airway
and vascular compartments of hypertensive lung scaffolds

rASC-seeded and agar-inflated lungs were cut into 1-mm
slices and cultured in CCM for 14 days. Lung slices were
collected for analyses 24 h, 3 days, 7 days, and 14 days after
the initial instillation of cells. H&E staining indicated that
rASCs disbursed throughout control and MCT-PHT lung
scaffolds and were maintained for up to 14 days (Fig. 5).
When seeded into the airway, rASCs were seen lining
bronchial lumens (Fig. 5C, G insets) and, in some areas,
appear cuboidal (Fig. 5H inset) or columnar (Fig. 5C inset)
in shape after 7 and 14 days in culture. When seeded into the
vasculature, rASCs were retained in the vascular compart-
ment and were not seen in the airspace at any time point.
Additionally, rASCs appeared to attach and line the vascular
walls (Fig. 5I–P). There did not appear to be any sign of
hyperplasia or hypertrophy of rASCs seeded into the vas-
culature of any scaffold type at any time point.

To compare changes in cell density over time between
control and MCT-PHT rASC-seeded lung slices, tissue
sections were stained with DAPI to estimate cell number

(Fig. 6A, B). The average number of cells per field was
determined in triplicate for each time point (30 random
fields total per sample). Control scaffolds seeded with
rASCs in the airway contained *26.23 – 4.69 cells per field
at 24 h (Fig. 6A). There was no significant difference be-
tween time points indicating that the starting cell number
was maintained throughout the culture period ( p = 0.6514).
MCT-PHT scaffolds seeded with rASCs via the airway
contained *18.30 – 3.40 cells per field at 24 h and main-
tained this number throughout the culture period
( p = 0.6647). Although time did not significantly affect the
number of cells per field, the source of the scaffold did
( p = 0.0003). When seeded into the vasculature, *6.33 –
1.33 cells were seen per field in control scaffolds, and this
number was maintained through the culture period (Fig. 6B;
p = 0.8122). Approximately 4.13 – 1.36 cells were seen in
MCT-PHT scaffolds at 24 h, and this number was main-
tained throughout culture ( p = 0.7843). Once again, the
scaffold source, but not time, significantly affected the av-
erage number of cells per field of vascular-seeded scaffolds
( p = 0.0014). Overall, the data demonstrate that rASCs at-
tached and persisted in MCT-PHT scaffolds when seeded
into either the airway or the vasculature, but in comparison
with control scaffolds, MCT-PHT scaffolds accommodated
the attachment and maintenance of fewer cells by our
seeding and slice culture method.

To determine whether the rASCs instilled into the airway
or vasculature of control and MCT-PHT scaffolds were
proliferating, sections were stained for the cell proliferation
marker Ki-67. At 24 h, 20.80 – 2.74% of cells seeded into
the airway of control scaffolds and 19.13 – 4.89% of cells

FIG. 4. ECM components comprise the majority of proteins extracted from decellularized MCT-PHT lungs. Over 4000
peptides were identified in 100 mg of protein extracted from native lungs, whereas only *2000 peptides were identified in
an equal amount of protein extracted from decellularized lungs. In both control and MCT-PHT native lungs, ECM proteins
comprised less than 1% of the total peptides identified (0.4% of native control lungs and 0.6% of native MCT-PHT lungs).
After decellularization, however, the majority of peptides in both the groups were ECM components (31.6% of decel-
lularized control lungs and 36.2% of decellularized MCT-PHT lungs), although some subcellular components remained
after decellularization. The total percentage exceeds 100% because some proteins were classified into multiple cellular and/
or extracellular categories. For proteomics analysis, protein was extracted from one representative native lung or pooled
from three decellularized lungs. Insets show DAPT staining. Color images available online at www.liebertpub.com/tea
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seeded into the airway of MCT-PHT scaffolds were prolif-
erating (Fig. 6C). At 3 days and beyond, the number of cells
proliferating dropped to about half the starting percentage.
The scaffold source did not significantly influence the per-
centage of proliferating cells ( p = 0.8812); however, time in

culture did significantly affect the percentage of proliferat-
ing cells seeded in the airway ( p = 0.0002). When seeded
into the vasculature, similar percentages were seen with
17.26 – 6.30% of cells in control scaffolds and 20.59 –
10.65% of cells in MCT-PHT scaffolds initially proliferat-
ing at 24 h (Fig. 6D). This percentage dropped at day 3 and
beyond in both control and MCT-PHT scaffolds. Neither
scaffold source nor time significantly affected the percent-
age of proliferating cells seeded into the airway, although
there was a trend indicating that time was a factor ( p =
0.0908). Overall, the percentage of cells proliferating in
MCT-PHT scaffolds was comparable to the percentage of
cells proliferating in control scaffolds.

To analyze the extent of apoptosis occurring in the slice
cultures, sections were subjected to TUNEL staining. At
24 h, 1.05 – 1.02% of rASCs seeded into the airway of
control scaffolds were TUNEL positive compared to
2.79 – 2.04% of cells seeded into the airway of MCT-PHT
lungs (Fig. 6E). There was no significant difference in the
percentage of TUNEL-positive cells in the airway regardless
of scaffold source or time point. When seeded into the
vasculature, 2.66 – 0.10% of rASCs in control scaffolds and
4.47 – 1.21% of cells in MCT-PHT scaffolds were TUNEL
positive (Fig. 6F). The scaffold source did not have a sta-
tistically significant effect on the apoptosis of cells in the
vasculature, although the initial (24 h) percentage of apo-
ptotic cells was higher in MCT-PHT scaffolds ( p = 0.0659);
however, time did significantly influence the percentage of
apoptotic cells seeded into the vasculature ( p = 0.0013).
Overall, the percentage of apoptotic cells in MCT-PHT
scaffolds was not statistically different than those in control
scaffolds, although there was a trend in the vascular-seeded
rASCs indicating a higher amount of apoptosis immediately
after seeding.

The ECM components of MCT-PHT scaffolds
are intact after seeding of rASCs in the airway
or vasculature

To survey the ECM scaffolds after seeding of rASCs,
seeded control and MCT-PHT scaffolds were collected,
fixed, and stained for specific ECM proteins (Supplementary
Fig. S5). Similar staining of the scaffolds shown previously
(Fig. 3) was observed; however, colocalization of elastin
staining with DAPI staining was seen in scaffolds seeded
with rASCs in the airway or the vasculature (white arrows).
Although staining for collagen I, collagen IV, collagen VI,
and laminin was mainly seen throughout the matrix, occa-
sionally, ECM staining colocalized with the DAPI-stained
cells (white arrows) or stained brightly in the area sur-
rounding the cells (gray arrows). Vitronectin staining was no
longer detectable, whereas SMA staining was seen mainly
near DAPI-stained cells but not throughout the matrix.

Discussion

The results of this study indicate that in a rat model of
PHT, diseased lungs can be efficiently decellularized and
can likewise be seeded with stem cells for lung regeneration
strategies. Our data suggest that lungs deemed unsuitable for
transplantation may have potential tissue engineering ap-
plications through decellularization. Decellularization tech-
nology is at the forefront of tissue engineering, but the

Table 1. Top Ten Proteomics Database Search

Results Ranked by Frequency of Peptides

Rank
Number

of peptides Description

Control native (CN)
1 92 AHNAK nucleoprotein

isoform 1
2 60 Talin-1

Filamin, alpha
4 46 Serum albumin
5 32 Isoform 1 of Periaxin
6 30 Myosin-9

Isoform 1 of serotransferrin
8 29 Clathrin heavy chain 1
9 27 Myosin-11

Vinculin
Nonerythroid spectrin beta

Monocrotaline native (MN)
1 71 AHNAK nucleoprotein

isoform 1
2 53 Talin-1
3 52 Filamin, alpha
4 51 Serum albumin
5 49 Complement C3 (Fragment)
6 41 Myosin-9
7 40 Alpha-1-macroglobulin

Isoform 1 of murinoglobulin-1
9 37 Alpha-1-inhibitor 3

Isoform 1 of Serotransferrin
Control decellularized (CD)
1 79 Procollagen, type VI, alpha 3

Procollagen, type VI,
alpha 3 isoform

3 60 Collagen type VI alpha 5-like
Perlecan

5 45 Filamin, alpha
Myosin-6

7 39 Fibronectin
Myosin, heavy chain 11,

smooth muscle isoform 3
9 35 Collagen, type VI, alpha 6
10 31 Laminin chain Fragment

Myosin-7
Monocrotaline decellularized (MD)
1 81 Procollagen, type VI, alpha 3
2 79 Procollagen, type VI,

alpha 3 isoform
3 65 Collagen type VI alpha 5-like
4 64 Perlecan
5 60 Fibronectin
6 56 Filamin, alpha
7 47 Myosin-9
8 43 Myosin-11
9 41 Myosin-6
10 37 Myosin-10

37 Laminin chain Fragment Lama5

Proteins identified as ECM components are italicized.
ECM, extracellular matrix.
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clinical feasibility, application, and implementation of this
technology are not yet clear. In order for decellularization
techniques to be clinically relevant, reengineered organs
should be able to be derived from sources which are tradi-
tionally unsuitable for transplantation. According to the
Organ Procurement and Transplantation Network’s Annual
Report for 2011, *22.4% of lungs recovered for transplant
were discarded due to poor organ function; 19.6% were
discarded due to anatomical abnormalities; 9.3% of lungs
were discarded because they were diseased, and 6.5% were
discarded due to organ trauma; another 4% of lungs were
discarded due to vascular damage, infection, or the warm
ischemic time being too long.49 If these discarded lungs
could be made suitable for transplantation by decellular-
ization-based tissue engineering, these organs would be able
to decrease transplant wait times and potentially increase
successful outcomes.

Previous work by Booth et al. and Sokocevic et al. sug-
gested that decellularized lung tissue with extensive ECM
remodeling, as is seen in fibrotic and emphysematous lung
diseases, may not be ideal support structures for re-
cellularization and eventual lung tissue engineering due to
the obliteration of the structure of the alveoli.50,51 Our work,
however, utilized a disease model with pathology predom-
inantly in the vasculature, the chief issue being hypertrophy
and hyperplasia of the cells of the vascular wall. Unlike
pulmonary fibrosis and chronic lower respiratory diseases
such as emphysema and asthma, the ultrastructure of the

airspace of the lung is not extensively remodeled by
PHT.52,53

Decellularization effectively removed cells from MCT-
PHT lungs, despite the vascular wall hyperplasia and
hypertrophy associated with PHT. In addition, the ECM ul-
trastructure of the lung, including alveolar sacs, respiratory
bronchioles, bronchi, and blood vessels, was maintained in
MCT-PHT lungs after decellularization similar to decel-
lularized control lungs. The maintenance of the 3D structure
of the lung can potentially provide important mechanical
cues that will aid in organized cell attachment and eventual
recellularization of the lung scaffold.54 In addition to
structure, matrix composition will also be crucial to suc-
cessful tissue engineering, particularly if progenitor cells are
used as a cell source for recellularization. Matrix stiffness,
governed mainly by the composition of collagen and elastin,
has been shown to influence stem cell fate.55 In this present
study, collagen and elastin histological staining was seen in
the parenchyma and surrounding bronchial and vascular
structures of decellularized control and native MCT-PHT
lung tissues. Axial and septal alveolar elastin was also ob-
served by histological staining, but staining appeared lighter
in the parenchyma of lungs after cells were removed. Some
loss of ECM components would not be unexpected after
treatment with detergents. Petersen et al. have shown that
decellularization with either CHAPS detergent or SDS de-
pleted 60% of elastin and 95% of GAGs; SDS depleted
*80% of collagen.56 Price et al. noted that decellularization

FIG. 5. Rat adipose-
derived stem cells (ASCs)
attach to and are maintained
within MCT-PHT lung scaf-
folds in slice culture. Rat
ASCs seeded into the airway
of control (A–D) and MCT-
PHT (E–H) scaffolds ad-
hered to the airway ECM and
persisted in slice culture. At
7 and 14 days, morphological
changes were observed in
cells attached to the ECM of
bronchi in both control and
MCT-PHT scaffolds (insets).
(I–P) Rat ASCs seeded into
the vasculature attached to
the ECM of large blood ves-
sels as well as capillaries but
were not found in the air-
space. No obvious morpho-
logical changes were
observed in cells seeded into
the vasculature after 14 days
in culture. Scale bars indicate
100 mm in main images and
50 mm in inset images. Color
images available online at
www.liebertpub.com/tea
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of mouse lungs using the detergents Triton X-100 and SDC
maintained total collagen but reduced elastin, laminin, and
GAG content.9 Further work is needed to directly quantify
these ECM components in MCT-PHT lung scaffolds.

Decellularized whole-organ matrices have the added
clinical appeal of potentially being used to create patient-
specific tissue by recellularization with autologous cells;
therefore, it is important to minimize the potential immu-

nogenicity of decellularized matrices by adequately re-
moving cellular material and DNA. Here, decellularization
was shown to significantly reduce the presence of gDNA in
control and MCT-PHT lung scaffolds. Although not statis-
tically significant, decellularized MCT-PHT lungs did con-
tain slightly more DNA than decellularized control lungs.
This translated to a *30-fold reduction in DNA in MCT-
PHT lungs compared to a *50-fold reduction in control

FIG. 6. Seeded cell number is maintained in slice cultures with similar prevalence of proliferation and apoptosis. The
number of rat ASCs per field was determined by counting the number of 4¢,6-diamidino-2-phenylindole-stained nuclei in 10
random images. MCT-PHT lung slices had significantly less seeded cells at 24 h in the airway (A) and vasculature (B)
compared to control scaffolds ( p = 0.0003 and p = 0.0014, respectively). However, the percentage of cells proliferating in
the airway (C) or vasculature (D) of MCT-PHT scaffolds was comparable to control scaffolds ( p = 0.8812 and p = 0.2619,
respectively). Time in culture significantly reduced the percentage of proliferating cells in the airway ( p < 0.001). The
percentage of cell undergoing apoptosis in the airway (E) or vasculature (F) of MCT-PHT scaffolds was not significantly
different from control scaffolds ( p = 0.1202 and p = 0.0659, respectively). Time in culture significantly decreased the
percentage of cells undergoing apoptosis in the vasculature ( p = 0.0013). There was no significant interaction between time
and scaffold source for cell count, Ki-67 staining, or TUNEL staining of cells seeded into the airway or vasculature. All
analyses were conducted in triplicate. Asterisks indicate that p < 0.01 by two-way analysis of variance with Tukey’s post hoc
test. NS (not significant) indicates p > 0.05.
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lungs after decellularization. This could be due, in part, to
the cell density around hypertrophic and hyperplastic ves-
sels; the thickening of the vascular walls caused by PHT
often leads to the occlusion of small arteries which, in turn,
cuts off part of the lung from the blood supply.52 During
decellularization, occluded vessels could inhibit decellular-
ization solutions from reaching the distal portions of the
tissue. Previous studies also suggest that the difference in
DNA content between normal and MCT-treated tissues may
be due to smooth muscle hypertrophy associated with nu-
clear polyploidy.57,58 When lysed from the cells, DNA can
become difficult to remove from the matrix, especially if
narrow blood vessels prevent efficient delivery of DNase to
the tissue. The use of DNase in the decellularization pro-
cedure was able to degrade the DNA remaining in decel-
lularized lungs after cells were lysed, as was indicated by
gel electrophoresis; however, decellularized MCT-PHT
lungs did contain some higher-molecular-weight DNA
fragments. Whether this degraded DNA would be immu-
nogenic must be addressed in subsequent work. It has been
proposed by others that materials containing < 50 ng of
dsDNA per milligram (dry weight) ECM will not be im-
munogenic as long as the remaining DNA is degraded to
< 200 bp.59–61 In fact, many commercially available bio-
logical scaffolds contain detectable amounts of DNA
< 200 bp, and these scaffolds have not been shown to cause
adverse responses in the clinical setting.61,62 In this study,
decellularized MCT-PHT lung, on average, contained
*42 ng of gDNA per milligram of tissue; however, when
electrophoresed, 500 ng of gDNA pooled from decellular-
ized MCT-PHT lung samples contained fragments of DNA
> 200 bp. According to the aforementioned proposed stan-
dards for DNA removal from decellularized tissues, these
data suggest that decellularized MCT-PHT lungs could be
immunogenic. Quantification of the precise immune re-
sponse to these decellularized scaffolds is warranted. In the
future, increasing the concentration of DNase used during
decellularization may facilitate further DNA degradation
and removal from MCT-PHT lungs.

Due to the vascular pathology of PHT, it is feasible
that MCT-PHT lung tissue could contain more vascular-
associated proteins, particularly, SMA and myosin. Western
blotting, IHC, and proteomics confirmed that decellularized
MCT-PHT lungs retained more SMA and myosin than
decellularized control lungs. It is unclear whether the re-
maining SMA and myosin will facilitate or hinder suc-
cessful revascularization of the scaffold.

Western blotting also showed enrichment of fibronectin
and laminin after decellularization. The banding pattern of
fibronectin blotting presumably indicates that multiple iso-
forms of fibronectin were stained, although it is possible
that fibronectin was degraded into uniform fractions. Be-
cause fibronectin is important to cell-ECM binding, further
experimentation is necessary to determine if native fibro-
nectin is intact after decellularization and how it will be
involved in recellularization.

IHC, although not quantitative, illustrated the distribu-
tion of ECM components throughout decellularized matri-
ces. Decellularization of MCT-PHT lungs produced ECM
scaffolds that appeared to retain collagen I, collagen IV,
collagen VI, laminin, and vitronectin comparable to decel-
lularized control lungs. Elastin was retained in bronchial

and vascular structures but appeared to be depleted from
the parenchyma as was previously noted by Movat’s stain-
ing. Loss of elastin may alter the stiffness and compliance of
the matrix, which could, in turn, effect recellularization.
Further investigation is needed to determine the full extent
of elastin loss due to decellularization. Retention of the
native distribution of the basement membrane components
collagen IV and laminin will likely be valuable to re-
cellularization. Although it cannot be concluded that these
basement membrane proteins were not depleted or altered
by decellularization, their IHC staining pattern appeared
unchanged. Previous work by Cortiella et al. using freeze-
thaw, detergent-decellularization revealed that both col-
lagen IV and laminin were depleted from rat lungs;
interestingly, when mouse ESCs were seeded into the
matrices, they started to produce laminin and collagen
IV.12 It is possible that some matrix damage due to de-
cellularization could induce seeded cells to remodel the
matrix.63 Recapitulating this natural response may be
beneficial to recellularization. In the current study, stain-
ing of ECM proteins appeared to colocalize to rASCs
seeded into MCT-PHT and control lung matrices. As
noted by immunohistochemical staining, seeded rASCs
appeared to produce elastin, a component that may have
been depleted by decellularization. This supports the idea
that these cells may secrete ECM proteins in their local
environment for the purpose of creating the optimal cell
attachment and proliferation surface.

Proteomic analysis confirmed on a larger scale what was
observed by Western blotting for ECM components and
GAPDH, that decellularization depleted cellular proteins
and enriched ECM proteins. We were also able to survey the
identified peptides to analyze the presence of proteins re-
lated to the endothelium and blood, which may be more
prevalent in native MCT-PHT tissues due to hyperplasia,
edema, and inflammation.20,23,25 As predicted, a higher
percentage of peptides categorized as blood/endothelial
components was identified in native MCT-PHT lungs than
in native control lungs. Surveying the top 10 most fre-
quently identified peptides in each sample revealed that
collagen VI was the most common peptide identified in
decellularized lung tissues. To our knowledge, collagen VI
has not been of particular interest to the field of lung de-
cellularization. For the most part, the focus has been on
collagen I and collagen IV due to their important contri-
butions to structure. Daly et al. demonstrated the retention
of collagen I and IV after decellularization of mouse lungs
and subsequent recellularization with mouse bone marrow-
derived stem cells (BMSCs).11 Other groups, such as Price
et al., have surveyed collagen content by histological stains
but have not specifically probed for collagen VI.9 Collagen
VI is a microfibrillar collagen known to associate with
hyaluronan and believed to act as an anchoring element
between structural collagen I/III and basement membrane
proteins, such as collagen IV.64,65 Thus, retention of colla-
gen VI may aid in retention of collagens I, III, and IV. In the
lungs, collagen VI is expressed in the bronchial and vascular
walls and interstitial space, but increased expression of
collagen VI by fibroblasts in early lung fibrosis has also
been reported.66,67 Collagen VI also serves as a cell binding
substrate, which suggests that collagen VI may facilitate
recellularization.68 Investigation in other animal models of
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decellularization will be helpful in determining the role that
collagen VI will play in tissue engineering.

To investigate the ability of MCT-PHT lung scaffolds to
support initial recellularization, scaffolds were seeded with
rASCs. Our laboratory previously showed attachment and
growth of rhesus macaque BMSCs and ASCs in acellular
macaque lung scaffolds.13 Daly et al. inoculated acellular
mouse lungs with mouse BMSCs and showed that they
persisted for 4 weeks in culture with some transient ex-
pression of the lung-specific thyroid transcription factor-
1.9,11 Cortiella et al. seeded acellular rat lungs with mouse
ESCs and demonstrated that the cells expressed SMA, cy-
tokeratin 18, and club cell (previously Clara cell) 10 protein
(CC10) in a region-specific manner.12 Taken together, these
studies support the investigation of stem cells for re-
cellularization of acellular lung scaffolds; however, there is
a lack of data pertaining to the potential use of ASCs, es-
pecially in a disease model.

ASCs were used due to their ease of isolation from fat
tissue, high yield, and clinical relevance, which make ASCs
of particular interest to tissue engineering and regenerative
applications, especially since ASCs are already being widely
evaluated in clinical trials.69,70 Though limited, there is
some data to indicate that ASCs can differentiate into
smooth muscle cells.71 Thus, ASCs could be beneficial to
investigating the application of lung scaffolds derived from
a disease marked by smooth muscle pathology. In this
present study, both MCT-PHT and control scaffolds sup-
ported the attachment and persistence of rASCs throughout
the tissue slices for at least 14 days. Future studies will
require the utilization of a more appropriate whole-organ
culture and recellularization method involving a bioreactor
system as has been successfully employed by other
groups.8–10

Although the matrix composition and structure of MCT-
PHT scaffolds appeared to be comparable to control scaf-
folds, the vascular lumenal volume was decreased. Whether
this will negatively influence complete recellularization of
MCT-PHT scaffolds and generation of healthy tissue is
unclear. Theoretically, the narrowed vasculature may in-
crease the shear stress and fluid stress experienced by cells
seeded into the vasculature. Because shear stress and fluid
stress have been linked to apoptosis and cell adherence as
well as differentiation, additional work is needed to deter-
mine the precise effect of these stresses on cells seeded into
MCT-PHT scaffolds.72–78 If the effect impedes recellular-
ization, MCT-PHT scaffolds may require additional ma-
nipulation, such as the introduction of matrix proteases, to
increase lumenal diameter. On the other hand, recellular-
ization may lead to turnover and remodeling of ECM
deposits resulting from vascular remodeling in MCT-PHT.
In the current study, colocalization of ECM staining and
DAPI staining in seeded scaffolds suggested that re-
cellularization contributed, in part, to ECM remodeling.
Further examination of the applicability of lungs damaged
by PHT to tissue engineering should focus on the influence
of the MCT-PHT ECM scaffold on attachment, growth,
and differentiation of seeded cells. Detailed investigation
into the interaction of cells, particularly progenitor cells,
with scaffolds derived from diseased tissues will provide
insight into whether diseased scaffolds can be used to
generate healthy tissue.

Conclusion

These studies confirm the possibility that decellularized
lung scaffolds generated from diseased/damaged lungs may
be suitable for tissue engineering strategies. Our data indi-
cated that, similar to normal lung controls, lungs damaged
by pulmonary hypertension can be decellularized with
comparable efficiency, retain structural and molecular ECM
components as to their normal counterparts, and can like-
wise be successfully seeded with stem cells for lung re-
generation strategies.
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