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Abstract

Despite growing interest on the potential use of de-cellularized whole lungs as 3-dimensional
scaffolds for ex vivo lung tissue generation, optimal processing including sterilization and storage
conditions, are not well defined. Further, it is unclear whether lungs need to be obtained
immediately or may be usable even if harvested several days post-mortem, a situation mimicking
potential procurement of human lungs from autopsy. We therefore assessed effects of delayed
necropsy, prolonged storage (3 and 6 months), and of two commonly utilized sterilization
approaches: irradiation or final rinse with peracetic acid, on architecture and extracellular matrix
(ECM) protein characteristics of de-cellularized mouse lungs. These different approaches resulted
in significant differences in both histologic appearance and in retention of ECM and intracellular
proteins as assessed by immunohistochemistry and mass spectrometry. Despite these differences,
binding and proliferation of bone marrow-derived mesenchymal stromal cells (MSCs) over a one
month period following intratracheal inoculation was similar between experimental conditions. In
contrast, significant differences occurred with C10 mouse lung epithelial cells between the
different conditions. Therefore, delayed necropsy, duration of scaffold storage, sterilization
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approach, and cell type used for re-cellularization may significantly impact the usefulness of this
biological scaffold-based model of ex-vivo lung tissue regeneration.

Introduction

Increasing interest in the use of de-cellularized complex whole organ scaffolds for ex vivo
tissue engineering has provided both opportunity and also unique challenges. Among the
unresolved issues which require clarification include defining optimal, organ specific
approaches for de-cellularization and for sterilization and storage of de-cellularized organs
prior to re-cellularization [1-4]. With respect to trachea and lung, a number of recent
publications have comparatively assessed different de-cellularization protocols. Notably, the
resulting architecture and extracellular matrix (ECM) protein composition of either trachea
or lungs may differ substantially between the different regimens utilized [5-7]. Whether this
will subsequently affect re-cellularization of scaffolds and therefore the generation of
functional tissue suitable for transplantation, remains unresolved [4,5]. Methods of optimal
sterilization and storage have been suggested for trachea [7,8] but not yet clearly delineated
for de-cellularized lungs. One further consideration is that of post-mortem time prior to lung
harvest and de-cellularization, a practical issue for procurement of human lungs. A number
of hours or even days may pass prior to post-mortem tissue harvest. It is unknown at present
whether this will affect the suitability of the donor lung for de-cellularization and subsequent
re-cellularization.

To address these questions, we assessed architecture and ECM protein content and
distribution in mouse lungs obtained following a prolonged postmortem period prior to
harvest compared to freshly procured lungs. We also assessed lungs obtained immediately
after euthanasia and then subsequently stored after de-cellularization for prolonged periods
(3 and 6 months). We further evaluated effects of sterilization using either irradiation or a
final rinse with peracetic acid, a commonly used protocol in storage of other biologic
scaffolds [9-13]. We then assessed growth of two different cell types, murine bone marrow-
derived mesenchymal stromal cells (MSCs) and C10 mouse lung type 2 alveolar epithelial
cells, following intratracheal inoculation into the different de-cellularized lungs.

Materials and Methods
Mice
Adult male C57BL/6J mice (8-24 wks, Jackson Laboratories) were maintained at UVM in

accordance with institutional and American Association for Accreditation of Laboratory
Animal Care standards and review. There was a total of 34 mice used for this experiment.

Lung De-cellularization

Mice were euthanized by lethal intraperitoneal injection of sodium pentobarbital in
accordance with accepted AAALAC standards. After opening the chest, the trachea was
cannulated with a blunted 18 gauge Luer-lock syringe, the thymus was removed and
discarded, and the heart-lung bloc was harvested. The lungs underwent de-cellularization
and were subsequently stored for defined periods of time or underwent specific sterilization
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techniques. The lungs were de-cellularized under sterile conditions according to previously
published protocols [5,6,14-16]. Each step listed was accomplished by both rinsing through
the trachea and also by perfusing solutions through the right ventricle. Lungs were washed
in de-ionized (DI) water containing 5X penicillin/streptomycin (from 100X stock, Cellgro)
for one hour at 4°C. 3mL of the DI water solution was injected through the cannulated
trachea to rinse the lung, which was allowed to deflate before repeating the tracheal rinse
four additional times. A DI water rinse of 15 cc total volume was repeated through the
vasculature by injection through the right ventricle. 3cc of 0.1% Triton-X (Sigma) and 5X
pen/strep in DI water was then infused through both the trachea and the right ventricle, and
the lungs were submerged in Triton-X solution and incubated at 4° C for 24 hours. The
following day, the lungs were removed from the Triton solution and rinsed with DI/pen-
strep as described above. 3cc of 2% sodium deoxycholate (Sigma) and 1X pen/strep in DI
water were then infused through the trachea and right ventricle and the lungs incubated in
this solution at 4° C fo r 24 hours. The lungs were then removed from the sodium
deoxycholate solution and rinsed with DI water as described above. 3cc of 1M NaCl (USB)
and 5X pen/strep in de-ionized water were then infused through the trachea and right
ventricle and the lungs incubated in the solution for 1 hour at room temperature (~25° C).
The lungs were then removed from the NaCl solution and rinsed with DI water as described
above. 3cc of 30ug/mL porcine pancreatic DNase (Sigma), 1.3 mM MgSO4 (Sigma), 2mM
CaCl2 (Sigma), 5X Pen/Strepin DI water were then infused through the trachea and right
ventricle and the lungs incubated in the solution for 1 hour at room temperature. Finally the
lungs were removed from the DNase solution and rinsed with 5x pen/strep (Cellgro) in 1x
PBS as described above for the DI solution rinses. Lungs were stored in PBS/pen-strep
solution at 4° C until utilized.

To assess effects of prolonged storage of the de-cellularized lungs, lungs were stored in
sterile PBS with 5X pen/strep at 4°C for either 3 or 6 months prior to assessment. To assess
effects of two different sterilization approaches, one set of de-cellularized whole lungs was
rinsed three times, through both the trachea and right ventricle, with 15mL of a 0.1%
peracetic acid in 4% ethanol solution and then incubated in this solution for two hours prior
to assessment [9,10]. Another set of 6 de-cellularized whole lungs was irradiated for 12
minutes at a constant dose of 5 Gy/minute using a RadSource 2000 Biological Irradiator
prior to assessment. To assess effects of delayed lung harvest, 6 mice were euthanized and
then kept at 4°C for 72 hours prior to necropsy and removal of the heart-lung bloc for
subsequent de-cellularization and re-cellularization.

Lung Histology

De-cellularized lungs were fixed (20 cm H,0) with 4% paraformaldehyde for 20 minutes at
room temperature, embedded in paraffin, and 5-um sections mounted on glass slides.
Following deparaffinization, sections were stained with hematoxylin & eosin, Verhoeff’s
Van Gieson (EVG), Masson’s Trichrome, or Alcian Blue, and were assessed by standard
light microscopy [5,14].

Biomaterials. Author manuscript; available in PMC 2014 October 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bonenfant et al. Page 4

Immunohistochemical (IHC) Staining

Standard deparaffinization was performed with three separate 10 min incubations of
xylenes, followed by rehydration in a descending series of ethanols, and finally in water.
Antigen retrieval was performed by heating tissue in 1x sodium citrate buffer (Dako,
Carpentaria, CA) at 98°C for 20 minutes followed by a brief 20 minutes cool at room
temperature. Tissue sections were permeabilized in 0.1% Triton-X solution (Sigma Aldrich,
St. Louis, MO) for 15 minutes. Triton-X was removed with two 10 minute washes in 1%
BSA solution. Blocking was performed with 10% goat serum for 60 minutes. After
blocking, primary antibody was added and tissue sections were incubated overnight at 4°C
in a humidified chamber. Tissues were washed three times with 1% BSA solution for 5
minutes each. Secondary antibody was added and incubated for 60 min at room temperature
in a dark humidified chamber. Tissues were again washed three times in 1% BSA solution
for 5 minutes each in the dark. DAPI nuclear stain was added for 5 minutes at room
temperature in the dark followed by 2 washes in 1% BSA solution for 5 minutes each. The
sections were finally mounted in Aqua Polymount (Lerner Laboratories, Pittsburg, PA).
Primary antibodies used were: Purified Mouse Anti-Fibronectin monoclonal (610077 —
1:100 — BD Transduction Laboratories), Laminin antibody polyclonal (ab11575 - 1:100 —
Abcam), Rabbit polyclonal to alpha elastin (ab21607 — 1:100 — Abcam), Smooth muscle
myosin heavy chain 2 polyclonal (ab53219 — 1:100 — Abcam), Collagen I polyclonal (ab292
—1:100 — Abcam), Ki67 Proliferation marker polyclonal (ab16667 - 1:50 - Abcam), Cleaved
Caspase-3 polyclonal (Asp175 — 1:100 — Cell Signaling Technology), Mouse clone anti-
human Actin polyclonal (1A4 - 1:10,000 - Dako via FAHC). Secondary antibodies used:
Alexa Fluor 568 goat anti-rabbit 1gG (H+L) (1:500, Invitrogen), Alexa Fluor 568 F(ab’),
fragment of goat anti-mouse 1gG (H+L) (1:500, Invitrogen) [5,14].

Mass Spectrometry

Samples (approximately 1 cm? and 130 mg for each sample) obtained from the right lower
lobe of the various lungs were processed according to standard protocol [5, 14] and dried
separately in a SpeedVac. Each dried sample was then suspended in 40 pL of 100 mM
ammonium bicarbonate (NH4HCO3)/50 mM dithiothreitol and placed at 56°C for 1 h. After
cooling, 5 pL of 500 mM iodoacetamide in 100 mM NH4HCO3 was added, and the solution
was incubated for 30 min at room temperature in the dark. The sample was then dried in a
SpeedVac, suspended in 50 pL of trypsin solution (10 ng/mL) in 50mM NH4HCO3, and
incubated overnight at 37°C. Five microliters of 10% formic acid was then added to stop the
digestion. The sample was then centrifuged at 14,000 g, and 15 L of supernatant was
desalted using a C18 ZipTip (P10; Millipore Corporation) according to the manufacturer’s
protocol. The ZipTip eluate was then dried again, and then reconstituted in 20 uL 0.1%
formic acid and 2% acetonitrile. Six uL of each digest was loaded directly onto a 100 um x
120 mm fused silica microcapillary column packed with MAGIC C18 (5 um particle size, 20
nm pore size, Michrom Bioresources) at a flow rate of 500 nL/min, and peptides were
separated by a gradient comprising 3 — 60% ACN/0.1% formic acid in 45 min. The peptides
were introduced into a linear ion trap (LTQ)-Orbitrap mass spectrometer (Thermo Fisher
Scientific) via a nanospray ionization source. Mass spectrometry data was acquired in a
data-dependent acquisition mode, in which an Orbitrap survey scan from m/z 400-2000
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(resolution: 30,000 FWHM at m/z 400) was paralleled by 10 LTQ MS/MS scans of the most
abundant ions.

The product ion spectra were searched against the IPI mouse database (v. 3.75) using
SEQUEST (Bioworks 3.3.1, Thermo Fisher Scientific). Search parameters allowed mass
tolerances of 2.0 Da and 1.4 Da for precursor and fragment ions, respectively, and variable
modifications for oxidized methionine (+15.9949 amu) and carboxyamidomethylated
cysteine (+57.021464 amu). After applying filters of cross correlation XCorr [1.9, 2.5, 3.8
for peptide charge states of +1, +2, and +3, respectively], delta correlation (ACN) (> 0.1)
and peptide probability (< 1e-3), protein identifications were ranked by number of peptides
identified. Proteins that were identified by two or more peptides in each of the replicates
were compiled and the average number of peptides identified from multiple replicates for
each protein was presented in Supplementary Table 1.

Cells and Cell Inoculation

Mesenchymal stromal cells (MSCs) derived from bone marrow of adult male C57BL/6 mice
were obtained from the NCRR/NIH Center for Preparation and Distribution of Adult Stem
Cells at Texas A and M University [17]. Purity was determined by expression of Sca-1,
CD106, CD?29, absence of CD11b, CD11c, CD34, and CD45 expression, and the ability to
differentiate into osteoblasts, chondrocytes and adipocytes in vitro [17]. MSCs were cultured
on cell-culture treated plastic at 37°C and 5% CO2 in MSC basal med ium consisting of
Iscove’s Madification of Dulbecco’s Medium supplemented with 2 mM L-glutamine, 100
U/ml penicillin and 100 pg/ml streptomycin (Fisher), 10% fetal bovine serum (Atlanta
Biologicals) and 10% horse serum (HS, Invitrogen). Cells were used at passage 9 or lower
and maintained in culture at confluency no greater than 70%. C10 mouse lung type 2
alveolar epithelial cells were obtained courtesy of Matthew Poynter Ph.D., University of
Vermont and cultured under standard conditions [18]. Only the left lobe of the de-
cellularized lungs was used for seeding. To ensure this, the right lobes were tied off using
sterile suture under sterile conditions, and the right lobes were then removed. To seed the
de-cellularized lungs, a solution of 3% low-melting temperature SeaPrep Agarose
(Cambrex) in PBS was warmed until the agarose melted. 1x10% MSCs or C10 cells
suspended in 1 mL MSC or C10 basal media, respectively, were mixed with 1ml of the low
melting agarose and the 2mL cell suspension injected through the cannulated trachea into
the remaining left lung. The inoculated lung was then incubated for 30 minutes at 4°C until
the agarose h ardened. The lobe was sliced with a sterile razor blade to yield transverse
sections of approximately 1mm in thickness. Each slice was placed in a well of a sterile 24
well dish, covered with sterile cell media and placed in a standard tissue culture incubator at
37°C until agarose melted out of the tissue. The lungs were then submerged overnight in
basal MSC or C10 media at 37°C and 5% CO,. The next day, medium was changed to fresh
basal medium and subsequently medium was changed every other day [5]. Individual slices
were harvested at 1, 3, 7, 14, 21, and 28 days post-inoculation, fixed for 10 minutes at room
temperature in 4% paraformaldehyde, and mounted 5 um paraffin sections assessed by H
and E staining for presence and distribution of the inoculated cells.
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Statistical Analyses

Results

Comparison

Heat maps for the natural log of unique peptide hits for each positively identified protein in
the mass spectrometric analyses of lungs de-cellularized under each experimental condition
were generated using the ‘pheatmap’ package for ‘R’ statistical software version 2.15.1.
Two group comparisons were done using the raw peptide counts (ie. non log transformed)
using the non-parametric exact permutation test with p<0.05 considered statistically
significant [19]. This non-parametric equivalent of the t-test was used due to the non-
normality of the data, small sample sizes per group, and to directly compare biologically
relevant conditions. As a measure of agreement/concordance between lung lobe sample
replicates, non-parametric Spearman correlations were also done with concordance
considered significant at p<0.05 [19]. The exact permutation tests and correlations were
done using SAS statistical software, version 9.2.

of de-cellularized mouse lungs: architecture and ECM composition

Histologic evaluation with H&E, Verhoeff’s Van Gieson (EVG), and Masson’s trichrome
stains demonstrates, as we and others have previously shown [5,6,14-16,20-24], that freshly
de-cellularized lungs maintain the architecture of the extracellular matrix compared to native
lung (Figure 1A). Glycosaminoglycans (GAGS) were less evident by Alcian Blue staining in
freshly de-cellularized lungs, likely representing, in large part, loss of cell-associated GAGs
during the de-cellularization process as previously described by us and others (Figure 1A,
Panels E and F) [5,14,16].

Comparison of the delayed necropsy storage, 3-month, and 6-month storage conditions
demonstrated both similarities and differences. Overall, delayed necropsy appeared to
minimally affect the histologic appearance and overall presence of collagens (Trichrome),
elastin (EVG), and GAGs (Alcian Blue) (Figure 1B, Panels A, D, G, J). Following 3 months
of storage, scattered areas of apparent atelectasis (areas marked with an asterisk), were
observed particularly in central versus more peripheral regions of the de-cellularized lungs
(Figure 1B, Panels B, E, H, K). Following 6-months storage, the de-cellularized lungs were
markedly atelectatic, showing very little resemblance to native or freshly de-cellularized
lungs (Figure 1B, Panels C, F, I, L).

Peracetic acid treated lungs had a similar overall appearance to native or freshly de-
cellularized lungs although some central regions appeared slightly more atelectatic (Figure
1C, Panels B, D, F, H). In contrast, irradiated lungs demonstrated a grossly abnormal
appearance with a scattered heterogenous pattern of thickened, fused appearing alveolar
septa, and large emphysematous-appearing alveolar spaces (marked with an asterisk) (Figure
1C, Panels A, C, E, G).

To assess whether some of the observed changes reflected atelectasis or other reversible
changes, de-cellularized lungs treated using each of the different storage and sterilization
conditions were re-inflated with low melting point agarose, utilizing the same approach used
for intratracheal inoculations previously discussed [5,14,15]. As depicted in Figure 1D, the
lung architecture of de-cellularized lungs obtained from the 3 month storage, peracetic acid,

Biomaterials. Author manuscript; available in PMC 2014 October 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bonenfant et al.

Page 7

and even to some degree the irradiated lungs, following re-inflation better resembled native
or freshly de-cellularized lungs. In contrast, no significant improvement was observed in the
6 month storage lungs.

As we and others have previously demonstrated using specific immunohistochemical
staining for selected ECM proteins, type 1 collagen and laminin were largely retained in
freshly de-cellularized lungs whereas elastin was significantly decreased (Figure 2A, Panels
C-H, Control antibody staining is shown in Supplemental Figure 1). Fibronectin was largely
retained but became fragmented in appearance [5,14]. Furthermore, some cellular proteins,
including smooth muscle actin & smooth muscle myosin were also largely retained in
freshly de-cellularized lungs (Figure 2A, Panels A, B, I-L) [5,14]. Neither delayed
necropsy, 3 or 6 month storage, nor peracetic acid treatment had any obvious effect on the
visual appearance of staining for these proteins although the 6 month storage lungs remained
markedly abnormal appearing (Figures 2B, C). In irradiated lungs, staining for laminin and
collagen-1 appeared to be more intense, likely due to the agglomeration and thickened
tissue. Fibronectin, smooth muscle actin, and smooth muscle myosin appeared to be present
in the same patterns and intensities as in native or freshly de-cellularized lungs.

Assessment of residual protein content and composition in de-cellularized mouse lungs

Mass spectrometry-based approaches were utilized to detect differences in residual protein
content under the different storage and sterilization procedures. Freshly de-cellularized right
lower lobes were used as controls. All IPI accession numbers were manually searched in the
UniProtKB/Swiss Prot database (http://www.uniprot.org/help/about). If a protein was
matched to more than one category, its predominant subcellular location was used for
functional grouping. Protein identification was assigned based on two or more unique
peptide hits within the same sample, not across samples. The full range of data presented in
Supplemental Table 1 is an average of the peptide hits for each experimental grouping. A
value of one occurs when a sample had two or more peptide hits in a sample with 1 or less in
the other samples. One such example is utrophin. In two young lung samples, two unique
peptide hits for utrophin were detected in a single lung sample but 1 or less was detected in
four of the samples. Thus the average (2+2+0+0+0+0) is 0.67 or 1.

Proteins presented in Table 1 and the heat maps in Figure 3 were thus assigned to one of five
groups; ECM, cytoskeletal, intracellular cytosolic, intracellular nuclear, and membrane
associated, and ranked by the average number of unique peptides identified from the
samples to investigate possible trends in the residual proteins. Heat maps were generated
with each positively identified protein and its corresponding number of unique peptide hits.
Values were log normal transformed to allow for more clear visual delineation on the heat
maps. Most strikingly, strong trends emerged visually on the heat maps which were
corroborated by statistical analyses (Figure 3, Table 1). The delayed necropsy lungs
contained statistically significant increases in a large number of cellular associated proteins
(non-ECM) as compared to freshly de-cellularized lungs. Notably, several proteins
associated with erythrocytes including hemoglobins A and B and the erythrocyte membrane
protein Slc4a were markedly increased in the delayed necropsy as compared to fresh de-
cellularized lungs. Peracetic acid-treated lungs contained a significantly increased number of
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ECM components over the controls. Scaffolds which had been stored in PBS for 3 months at
4 °C contained several ECM components, such as aggrecan, fibrillin, laminins, and myosins,
which were statistically increased over freshly de-cellularized scaffolds. There were no
ECM proteins which achieved statistically significant increases in scaffolds which had been
stored for 6 months. There were no statistically significant differences between the 3 months
vs. 6 months or irradiated vs. peracetic acid-treated group comparisons. Protein
identification information is provided in Supplemental Table 1.

Growth of MSCs and C10 cells in de-cellularized lungs

Similar initial localization and distribution (day 1) of both C10s and MSCs throughout the
lungs were observed with the different storage and sterilization conditions as that seen in
freshly de-cellularized scaffolds (Figures 4,5). Notably, de-cellularized lungs that had been
atelectatic or deranged appearing prior to inoculation (3 month storage, irradiated, peracetic
acid, and to a limited, degree the 6 month storage condition) demonstrated some restoration
of normal appearing architecture, likely reflecting an inflation effect during cell inoculation
as demonstrated in Figure 1D. As previously observed [5,14,15], many of the MSCs that
initially lodged in parenchymal lung regions developed a spindle-shaped elongated
appearance over time (Figure 4). This appeared consistent in the various lung treatment
conditions. Also as previously observed, C10 cells develop an elongated phenotype over
time as they grow along alveolar septa [5]. This observation was also consistent between the
different lung treatment conditions.

The length of time in which the cells remained viable in the scaffolds was variable,
dependent upon both the cell type and the treatment of the de-cellularized scaffold (Figures
4, 5). With the exception of the 6-month storage condition, in which no viable cells were
observed after 7 to 14 days in culture, MSCs survived robustly through 28 days of culture
(Figure 4, Panels B, D, F, H, J, L). The cells were localized throughout the tissue and
retained their characteristic spindle-shaped elongated phenotype. This was despite a gradual
re-development of atelectasis in the lung slices over the 28 day culture period compared to
the initial lung inflation achieved with the cell inoculations. We had previously found robust
Ki67 staining and minimal caspase-3 staining of MSCs at both 1 and 28 days when
inoculated into freshly de-cellularized lungs [5,14]. In the current studies, Ki67 staining
demonstrated actively proliferating cells throughout the lung slices for the different storage
and sterilization conditions both at day 1 and day 28 after inoculation (Figure 6). Minimal
early apoptosis was observed by caspase-3 staining at days 1 or 28 for all conditions except
the 6 month storage in which increased caspase-3 staining was observed at 7 days(Figure 6)
and also at 14 days (data not shown). In some conditions, aggregates of MSCs were
observed on the periphery of the slices after 28 days in culture (Figure 4, Panels F, L). These
likely represent MSCs that had migrated out of the slices to grow on the underlying tissue
culture plastic.

We had previously observed sustained growth and spreading of intratracheally inoculated
C10 cells along alveolar walls following either 1 or 14-28 days in culture [5]. In parallel,
robust Ki67 and minimal caspase-3 staining was observed [5]. In contrast, C10 cells
inoculated into the different sterilization and storage conditions were largely non-viable or
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absent at different time points ranging between 7 and 14 days in culture (Figure 5). At the
last viable time point for each condition (Figure 5, Panels B, D, F, H, J, L), the C10 cells
were largely localized on the periphery of the tissue or lining the major airways. Ki-67 and
caspase-3 staining demonstrated active proliferation and minimal early apoptosis 1 day after
seeding but a significant increase in apoptosis at or before the last viable time point at which
cells were observed for each storage and sterilization condition (Figure 7).

Discussion

Use of de-cellularized whole lung scaffolds for ex vivo generation of functional lung tissue
is a rapidly growing area that may provide a viable option for clinical lung transplantation
[4-6,14-16,20-25]. As demonstrated in other tissue types such as skin, muscle, bladder, and
others, successful use of biologic scaffolds has already entered clinical practice [1-4].
However, the complicated 3-dimensional structure-functional biology of the lung makes this
a more formidable challenge. A number of recent reports, including those from our
laboratory, have begun to explore lung de-cellularization, re-cellularization, and
implantation in rodent and primate models [5,6,14-16,20-24]. While these reports show the
promise of this approach, a number of questions remain. For example, there is no consensus
on the optimal means of producing clinically relevant de-cellularized lungs and different
detergent and physical approaches have been utilized. Comparison studies demonstrate
significant differences between the structure and protein content and also the mechanical
properties of de-cellularized lungs produced using the different approaches [5,6,24].
However, whether these differences will significantly affect subsequent re-cellularization
and also the potential immunogenicity of the de-cellularized scaffolds remains unclear.
Recent data suggests that initial binding and short term growth of stromal and epithelial cells
inoculated into mouse lungs de-cellularized using different detergent-based approaches is
similar [5]. However, more data on longer term growth and also on growth of other cell
types to be inoculated into the de-cellularized lungs, including vascular endothelial cells, is
necessary.

Other practical issues need to be considered for use of de-cellularized lung scaffolds.
Biologic scaffolds such as bone, cartilage, and skin can be stored for prolonged periods of
time prior to use, particularly if treated with an adjunct method such as low level irradiation
or final rinse in peracetic acid for sterilization [9-13]. However, it is unclear whether these
approaches or long term storage in general will be applicable for de-cellularized whole
lungs. Recent data demonstrates that significant tissue breakdown can occur in de-
cellularized tracheas stored for up to one year [8].

To assess this, we initially evaluated freshly de-cellularized lungs that were stored under
refrigerated sterile conditions for up to 6 months. Most of the lungs remained sterile with
only infrequent episodes of bacterial or fungal contamination. Histologic assessment of the
stored lungs demonstrated development over time of lung atelectasis and loss of native
architecture. While partially reversible with re-inflation in lungs stored for 3 months, these
changes were particularly marked and mostly irreversible with inflation following 6 months
storage. These results suggest that de-cellularized lungs should not be stored beyond 3
months if indeed that long. Irradiation, even at a dose under that commonly utilized for other
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biologic materials according to International Standard of Organizations (15-25 kGy) [11-
13], produced significant distortion that was only partly responsive to subsequent lung re-
inflation. Peracetic acid, a denaturing agent used both for sterilization and to rinse out
residual detergents and other reagents utilized during tissue de-cellularization [9,10], had
less effect on the resulting architecture.

There were significant differences in residual protein content, as assessed by mass
spectrometry, between the different storage and sterilization procedures examined here.
Compared to freshly de-cellularized lungs, the most striking differences observed were in
the scaffolds following delayed necropsy and with use of peracetic acid sterilization of
freshly de-cellularized lungs. The presence of erythrocyte components and other
intracellular proteins in the delayed necropsy group suggests that autolysis of red blood cells
and other cells present in the lungs occurred over time, despite cold storage, and that the
proteins released from autolysed cells are not completely removed by the de-cellularization
approach utilized. Additionally, peracetic acid can act as a protein denaturing agent has
previously been utilized to solubilize ECM components for protein detection. Concordantly,
freshly de-cellularized peracetic acid-treated lungs contained a significantly increased
number of ECM components compared to non-treated lungs, most noticeably among the
collagens detected (I, IV, VI). The increase in ECM components is most likely not indicative
of an absolute increase in ECM components, but rather increased solubilization of ECM
components which were then more readily detected using mass spectrometry. These results
suggest that use of peracetic acid may not be optimal as a final sterilization approach for
preservation of de-cellularized lungs. However, further investigation into the effects of
peracetic acid treatment on the resulting de-cellularized lung scaffold and also the
ramifications for re-cellularization are necessary. Similarly, scaffolds stored for 3 months
had more detectable ECM proteins than controls, but these increases were absent in the
scaffolds stored similarly for 6 months. Those proteins which were readily solubilized in the
3 month scaffolds were likely degraded beyond positive identification by the 6 month
analysis.

Initial binding and subsequent survival and proliferation of a stromal cell line (MSCs)
inoculated into the airways was comparable between the delayed necropsy, 3 month storage,
peracetic acid, and irradiated de-cellularized lungs. This suggests that, despite some
derangements in architecture and ECM protein content observed in some of these
conditions, appropriate preservation of the ECM structures necessary for initial binding and
subsequent cell growth and proliferation were preserved. The notable exception was in de-
cellularized lungs stored for 6 months in which architecture was markedly abnormal and,
although initial MSC binding and growth was preserved, sustained survival was diminished
compared to the other conditions. Markers of early apoptosis were observed following
relatively short periods of MSC culture in de-cellularized lungs stored for either 3 or 6
months, further suggesting that prolonged storage of de-cellularized lungs may not support
sustained cell growth.

Despite good initial survival and proliferation, viability of a type 2 alveolar epithelial cell
line (C10) was diminished over time in all of the experimental conditions compared to
survival and proliferation of C10 cells inoculated into freshly de-cellularized lungs [5].
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Markers of early apoptosis were also observed following relatively short time in culture,
again particularly in C10 cells seeded into freshly de-cellularized lungs stored for 3 or 6
months. At present the reasons for the decreased survival of the C10 as opposed to the
MSCs remains unclear. The C10 cells may be more stringent in their requirements for
epitopes necessary for binding and subsequent proliferation remaining in the de-cellularized
lung scaffolds than the perhaps more adaptable MSCs. Further investigation with a wider
range of cell types will help clarify whether de-cellularized lungs produced, stored, or
sterilized under different conditions are capable of supporting the growth of the range of
cells necessary to produce functional lung tissue.

These results suggest that commonly utilized approaches for storage and sterilization of
other de-cellularized tissues and other types of biologic scaffolds may not be applicable for
de-cellularized lungs. In addition to gross alterations in lung architecture, changes in the
protein content and distribution in residual scaffold may occur which can adversely affect
survival and proliferation of certain inoculated cell types, particularly in combination with
other physical factors such as gas diffusion into more central atelectatic regions of the de-
cellularized lung scaffolds. Different cell types may react differently to the various storage
and sterilization conditions, further complicating development of an optimal overall strategy
for use of de-cellularized lungs. These studies do not address the impact of different storage
and sterilization conditions on a wider range of cells that will be inoculated into the de-
cellularized lung constructs including both mature pulmonary vascular endothelial cells as
well as a range of stem and progenitor cells that might be utilized for re-cellularization. This
will need to be done in a rigorous manner in future studies.

At present, our bias is that use of mass spectrometry to assess residual proteins remaining in
de-cellularized lung scaffolds provides mixed messages. On one hand, as a high throughput
screening approach, the range of proteins detected is far more accessible than that obtained
with histologic or immunohistologic (IHC) assessments. As such, one can detect a range of
minor proteins remaining in the scaffold that make up the complex ECM scaffold and that
would not normally be probed by IHC or western analyses, as we have utilized in previous
investigations of de-cellularized lung scaffolds [5,6,14]. This could provide critical
information on whether necessary proteins remain and also whether undesirable proteins,
ECM or otherwise, may remain. As such, this approach may be best utilized as a tool for
comparing different de-cellularization approaches. On the other hand, the sensitivity and
specificity of mass spectometry may be less than that afforded by IHC or western analyses
using highly specific monoclonal antibodies directed towards relevant epitopes critical for
binding and or growth and differentiation of inoculated cells. For example, the specificity of
detecting a particular isoform depends on whether a peptide specific to the isoform was
picked up and sequenced in the mass spectrometry run. As such, biologically relevant
information provided by mass spectometry may be limited. A comparable proteomics
approach has recently been utilized by Welham and colleagues to assess residual proteins
remaining in decellularized human vocal fold mucosa [26]. In particular, this article
validates our choice of grouping by cellular compartment rather than function.
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Conclusions

In summary, the current results demonstrates that conditions of storage or of sterilization of
de-cellularized lung scaffolds can significantly impact both the structure and residual protein
content as well as the ability of different cell types to survive and proliferate following
inoculation. While excellent progress is being made in developing techniques for utilizing
cadaveric de-cellularized lungs as scaffolds for ex vivo generation of functional lung tissue
suitable for clinical use, these and other parameters remain to be better defined for optimal
use of de-cellularized lungs. Careful attention needs to be given to better understanding all
of the conditions that will affect lung procurement, de-cellularization, sterilization, storage,
re-cellularization, and eventual implantation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Figure 1A: De-cellularization of freshly obtained mouse lungs maintains the native

architecture.

Representative photomicrographs comparing native (control) mouse lung and freshly de-
cellularized mouse lungs are depicted. a = airways, bv = blood vessels. N = 6 for each
condition. Original magnification 200x.

Figure 1B: Delayed necropsy results in preservation of native architecture whereas storage
for 3-month and 6-months results in progressive atelectasis and loss of normal architecture.
Representative photomicrographs depict the effects of delayed necropsy and of 3 and 6
month storage on freshly de-cellularized mouse lungs. * = atelectatic tissue, a = airways, bv
= blood vessels. N = 6 for delayed necropsy & 3-month scaffolds, N = 4 for 6-month
scaffolds. Original magnification 200x.

Figure 1C: Peracetic acid treatment preserves while irradiation destroys de-cellularized lung
tissue architecture. Representative photomicrographs demonstrate the architecture of
irradiated and peracetic acid-treated freshly de-cellularized lungs. * = abnormal architecture
due to irradiation treatment, a = airways, bv = blood vessels. N = 6 for each condition.
Original magnification 200x.

Figure 1D: Inflation of sterilized or stored de-cellularized lungs restores native architecture.
Representative photomicrographs demonstrate that atelectasis of stored lungs can be
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reversed. a = airways, bv = blood vessels. N = 6 for each condition. Original magnification
200x.
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Figure 2A: Extracellular matrix proteins are largely preserved in freshly de-cellularized
lungs.

Representative photomicrographs comparing native (control)mouse lung and freshly de-
cellularized mouse lungs are depicted. Nuclear DAPI staining is depicted in blue, and the
stain(s) of interest are depicted in green in each respective panel. LAM = laminin, COL-1 =
type | collagen, ELAST = elastin, FIB = fibronectin, SMA = smooth muscle actin, SMM =
smooth muscle myosin. a = airways, bv = blood vessels. N = 6 for each condition. Original
magnification 200x.

Figure 2B: Delayed necropsy, 3-month, and 6-month de-cell storage preserve most ECM
proteins in the mouse lung. ECM proteins Fibronectin, laminin, collagen-1, elastin, and
cellular smooth muscle actin, and smooth muscle myaosin proteins were compared between
the three permutations. Nuclear DAPI staining is depicted in blue, and the stain of interest is
depicted in green in each respective panel. LAM = laminin, COL-1 = type I collagen,
ELAST = elastin, FIB = fibronectin, SMA = smooth muscle actin, SMM = smooth muscle
myosin. a = airways, bv = blood vessels. N = 6 for delayed necropsy & 3-month scaffolds, N
= 4 for 6-month scaffolds. Original magnification 200x.

Figure 2C: Irradiation and peracetic acid treatments preserve most ECM proteins in de-
cellularized mouse lung. Photomicrographs show the presence of fibronectin, laminin,
collagen-1, elastin, smooth muscle actin, and smooth muscle myosin in the irradiated and
peracetic acid-rinsed de-cellularized mouse lungs. Nuclear DAPI staining is depicted in
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blue, and the stain(s) of interest are depicted in green in each respective panel. Lam =
laminin, Col-1 = type | collagen, Elast = elastin, Fib = fibronectin, SMA = smooth muscle
actin, SMM = smooth muscle myosin. a = airways, bv = blood vessels. N = 6 for each
condition. Original magnification 200x.

Biomaterials. Author manuscript; available in PMC 2014 October 17.



duosnue Joyiny vd-HIN duosnuey Joyiny vd-HIN

duosnuey Joyiny vd-HIN

Bonenfant et al.

All Genes Cytoskeletal

XUAg|\ einjaoesx3

Eefla2
H2afj

Hist1h2bf j | n

eRRYSON)-BAU)

Jesion-eaul

i) .
EH  EmE
sgsmmzmezua
|

DaJeI0sSy-auRIqWa
g

Figure 3. Heat map displays of mass spectrometric assessments of residual proteins demonstrate
both similarities and significant differences between the experimental conditions

The compiled heat map and specific heat maps for each of the designated protein categories
is depicted. The color scheme represents log order transform values indicating the relative
abundance of each protein compared to presence in freshly de-cellularized lungs.
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Figure 4. MSC cell growth is similar in the different sterilized and stored de-cellularized lungs
except for the 6 month storage condition

Representative H and E images of de-cellularized lungs treated under different storage and
sterilization techniques and intratracheally inoculated with MSCs are shown. Images
demonstrate characteristic re-cellularization one day after inoculation for all conditions
(left). Robust re-cellularization was maintained for 28 days in culture (right) for all
conditions except for de-cellularized lungs stored for 6 months in which no viable cells were
observed after 7-14 days in culture. a = airways, bv = blood vessels. Arrows indicate areas
where the MSCs have migrated out of the de-cellularized lung slices and formed
agglomerates on plastic of the tissue culture dish. N = 3 for each condition (N = 2 for the 6
month storage condition). Original magnification 100X.
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Figure 5. C10 cell growth varies in the different sterilized and stored de-cellularized lungs
Representative H and E images of various de-cellularized lungs treated under different

storage and sterilization techniques intratracheally inoculated with C10 cells. Images show
characteristic re-cellularization one day after inoculation (left) in addition to the time point
at which the last viable cells were observed (right). The last day cells were observed is
indicated on the figure (e.g. D14 is day 14). a = airways, bv = blood vessels. N = 3 for each
condition (N = 2 for the 6 month storage condition). Original magnification 100X.
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Figure 6. MSCs inoculated into the de-cellularized lungs demonstrate similar sustained
proliferation by Ki67 staining and minimal apoptosis by caspase-3 staining

Representative photomicrographs of characteristic Ki67 (red) or caspase-3 (green) are
shown at 1 day post-inoculation as well as at the last viable time point at which cells were
observed (7 days for 6 month storage, 28 days for the other conditions). A marked increase
in caspase-3 staining was observed at the last time point in which viable cells were observed
in the 3 and 6 month storage conditions. For both panels, caspase-3 immunofluorescence is
depicted in green and Ki67 immunofluorescence is depicted in red. DAPI nuclear staining is
depicted in blue. a = airways, bv = blood vessels. N = 3 for each condition (N = 2 for the 6
month storage condition). Original magnification 200X.
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Figure 7. C10 inoculated into various storage and sterilized de-cellularized lungs demonstrate
diminished proliferation by Ki67 staining and increased apoptosis by caspase-3 staining

Representative photomicrographs of characteristic Ki67 (red) or caspase-3 (green) are
shown at 1 day post-inoculation (left) as well as at time points in which caspase-3 staining
was increased at or prior to the time when viable cells were last observed (e.g. D7 is day 7).
For both panels, caspase-3 immunofluorescence is depicted in green and Ki67
immunofluorescence is depicted in red. DAPI nuclear staining is depicted in blue. a =
airways, bv = blood vessels. N = 3 for each condition (N = 2 for the 6 month storage
condition). Original magnification 200X.
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