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Pulmonary diseases represent a large portion of neonatal and adult morbidity and mortality. Many of these have
no cure, and new therapeutic approaches are desperately needed. De-cellularization of whole organs, which
removes cellular elements but leaves intact important extracellular matrix (ECM) proteins and three-dimensional
architecture, has recently been investigated for ex vivo generation of lung tissues. As specific cell culture surfaces,
including ECM composition, profoundly affect cell differentiation, this approach offers a potential means of
using de-cellularized lungs to direct differentiation of embryonic and other types of stem/progenitor cells into
lung phenotypes. Several different methods of whole-lung de-cellularization have been reported, but the optimal
method that will best support re-cellularization and generation of lung tissues from embryonic stem cells (ESCs)
has not been determined. We present a 24-h approach for de-cellularizing mouse lungs utilizing a detergent-
based (Triton-X100 and sodium deoxycholate) approach with maintenance of three-dimensional lung architec-
ture and ECM protein composition. Predifferentiated murine ESCs (mESCs), with phenotypic characteristics of
type II alveolar epithelial cells, were seeded into the de-cellularized lung scaffolds. Additionally, we evaluated
the effect of coating the de-cellularized scaffold with either collagen or Matrigel to determine if this would
enhance cell adhesion and affect mechanics of the scaffold. Finally, we subcutaneously implanted scaffolds
in vivo after seeding them with mESCs that are predifferentiated to express pro-surfactant protein C (pro-SPC).
The in vivo environment supported maintenance of the pro-SPC-expressing phenotype and further resulted in
vascularization of the implant. We conclude that a rapid detergent-based de-cellularization approach results in a
scaffold that can maintain phenotypic evidence of alveolar epithelial differentiation of ESCs and support neo-
vascularization after in vivo implantation.

Introduction

ANY DEVASTATING ADULT and pediatric pulmonary

diseases remain without cure and without effective
treatments. Additionally, in 2008, one in eight babies (12.3%
of live births) was born preterm in the United States.'” These
births are complicated by premature lungs and may be as-
sociated with pulmonary hypoplasia." There is no effective
treatment, but the ability to utilize stem cells postnatally to
generate functional alveolar tissue may help ameliorate this
disease process. We previously published a two-step proce-
dure for differentiating murine embryonic stem cells

(mESCs) into cells with phenotypic characteristics of type II
alveolar epithelial cells using standard tissue culture tech-
niques.®> Other laboratories have also generated alveolar
epithelial type II cells (AEII) cells from mESCs, but, in gen-
eral, the yield is low.>® The ability to improve yield of
functional AEII cells from mESCs by using alternative cul-
ture systems, such as three-dimensional (3D) biomimetic
scaffolds, would enhance the potential clinical applicability
for pulmonary diseases.

A growing body of evidence demonstrates that specific
cell culture surfaces, including composition of extracellular
matrix (ECM) proteins, stiffness, and elasticity, profoundly
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RAPID LUNG DE-CELLULARIZATION SUPPORTS mESC DIFFERENTIATION

TaBLE 1. REDUCING THE 50-H DE-CELLULARIZATION
ProT1ocor To 24-H WHILE STILL USING
THE SAME REAGENTS

0.1% 2% 1M 30 ug/mL
Triton-X100 SDC NaCl DNAse
50-h protocol 24h 24h 1h 1h
24-h protocol 8h 14h 1h 1h

Duration of each detergent used in the 50-h and 24-h de-
cellularization process is detailed above. The 24-h protocol was still
effective in de-cellularizing the normal lung despite the time
reduction in the first two steps.

SDC, sodium deoxycholate.

affect mESC differentiation.”'® Furthermore, a number of
recent studies have attempted to mimic the unique lung-
specific 3D matrix using a variety of biomimetic matrices and
degradable scaffolds such as collagen and gelfoam.'*'*!> An
inherent problem with these systems is the inability to re-
capitulate the complex 3D architecture of the lung. Most
recently, an old technique for de-cellularizing intact whole
lungs to remove all cellular materials leaving a 3D matrix has
been re-investigated.'*'®'” This 50-h de-cellularization pro-
cedure utilizes Triton-X100 and sodium deoxycholate (SDC)
to remove cells and leaves behind a 3D ECM. Additionally,
two recent studies utilizing 2-h de-cellularization approaches
with different detergents (SDS or CHAPS) supported cellular
growth; however, the resulting cellular architecture did not
closely resemble that of the native lung.'®*° Therefore, the
optimal de-cellularization protocol that maintains 3D archi-
tecture has not been defined.

An important characteristic of scaffolds is that they support
cellular differentiation. One report suggests that inoculation
of de-cellularized rat lungs with undifferentiated mESCs
could result in a variety of mature lung cell types."” This de-
cellularization protocol required several weeks and utilized
both physical (multiple freeze-thaws) as well as a detergent-
based (SDS) de-cellularization. We present a simplified
24-h approach to de-cellularization compared to recently
published 50-h protocols utilizing Triton/SDC."*'” This
shortened protocol demonstrates maintenance of 3D lung
architecture and ECM protein compostion. After inoculating
with predifferentiated mESCs, these de-cellularized scaffolds
maintained expression of pro-surfactant protein C (pro-SPC)
and thyroid transcription factor 1 (TTF1). Manipulating the
scaffolds by coating with collagen and Matrigel did not ap-
pear to affect 3D architecure, cellular adhesion, or phenotypic
expression of mESCs. When implanted subcutaneously, the
constructs maintained phenotypic expression of distal alveo-
lar cells while supporting neovascularization from the host.

Methods
De-cellularization process (Table 1)

Adult male and female C57/BL6 mice were used as lung
donors for the de-cellularization process. Mice were eutha-
nized in accordance with UCHC IACUC-approved protocols.
A midline incision was made along the throat, and the trachea
was exposed. A small incision was made in the trachea, and
an 18-gauge tubing adapter (Becton Dickinson) was inserted
and secured. Once excised from the mouse, the lungs were
rinsed in deionized H,O/5 x PenStrep (rinse solution).
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Twenty-four-hour de-cellularization protocol. After re-
moval of the intact heart-lung bloc, 0.1% Triton-X100 was in-
stilled into the trachea, and the lungs were incubated for 8 h at
room temperature. After 8 h, the lungs were rinsed and treated
with 2% SDC for 14 h at 4°C. The lungs were rinsed and treated
with 1M sodium chloride for 1h at room temperature. Lastly,
lungs were rinsed and treated with a solution containing
30 pg/mL porcine pancreatic DNAse for 1h at room temper-
ature. Lungs were flushed with phosphate-buffered saline
(PBS) before they were utilized for experiments.

Fifty-hour protocol. Lungs were similarly treated with
0.1% Triton-X100 for 24 h at 4°C. After 24h, the lungs were
rinsed and treated with 2% SDC for 24 h at 4°C. The lungs
were rinsed and treated with 1M sodium chloride for 1h at
room temperature. Lastly, lungs were rinsed and treated
with a solution containing 30pug/mL porcine pancreatic
DNAse for 1h at room temperature. Lungs had been flushed
with PBS before they were utilized for experiments.

Histology, alveolar morphogenesis, and nuclei count

De-cellularized whole lungs were gravity-fixed for 1h in
4% paraformaldehyde. Hematoxylin & eosin (H&E) staining
was used to visually quantify the nuclei loss by comparing
nuclei counts in 5-pm paraffin sections of normal and de-
cellularized lungs. Nuclei were counted from three random
images at 400x magnification using a counting tool (Adobe
Photoshop CS5; Adobe Systems). Data were statistically an-
alyzed using GraphPad Prism Software via one-tail t-test with
p<0.05. Alveolar structures were quantified by comparing
the mean cord length (MCL) between conditions using es-
tablished, previously published morphometric ’cechniques.21
At least, five random fields of each condition were imaged
with 400x magnification on a Zeiss microscope. Images
containing nonalveolar structures such as bronchi were not
used. For the MCL, at least five lungs were analyzed for each
condition. Each image was overlaid with a grid generated
using Image] (NIH).>' The average length of each line
through airspaces was summed and averaged as the MCL.

Electron microscopy

Normal and 24-h de-cellularized lungs were gravity-fixed
immediately following de-cellularization protocols in 2.5% glu-
taraldehyde in 0.1 M cacodylate buffer. Samples were infused
with the fixative and then immersed in the solution at 4°C for 1
day before analysis. High-power and low-power images were
obtained to compare the ECM composition and ECM appear-
ance before and after the 24-h de-cellularization protocol.

Western blots

Western blot analysis using 25 g protein (whole-cell lysate)
with antibodies against actin, collagen type I, collagen type
IV, fibronectin, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), histone H1, laminin, and smooth muscle myosin was
performed as previously described.”””** Protein expression
following 24-h de-cellularization protocols (Fast, Triton alone,
SDC alone) and the 50-h de-cellularization protocol (Triton-
SDC- and PBS-rinsed lungs as a control) was evaluated on two
separate blots; thus, expression was normalized to the naive
lung on each respective blot. Densitometry was performed using
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FIG. 1. Twenty-four-hour de-cellularization protocol effectively removes cells and maintains architecture but increases alveolar
spacing. (A) Gross histology of the normal and de-cellularized lung. The addition of methylene blue demonstrates patency of the
construct immediately and 7 days after de-cellularization. (B) Histology of 50-h and 24-h de-cellularization protocols compared to
the normal lung with gomori trichrome, H&E, and alcian blue staining. Representative images for all conditions are shown
(20 x magnification). (C) Nuclei countand the alveolar mean cord length are calculated after 24-h de-cellularization (n=>5. *p <0.05).
(D) Transmission and scanning electron microscopy of the 24-h de-cellularized lung compared to the normal lung. H&E, hema-
toxylin & eosin. Arrows indicating disrupted basement membrane. Color images available online at www liebertonline.com/tec

Quantity One software (Bio-Rad). Differences in detergent and/
or timing of detergent treatment were assessed by one- or two-
way analysis of variance using Prism software (Graph Pad).

Gelatinase assay

The net gelatinolytic activity was determined using the
EnzCheck gelatinase assay (Molecular Probes) as previously

described.”® Lungs were homogenized in tris-buffered saline
(50mM Tris-HCI, pH 7.4; 150 mM NaCl), and the gelatino-
lytic activity (in 80 pug protein) was reported as the rate of
fluorescence increase over 4 h normalized to an assay reagent
containing DQ gelatin alone. The specificity of the assay was
determined by the inclusion of the matrix metalloproteinase
(MMP) inhibitor 1,10 phenanthroline (1 mM) or a cocktail of
protease inhibitors (phenyl-methyl sulfonylfluoride [1 mM]
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24-h de-cellularization
protocols shows an increased
protease activity in the 24-h
protocol. (A) Western blot
analysis (25 ug whole-cell
lysate) of lungs de-cellularized
with the 24-h (fast) or 50-h
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(right lane in each blot) relative
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to inhibit serine protease, N-ethylmaleimide and e-amino-n-
caproic acid [5mM each] to inhibit cysteine proteases, pep-
statin A [5pg/mL] to inhibit acid proteases, and leupeptin
[5ug/mL] to inhibit serine and cysteine proteases).”**

Immunofluorescence

De-cellularized lung scaffolds were gravity-fixed in 4%
paraformaldehyde followed by paraffin embedding. Sections
were deparafinized, permeabilized, and serum-blocked in
the PBS containing 0.1% Triton-x (Sigma) and 1% bovine
serum albumin (Fisher Scientific) and 1% Tween-20 (Biorad).
The primary antibody was applied overnight at 4°C (see
Supplementary Data; Supplementary Data are available on-
line at www liebertonline.com/tec). As a control, the pri-
mary antibodies were omitted to assess for nonspecific
binding. The secondary antibody (Donkey Anti-Rabbit Alexa
594 or Donkey Anti-Goat Alexa 488; Invitrogen) was applied
at room temperature. Samples were counterstained with
Topro-3 (Invitrogen) or propidium iodide (Abcam) and
mounted with Shandon Immuno-Mount (Thermo-Scientific).
Samples were imaged using a Zeiss Axiovert 200M Confocal
Microscope with an LSM 510 Meta Laser Module and Carl
Zeiss LSM Image Browser Software (Carl Zeiss Microlma-
ging, LLC). The same imaging software was used to process
the images in addition to using Adobe Photoshop CS5
(Adobe Systems). The positive cell count was normalized to
the total cell count in a given image using the counting tool
in Adobe Photoshop (Adobe Systems), and Graph Pad Prism

Naive Fast Triton SDC

PBS Triton-SDC

software (Graph Pad) was utilized to generate graphs for
the data.

Coating of de-cellularized scaffolds

Lungs were coated through the trachea with either colla-
gen I or Matrigel™ (BD Biosciences). Collagen I was diluted
in PBS to a concentration of 0.8 mg/mL before inoculation,
and Matrigel was also diluted in PBS to a concentration of
0.4mg/mL. A coating agent was injected through the trachea
into all lobes of the scaffold until they were visually fully
expanded followed by incubation for 20 min at 37°C. Since
collagen I and Matrigel were diluted from stock concentra-
tion, they did not solidify in the lung.

Cell culture techniques

Murine ESCs, El4tg2a (American Type Culture Collection),
were maintained under feeder-free conditions in a culture me-
dium (maintenance medium), which was comprised of the
Glasgow minimum essential medium (GMEM; Invitrogen), 10%
batch-tested fetal bovine serum (Biowest), 5mL sodium pyru-
vate (1mM; Gibco), 5mL nonessential amino acids (1 mM;
Gibco), 5 mL glutamine (2 mM; Invitrogen), 50 U/mL penicillin,
50 mg/mL streptomycin (Invitrogen), leukemia inhibitory factor
1000 U/mL (ESGRO; Millipore), and 0.1 mM b-mercaptoethanol
(Sigma). For routine maintenance and propagation, the cells
were split in 0.1% gelatin-coated T-25 flasks (Falcon-Beckton
Dickinson) every 2-3 days using TrypLE (Gibco), re-suspended
in the maintenance medium, and re-plated. E14tg2a cells were
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induced to differentiate using the dissociated seeding method.’
Cells were trypsinized, disaggregated into a single-cell suspen-
sion, and plated at a low density (3 x 10* cells/cm?). This density
allowed for cell expansion for up to 8 days without passaging.
For directed differentiation to endoderm, all media were serum-
free and supplemented with activin A (20ng/mL; R&D
Systems) and Wnt3a (10ng/mL; R&D Systems) per our previ-
ously published protocol. To promote differentiation into cells
with phenotypic characteristics of AEII cells (pro-SPC expres-
sion),3 the medium was changed to a serum-free medium sup-
plemented with 50mg/mL heparin sulfate salt (porcine
intestinal mucosal; Sigma) and 50 ng/mL of FGF2 (Cat# F-0291;
Sigma). Supplementary Figure S2 summarizes the steps of
differentiation.

Seeding of de-cellularized scaffold
with differentiated mESCs

Four to eight million cells per lung were suspended in
media at a volume of 400-500puL and kept on ice until
seeding. Cell viability was assessed using trypan blue ex-
clusion during counting. In a separate experiment (data not
shown), a cell viability assay was performed, indicating
qualitatively >90% viability (Invitrogen Live/Dead Assay).
After rinsing the lungs in PBS and following the previously
detailed coating procedure, the cell suspension was drawn
up into a l-cc syringe and slowly injected into the lung
scaffolds through the tracheal cannula. Seeded lung scaffolds
were submerged in 4-5mL of differentiation media and al-
lowed to incubate for 24h. Supplementary Figure S2 provi-
des a summary of the steps in seeding the scaffolds.

Mechanical properties of de-cellularized lungs

Lung mechanics were measured using a computer-con-
trolled small animal ventilator (FlexiVent; SCIREQ), which is
typically used for pulmonary function testing in anesthetized
and tracheostomized mice and more recently in de-cellual-
rized lung scaffolds.'*** The FlexiVent was calibrated for
open and closed tube systems for each pulmonary test per-
formed. Cannulated lungs were connected to the FlexiVent
using a frequency of 150 breaths/min at a tidal volume of
7mL/kg. The maximum pressure was set to 20-cm H,O with
a positive-end expiratory pressure of 3-cm H,O. Ventilation
occurred with lungs suspended in saline, and the develop-
ment of air leak was identified by bubbles exiting from the
lungs into the fluid phase. Lungs that developed air leak
were excluded from analysis. Pressure, flow, and volume
were used to calculate total lung compliance, elastance, and
total lung resistance. Three normal lungs and three de-
cellularized scaffolds were tested, and a total of 15 mea-
surements were recorded and averaged per lung/scaffold to
obtain the final values.

<

FIG. 3. An immunofluoresence analysis of a de-cellularized
scaffold following the 24-h de-cellularization protocol shows
preservation of ECM proteins with loss of endothelial cell and
MHC classIexpression. Mouse CD31 (A, B), mouse MHC Class
1(C, D), SMA (E, F), collagen I (G, H), collagen IV (I, J), elastin
(K, L), and laminin (M, N). Representative images for all con-
ditions are shown (63 x oil magnification). ECM, extracellular
matrix; SMA, smooth muscle actin; A, airway; BV, blood vessel.
Color images available online at www liebertonline.com/tec
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FIG. 4. Addition of coating agents to the 24-h de-cellularized lung. Gomori trichrome staining (A, E, I, M) was utilized to
qualitatively assess collagen levels compared to normal lung. Hemotoxylin and eosin staining (B, F, J, N) was utilized to
qualitatively assess matrix and any remaining nuclei. Alcian blue (C, G, K, O) assessed the amount of glycosaminoglycans
present in all conditions compared to normal lung. Elastin staining (D, H, L, P) demonstrated elastin levels in all conditions
compared to normal lung. Representative images for all conditions are shown (40 x magnification). Color images available
online at www liebertonline.com/tec
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FIG. 5. Mechanical analysis of 24-h de-celluarized, seeded, and coated scaffolds shows increased resistance and elastance,
and decreased compliance. Mechanics of the normal lung and 24-h de-cellularized lung (24-h decell), 24-h de-cellularized
lung seeded with differentiated mESCs (seeded), 24-h de-cellularized lung coated with Matrigel™ (Matrigel), 24-h de-
cellularized lung coated with Matrigel and seeded with mESCs (seeded and Matrigel), and 24-h de-cellularized lung coated
with collagen I (collagen). Data demonstrate that the de-cellularization process results in decreased compliance, increased
total lung resistance, and increased elastance consistent with loss of surfactant and other ECM components (1=3; *p <0.05).
mESCs, murine embryonic stem cells.
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Implantation of lung constructs and evaluation
of vessel formation

Constructs were seeded with 4-8 million viable differen-
tiated mESCs and allowed to incubate in culture for 24 h. The
constructs were subcutaneously implanted in SCID/beige
mice for 14 days to evaluate for maintenance of differentia-
tion and blood vessel formation within the constructs (Sup-
plementary Fig. S3). At the time of harvest, FITC dextran
(Sigma-Aldrich) was injected (50 mg/mL) via tail vein and
allowed to circulate for 5 min before euthanizing the animal.

Results

Characteristics of the de-cellularized lung:
50-h versus 24-h protocol

Table 1 summarizes the steps of the two de-cellularization
processes. Grossly, the lungs become more translucent with de-
cellularization (Fig. 1A). Additionally, instillation of methylene
blue through the trachea immediately after the de-cellulariza-
tion process depicted an intact scaffold without extravasation
of the dye. This suggests that the de-cellularization process
maintains the integrity of the ECM proteins. After 7 days of PBS
storage, the scaffold still appeared intact with only minor in-
dication of leak noted after dye instillation (Fig. 1A).

This 24-h de-cellularization process, utilizing detergents,
hypertonic saline, and DNAse, preserved the architecture of
the lung while eliminating the nuclei. Figure 1B and Sup-
plementary Figure S4 depict retention of collagen in blue on
gomori trichrome staining (Fig. 1B and Supplementary Fig.
S4), with preserved architecture and matrix on H&E staining
(Fig. 1B and Supplementary Fig. S4). There was a consider-
able loss of glycosaminoglycans (GAGs), as evident by alcian
blue staining (Fig. 1B and Supplementary Fig. S4) similar to
that observed in other studies."*'* GAGs are complex sugars
often connected to proteins and contribute to the viscoelastic
behavior of parenchymal lung tissue.”” In addition, a sig-
nificant reduction in the nuclei count resulted in <15 nuclei
present per tissue section, indicating significant de-cellular-
ization. Also, an increase in the MCL (Fig. 1C) was evident,
indicating preservation of the airway structure.

Transmission and scanning electron microscopy
of the de-cellularized scaffold

Transmission electron microscopy imaging of the normal
lung shows a type II alveolar cell with lamellar bodies present
and an undamaged basement membrane (Fig. 1D). The 24-h
de-cellularized scaffold shows a denuded membrane with no
cellular debris (Fig. 1D); however, some distortion to the
basement membrane is noted (Fig. 1D, red arrows). Scanning
electron microscopy imaging revealed no large visual differ-
ences of the internal view after de-cellularization (Fig. 1D).
Furthermore, the surface appears clear and intact.

Analysis of the ECM protein content
and proteolytic activity

Western blot analysis of the ECM (collagen I, collagen IV,
fibronectin, and laminin), cytosolic (smooth muscle myosin,
GAPDH, and actin), and nuclear (histone H1) proteins sub-
sequent to 24-h (fast decell) or 50-h (Triton/SDC) de-
cellularization were compared to quantify the efficiency of

639

the shortened protocol (Fig. 2A). For the vast majority of
proteins analyzed, both de-cellularization protocols were
comparable. However, the fast protocol was more effective
in removal of cytosolic proteins (GAPDH and myosin) and
resulted in increased fibronectin content, while the 50-h
protocol was more effective in removal of the nuclear protein
histone H1. These results suggest that a comparable scaffold
can indeed be generated in the 24-h protocol, compared to
the 50-h protocol, while still maintaining the important ex-
tracellular protein content.

Because detergents, such as Triton X-100, induce the ac-
tivation of the pro-form of MMPs,?° the net proteolytic ac-
tivity was compared in the two de-cellularization protocols
using a gelatin substrate (DQ gelatin) (Fig. 2B). This sub-
strate is cleaved by a broad range of proteases, including the
gelatinases MMP-2 and MMP-9. Cleavage yields highly
fluorescent peptides, whose fluorescence is proportional to
the proteolytic activity. Two-way analysis of variance re-
vealed significant detergent (p=0.0006) and time (p <0.0001)
effects. The net gelatinase activity was significantly increased
in the 24-h de-cellularization protocol, but not in the 50-h de-
cellularization protocol, and was primarily derived from
SDC-mediated activation. Increased MMP activation can
result in degradation of important ECM proteins and
therefore render the scaffold less favorable for cellular ad-
herence and development. The proteolytic activity in control
lungs rinsed with PBS for 50h was comparable to de-cellu-
larized lungs. Assay specificity is demonstrated by the re-
duced gelatinase activity in the presence of protease
inhibitors. Taken together, these data indicated that the
proteolytic activity is increased in the 24-h protocol, but re-
sults in the retention of ECM proteins comparable to or
better than the more protracted protocol.

Analysis of a 24-h de-cellularized scaffold
by immunofluoresence

Confocal microscopy of a de-cellularized lung that was
subjected to the 24-h protocol compared with the normal lung
revealed loss of CD31, which is expressed on endothelial cells
and on peripheral leukocytes and platelets (Fig. 3A, B). The
de-cellularized lung did not express MHC Class I, which is
displayed on cell surfaces and is responsible for lymphocyte
recognition and antigen presentation (Fig. 3C, D). In parallel
with findings from the western blots and with what we have
previously observed with the 50-h de-cellularization proto-
col,'” there was preservation of smooth muscle actin (Fig. 3E,
F), collagen I (Fig. 3G, H), collagen IV (Fig. 31, J), elastin (Fig.
3K, L), and laminin (Fig. 3M, N), which comprise the base-
ment membrane and muscle layers surrounding vessels.

Histology of 24-h de-cellularization with addition
of coating agents

After addition of either collagen I or Matrigel, gomori tri-
chrome staining revealed an increase in collagen content
compared to the de-cellularized scaffold alone (Fig. 4A, E, I,
and M). There was no obvious difference either in general ar-
chitecture or in the loss of GAGs (Fig. 4B, F, ], and N; C, G, K,
and O). Addition of either coating agent qualitatively appeared
to increase levels of elastin compared to de-cellularized. This
may be due to nonspecific background staining of the added
matrix (Fig. 4D, H, L, and P).
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FIG. 6. Differentiated mESCs seeded into de-cellularized lungs in vitro show maintained expression, which increases and
diversifies after implantation (A) Immunofluorescence and H&E evaluation of a normal lung, decell lung, seeded, seeded
and collagen-coated, and seeded and Matrigel-coated after incubation in vitro for 24 h. Constructs were fixed and stained for
Pro-SpC, TTF1, PDGFRo, and FOX]J1 after incubation. (B) Immunofluorescence and H&E evaluation of normal lung, decell
lung, seeded- and implanted scaffold, collagen-coated/-seeded and collagen-implanted scaffold, and Matrigel-coated/-
seeded and Matrigel-implanted scaffold. Constructs were fixed and stained for Pro-SpC, TTF1, PDGFRa, FOX]J1, and OCT4
after 14 days of subcutaneous implantation. Secondary antibody control was the same for all staining conditions. Re-
presentative images for all conditions are shown (63 x oil magnification [IF] and 100 x oil magnification [H&E]). (C) Graph
demonstrates the positive cell count relative to the total cell count of the images found in (A). (D) Graph demonstrates the
positive cell count relative to the total cell count of the images found in (B). Pro-SpC, pro-surfactant protein C; TTF1, thyroid
transcription factor 1. Color images available online at www .liebertonline.com/tec

Mechanical analysis of de-cellularized, seeded,
and coated scaffolds

served in the de-cellularized lung scaffolds (Fig. 5). Upon
coating the scaffolds with type I collagen, elastance and total
lung resistance decreased, and compliance increased to levels

Important characteristics of a lung scaffold would be the
ability to withstand pressures generated by a ventilator.
Additionally, properties like elasticity and resistance will be
important. FlexiVent analyses demonstrated increased re-
sistance and elastance and decreased compliance of rapidly
de-cellularized lungs when compared with normal explanted
lungs, similar to what we observed in the 50-h protocol'”
(Fig. 5). These characteristics likely correspond, in part, to
loss of surfactant and elastin."” Seeding the scaffolds with
differentiated mESCs or coating the de-cellularized lung
with Matrigel did not ameliorate the increased stiffness ob-

that more closely mimic normal lung mechanics.

Maintenance of differentiation of mESCs seeded
into de-cellularized lungs in vitro

Another important characteristic of de-cellarized scaffolds
is the ability to support cellular differentiation. Murine ESCs
that were induced to express TTF-1 and pro-SPC using our
two-step differentiation protocol® were inoculated by in-
tratracheal administration and incubated for 24-48h at 37°C
in differentiation media with or without the addition of a
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coating agent before seeding. Pro-SPC, a marker of type II
alveolar cell differentiation, appeared in the uncoated and
Matrigel-coated conditions, but was absent in the collagen I-
coated condition (Fig. 6A subpanels C, D, and E). The same
trend was also observed in expression of the early lung de-
velopmental marker TTF1, where scaffolds uncoated or
coated with Matrigel both demonstrated expression, and
those coated in collagen I showed minimal expression (Fig.
6A subpanels I, J, and K). PDGFRa plays a major role in
lung development and is also expressed during develop-
ment in the mesenchyme.'” Some expression of PDGFRa
was observed in the Matrigel- and collagen I-coated scaf-
folds (Fig. 6A subpanels N, O, and P), but not in the
seeded-only scaffold. FOX]J1 expression, a ciliated proximal

Seeded & Implanted
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Seeded/Collagen &
Implanted

Seeded/Matrigel &

Implanted 2° Antibody Only

epithelial cell marker, was absent in all conditions (Fig. 6A
subpanels S, T, and U). As expected, the de-cellularized
lung was absent for all markers of cellular differentiation,
as there were no cells (Fig. 6A subpanels B, H, M, and R).
The numbers of positive cells in these images were quan-
tified to analyze the expression for each marker in the
various coating conditions. (Fig. 6C).

Maintenance of differentiation of mESCs seeded
into de-cellularized lungs and implanted in vivo

Another important feature of a viable lung scaffold will be
its ability to integrate within a host while maintaining cel-
lular differentiation following implantation. De-cellularized
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lungs were seeded with differentiated mESCs with or without
the use of a coating agent. The scaffolds were subsequently
implanted subcutaneously for 14 days in vivo and were eval-
uated via immunofluorescence and H&E staining. Immuno-
fluorescence of Pro-SPC (Supplementary Fig. S1, Fig. 6B,
subpanels C-E), TTF1 (Fig. 6B, subpanels I-K), PDGFRa. (Fig.
6B, subpanels N-P), and FOX]J1 (Fig. 6B, subpanels S-U)
was qualitatively brighter in scaffolds seeded and implanted
and seeded/Matrigel and implanted compared to seeded/
collagen and implanted. Expression of FOXJ1 after implan-
tation suggests development of proximal airway cells within
the scaffold (Fig. 6B subpanels S-U). A marker of pluripoten-
cy, Oct 3/4, was conspicuously absent in all conditions after
implantation. This is not surprising given previously pub-
lished results of loss of OCT 3/4 expression when cells were
treated with FGF2.> The de-cellularized lung was absent for
all cellular markers as expected (Fig. 6B subpanels B, H, M, and
R). The positive cell number for each marker was quantified
and graphed to further demonstrate which coating conditions
were favorable for airway cell maintenance (Fig. 6D).

Neovascularization of implanted scaffolds

Finally, another important characteristic of engineering
lung scaffolds is the ability to integrate with the host and
induce neovascularization to promote long-term survival of
the graft. Blood vessels stained positive for both Isolectin B4
(red) (Jackson Immunresearch) and FITC dextran (green) in
the seeded and seeded/coated scaffold conditions (Fig. 7).
Red blood cells were also present in these H&E sections
(arrows), demonstrating neovascularization of the constructs
after 14 days of implantation.

Discussion

The ability to utilize an acellular biomimetic scaffold to
support differentiated stem cells would be invaluable in
potentially developing a treatment for pulmonary diseases.
The rapid creation of a relevant scaffold will increase the
efficiency of the clinical delivery and availability. Herein, we
describe a 24-h process for de-cellularization of murine lungs
and compare the results of this fast de-cellularization process
to the original 50-h de-cellularization procedure. Im-
portantly, a scaffold should have the ability to support ap-
propriate growth and differentiation of inoculated cells. We
demonstrate the ability to seed this scaffold with differenti-
ated mESCs and implant them subcutaneously with main-
tenance of differentiation and neovascularization.

Several recent reports have demonstrated methods of
de-cellularizing the native lung,'*'*'”% requiring between
50h and 6 weeks. Each of these utilized different detergent-,
chemical-, and physical-based de-cellularization approaches.
However, the optimal means of de-cellularizing lungs while
maintaining architecture is not yet clear. Further, it is unknown
what optimization of lung de-cellularization entails. Pre-
sumably, this includes maintenance of gross and microscopic
anatomy as well as preservation of key ECM proteins. In each
of the published recent studies, varying amounts of ECM
proteins are preserved. Evaluation of our 24-h de-cellulariza-
tion process via histology, immunofluorescence, and western
blot analysis demonstrates lung scaffolds with preservation of
key ECM proteins collagen I, collagen IV, fibronectin, and la-
minin, but with loss of nuclear proteins. Scanning and trans-
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mission electron microscopy confirmed the removal of cells
from the scaffold with minimal basement membrane disrup-
tion, which is similar to other repor’rs.17 Each of these ECM
proteins plays roles in embryonic development, cell prolifera-
tion and differentiation, as well as cell adhesion and migra-
tion.'1¥1%%728 The results we obtained after de-cellularization
are similar to those of others who report preservation of most
ECM proteins, except elastin and GAGs.'*""" Elastin is a
critical component of the lung interstitium, providing the
property of recoil to the vascular, conducting airway, and ter-
minal airspace compartments of the lung.'* Future protocols
need to emphasize the preservation of elastin in these scaffolds.
Although GAGs contribute to the viscoelasticity of the lungs,
they can also can be immunostimulatory and, as suggested by
Price et al., their loss may contribute to an immuno-privileged
status, which may be beneficial.'*

Previously published reports have indicated that evalua-
tion of de-cellularized scaffolds for activation of MMPs is
essential. Although MMPs are largely thought of as ECM
proteases, it is also well accepted that they can degrade in-
tracellular substrates as well.*>*° Moreover, cellular lysis in
lung de-cellularization protocols will expose the extracellular
environment to cytosolic proteases (e.g., serine, aspartic, and
cysteine) that they would normally never encounter. This
may adversely affect cell adhesion, differentiation, and sur-
vival of inoculated stem cells. We observed a profound in-
crease in the gelatinase activity following the 24-h protocol as
compared to Triton, SDC, PBS, or the full 50-h pro’cocol.17
Subsequently treating with inhibitors did result in a decrease
in the gelatinase activity following the 24-h de-cellularization
protocol; however, the decrease was more profound in the
other de-cellularization approaches that were investigated.
The relevance of these data is currently unclear, but may, in
fact, affect long-term cell adherence, viability, and develop-
ment when utilizing these scaffolds."”

Theoretically, the mechanical properties of the scaffold,
such as elastance and resistance, will be clinically relevant.
We and others noted that de-cellularized lungs have de-
creased compliance and increased resistance and elastance.
This is likely due to the loss of the surfactant, which normally
decreases alveolar surface tension, as well as the loss of cells
and matrix components.'*!” Coating the de-cellularized
lungs with Matrigel did not reverse changes in lung me-
chanics, but coating with collagen I resulted in a decrease in
total lung resistance and elastance, as well as an increase in
compliance. We would have expected the addition of colla-
gen to increase resistance and decrease compliance, similar
to what is seen in pulmonary fibrosis. Further investigation is
needed to characterize the use of coating agents and addition
of exogenous proteins such as a surfactant on lung me-
chanics in de-cellularized scaffolds. Another variable that
may affect mechanics includes the cell-seeding density. In
our hands, seeding the scaffold with a relatively low number
of differentiated murine ESCs did not improve lung com-
pliance as reported by others.'* This likely reflects too few
cells to influence lung mechanics.

Another important characteristic of a lung scaffold is its
ability to support cellular growth and differentiation. Cor-
tiella et al. described the use of the de-cellularized lung
scaffolds to induce differentiation of undifferentiated ESCs
into those with immunophenotypes of a variety of lung-
specific cells.'” In our studies, we predifferentiated our cells
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Isolectin B4/DAPI

FIG. 7. Neovascularization
develops in scaffolds that
were subcutaneously
implanted for 14 days with
some evidence of perfusion.
Evaluation of vascular
development within the
scaffolds after 14 days of
subcutaneous implantation.
FITC dextran was injected
before harvest, and scaffolds
were stained with Isolectin B4
to visualize the vessels and
assess for perfusion from the
host. Representative images
for all conditions are shown
(63 x 0il magnification [IF]
and 100 x oil magnification
[H&E]). Arrows indicating
blood vessels within the
implant. FITC, fluorescein
iso thiocyanate; DAPI, 4'6-
diamidino-2-phenylindole.
Color images available online
at www liebertonline.com/
tec
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Merge
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into distal airway cells with phenotypic characteristics of
type II alveolar epithelial cells and seeded them into the de-
cellularized lung scaffolds. The purpose was to demonstrate
that the de-cellularized scaffolds could maintain differentia-
tion of these cells, including continued pro-SpC and TTF1
expression. We did identify improved expression of pro-SpC,
TTF1, PDGFRa, and FOX]J1 in our implanted, seeded scaf-
folds compared to seeded scaffolds in culture. Interestingly,
FOX]J1 expression was absent in culture, but was present
after implantation. This underscores the heterogeneity and
plasticity of our differentiated stem cells and the importance
of an in vivo environment. We are the first to implant pre-
differentiated mESCs within a de-cellularized construct and
show maintenance of lung-specific differentiation. Further,
blood vessel formation with suggestion of blood flow from
the host was noted after 14 days of implantation. This will be
critical in the viability of the construct and as a model system
to follow in vivo behaviors of cells inoculated into the de-

JENSEN ET AL.

Seeded/Matrigel

Seeded/Collagen

cellularized scaffolds. Neovascularization of the scaffolds
coated with collagen or Matrigel stained positive for both
Isolectin B4 and FITC Dextran. The seeded-only condition
did show neovascularization as demonstrated by Isolectin B4
staining; however, the amount of FITC dextran staining was
diminished compared to the coated conditions. This may
represent less vascular in-growth from the host compared to
the coated conditions and could reflect exogenous growth
factors present in the Matrigel.

Although we did not observe any obvious teratoma for-
mation, our experiments were relatively short term. Longer
implantation of re-cellularized scaffolds should be the focus
of future research studies.

Conclusion

Use of a rapid detergent-based de-cellularization protocol
results in a scaffold that maintains architecture and critical
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ECM components and enables maintenance of mESC differ-
entiation both in vitro and after subcutaneous implantation.
Neovascularization of implanted constructs will facilitate a
long-term study to follow the potential development of a
functional lung tissue. These studies will provide a strong
basis for the potential clinical use of ex vivo-engineered lung
tissues derived using de-cellularized whole lungs.
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