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Abstract

Decellularized tracheal scaffolds offer a potential solution for the repair of long-segment tracheal defects. However,
complete decellularization of trachea is complicated by tracheal collapse. We created a partially decellularized tracheal
scaffold (DTS) and characterized regeneration in a mouse model of tracheal transplantation. All cell populations except
chondrocytes were eliminated from DTS. DTS maintained graft integrity as well as its predominant extracellular matrix
(ECM) proteins. We then assessed the performance of DTS in vivo. Grafts formed a functional epithelium by study
endpoint (28 days). While initial chondrocyte viability was low, this was found to improve in vivo. We then used atomic
force microscopy to quantify micromechanical properties of DTS, demonstrating that orthotopic implantation and graft
regeneration lead to the restoration of native tracheal rigidity. We conclude that DTS preserves the cartilage ECM,
supports neo-epithelialization, endothelialization and chondrocyte viability, and can serve as a potential solution for
long-segment tracheal defects.
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and capable of renewal and repair.* Approaches for tissue
engineered tracheal graft fabrication have included the
modification of allograft tissue as well as synthetic and
decellularized scaffolds.> Allograft outcomes have been
limited due to graft immunogenicity and synthetic tracheal
scaffolds have exhibited poor epithelialization and neovas-
cularization.®” Initially, decellularization was geared
toward removal of all native cellular material, thus limit-
ing immunogenicity while preserving a natural scaffold
composed of extracellular matrix (ECM).%? Decellularized
trachea have exhibited regeneration in pre-clinical models,
however their clinical applications have remained limited.
Barriers of successful DTS creation have been associated
with limited chondrocyte regeneration and disruption of
graft mechanical properties resulting in collapse.'*!3
Given the immunoprivileged nature of chondrocytes,
complete decellularization of donor trachea may not be nec-
essary fora suitable tracheal replacement.'*!” Contemporary
approaches have begun to assess the feasibility of partial
decellularization approaches, removing immunogenic cell
types and preserving immunoprivileged chondrocytes.'$!”
We have developed a mouse model of orthotopic tracheal
replacement which permits the assessment of the tracheal
replacements in vivo.”?° Using this model, we studied the
impact of partial decellularization on graft matrisome com-
position, chondrocyte viability, micro-mechanical proper-
ties, and evaluated the regenerative capacity of partially
decellularized tracheal scaffolds (DTS) in vivo.

Material and methods

Animal care and ethics statement

The Institutional Animal Care and Use Committee (IACUC)
of the Abigail Wexner Research Institute at Nationwide
Children’s Hospital reviewed, approved, and monitored the
protocol (AR15-00090) prepared for this study. Humane
care was provided in accordance with standards published
by the Public Health Service, National Institutes of Health
(NIH, Bethesda, MD) in the publication entitled Care and
Use of Laboratory Animals (2011), as well as regulations
defined in the Animal Welfare Act by USDA.

Generation of tracheal scaffolds

Tracheal segments were harvested from 6 to 8-week-old
female C57BL/6 mice and trimmed to create grafts
designed to approximate long-segment defects (3~4 mm
length). Syngeneic tracheal grafts (STG) were harvested
from donors and maintained in PBS at room temperature
while the recipient animal was prepared for implant.
Decellularized tracheal scaffolds (DTS) were fabricated as
a modification of previously published methods.?! Briefly,
tracheas were subjected to sequential treatment at room

temperature with solutions of 1% penicillin/streptomycin
in PBS (rinse), 0.01% sodium dodecyl sulfate (SDS,
Smin), 0.9% NaCl solution (10, 15, and 20 min), 0.01%
SDS (24h), 0.1% SDS (24h), 0.2% SDS (3h), 0.1% SDS
(3h), 1% TritonX-100 (30min). Tracheas were equili-
brated in 0.9% NaCl solution overnight at 4°C. All decel-
lularization steps occurred with agitation (48-rpm). Grafts
were created in separate cohorts and reproducibility was
validated prior to implantation. DTS were stored in PBS at
—20°C prior to implantation. Axial and longitudinal images
of native and DTS were used to assess gross morphology.

Mass spectrometry

We assessed the matrisome of native trachea and DTS with
mass spectrometry.”??3 Briefly, samples were digested by
adding 5% SDS solution in 50mM Triethylammonium
bicarbonate (TEAB) solution and lysed with probe and
bioruptor sonicators. Protein concentration was measured
using Qubit (Thermo Fisher Scientific). A total of 20 pg of
protein from each sample were digested using S-Trap™
sample processing technology (Protifi, Farmington, NY,
USA). A total of 1 ug of protein underwent liquid chroma-
tography followed by tandem mass spectrometry (LC-MS/
MS). The data were analyzed using MASCOT via
Proteome Discoverer™ (Thermo Fisher Scientific,
Waltham, MA, USA) and then summarized using Scaffold
(Proteome Software, Inc., Portland, OR, USA). Spectral
count was used as a semiquantitative measure of protein
abundance.

DNA quantification

Extent of decellularization in DTS was quantified using a
DNA extraction assay (DNeasy Blood & Tissue Kit,
QIAGEN, MI) according to kit instructions.?* Briefly, tra-
cheas (N=4) were harvested and separated into proximal
and distal grafts. Proximal grafts were decellularized for
graft fabrication, and corresponding distal segments
served as unoperated controls. Samples were weighed
after blotting to remove excess moisture from the sam-
ple.??", Tissue was digested in 180 pul ATL and 20 pl pro-
teinase K at 56°C overnight in capped tubes. Buffer AL
(200 pl) and ethanol were added, and tubes were vortexed.
The lysate was transferred to a DNeasy Mini spin column
in a 2ml collection tube and centrifuged at 8000 rpm for
1 min. The DNA retained in the spin column was washed
with 500 ul Buffers AW1 and AW2 by centrifugation at
8000 rpm (1 min) and 14,000 rpm (3 min), respectively.
DNA was eluted from the spin column by two washes of
200 ul AE buffer at 8000 rpm spinning for 1 min. DNA
concentration (ng/mg wet tissue) was measured using the
Nanodrop™ 2000c spectrophotometer (Thermo Fisher
Scientific).
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Scanning electron microscopy

Tracheal grafts were fixed in 2.5% glutaraldehyde (Sigma—
Aldrich, St. Louis, MO, USA) in PBS (Gibco, Thermo
Fisher Scientific) for 1h at room temperature, then rinsed
three times with PBS. Samples were lyophilized overnight,
sputter-coated with gold-palladium, and imaged using
scanning electron microscopy (SEM, SU4800, Hitachi,
Japan).

Tracheal graft implantation

Segmental tracheal replacement was performed in
C57BL/6 mice using STG (N=8) and DTS (N=12).
Briefly, upon anesthesia and sedation of an animal, a mid-
line incision was made from the sternum to the hyoid bone
in an aseptic fashion. The strap muscles were separated,
and the trachea was dissected from the recurrent laryngeal
nerves and esophagus. After the trachea was circumferen-
tially dissected, it was transected below the third tracheal
ring. The distal tracheal segment was sutured to the sternal
notch, serving as a temporary tracheostomy site. The
experimental graft (STG or DTS) was then sutured to the
proximal airway using 9-0 sterile nylon suture in an inter-
rupted fashion. The tracheostomy site was released and a
3~4mm (three rings) segment of native trachea was
excised. The distal graft was then sutured to the distal air-
way. A subset of STG and DTS recipients were implanted
with radio-opaque markers at the proximal and distal anas-
tomoses for micro-computed tomography (microCT).
Animals were monitored and euthanized if humane end-
point criteria were met (respiratory distress, loss of >20%
preimplantation weight). All surviving animals were euth-
anized at 28 days post-implantation and grafts were har-
vested. The tissues were formalin-fixed and embedded in
paraffin for sectioning for downstream histology and
immunofluorescent staining.

Micro-computed tomography

Graft patency was assessed in vivo with the Trifoil
eXplore Locus RS 80 micro-computed tomography
(microCT).® Live animal scanning was performed on
post-operative day (POD) 0; animals were positioned
prone following induction of inhalational anesthesia
(1%—3% isoflurane in room air at 1-3 L/min). Terminal
scans were performed at humane and experimental end-
points with similar positioning. Three-dimensional
images of the airway lumen were reconstructed using
Amira (Thermo Fisher Scientific).

Histology

Grafts were sectioned in both axial and longitudinal orienta-
tions for pre-implant characterization and in the longitudinal

plane following explant to assess the host-graft interface.’
Grafts (N=13) were randomly selected from three separate
decellularization cohorts and stained with Masson’s
Trichrome, Alcian Blue, and Hematoxylin and Eosin (H&E)
(Sigma—Aldrich, St. Louis, MO, USA) to confirm reproduc-
ibility of the protocol. Longitudinal sections of explanted
tracheal grafts underwent immunofluorescence with quanti-
fication of epithelial and endothelial cells.” Epithelialization
was measured as a function of % coverage of the graft with
ciliated (ACT) and basal (K5, K14) cells. Restoration of the
tracheal microvasculature was quantified by counting
CD31+ cells per 20X field within the submucosa.

Chondrocyte viability was then assessed with both live /
dead assay and terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay. Live/dead cytotoxicity kit
(Invitrogen™, Thermofisher Scientific) was used to stain an
isolated tracheal cartilage of STG and DTS with 0.6 ul/ml
Calcein-AM and 13 pl/ml ethidium homodimer-1 in PBS
(300 pul/sample). Following a 15-min incubation, transverse
sections of the cartilage were imaged with a confocal micro-
scope (Zeiss LSM700). Live cells were defined as green-flu-
orescent calcein-AM to indicate intracellular esterase activity
and dead cells were defined as red-fluorescent ethidium
homodimer-1 to indicate loss of plasma membrane integrity.
Viability was quantified as percentage of living cells [Live
%=100 X (Nyi.e cetis / Niogal cetts) 70)- Apoptotic chondrocytes
were quantified using the TUNEL assay (Sigma-Aldrich);
chondrocytes were stained with Sox9 antibodies (primary:
rabbit polyclonal antibody (1:400, Sigma-Aldrich), second-
ary: goat-anti-mouse Alexa Fluor 488 (1:500, Invitrogen, CA,
USA)) with 1pg/ml 4,6-diamidino-2-phenylindole (DAPI,
Invitrogen) counterstain. Viability was derived by [Live
%=100 X (N +) %].

nuclei + s0x9 + TUNEL™ / Nnuclei

Atomic force microscopy

Regional micromechanics of grafts were measured
using atomic force microscopy (AFM).?873% Tissue sec-
tions were de-paraffinized with xylene washes and
rehydrated through graded alcohols, followed by over-
night immersion in PBS at room temperature.
Micromechanical properties of tissue samples were
characterized using the Asylum MFP-3D-Infinity-BIO
AFM.3132 In brief, a dull-tipped triangular probe (PNP-
TR-Au, Asylum Research) with a nominal spring con-
stant of ~0.32N/m was used. The AFM system was
calibrated following the manufacturer’s instruction
before each indentation measurement. Deflection
inverse optical lever sensitivity was calculated from
single force-generated curve and adjusted by re-instal-
lation of the cantilever when it was over 100 nm/V. The
cantilever spring constant was confirmed using the ther-
mal fluctuation method. Force-indentation profiles were
acquired at a force distance of 1.6 pum, scan rate of
0.3 Hz and sample rate 625 Hz.
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Tracheal sections (N=3/group) from native, DTS, STG
(28d) and DTS (28d) were quantified. For each animal,
continuous force (40 curves/point) was used to test six
locations in epithelium and submucosa of the native tra-
chea and grafts recovered at 28-day timepoints. Due to the
lack of epithelial cells in DTS prior to implantation, only
three locations were tested in epithelium and submucosa.
In cartilage, continuous force was used to test chondro-
cytes, perichondrium, and extracellular matrix (ECM)
locations (six sites for chondrocytes, three for perichon-
drium and four for ECM per sample). Samples were
immersed in PBS while testing under a “Bio-contact cell”
mode. The trigger points for all regions were 1V~2V. The
Young’s modulus of each point was determined by fitting
force-indentation data from 40 curves to the Oliver-Pharr
model (a modified Hertz model) using IGOR Pro software
(WaveMetrics).?833

Statistical analysis

Statistical analysis was performed using the GraphPad
Prism 8 software (GraphPad Software Inc., CA, USA).
The normality of data was evaluated using Shapiro-Wilk
test. Normally-distributed data were compared using
Welch’s -test for data with non-equal variances and un-
paired ¢-test for data with equal variances. Non-parametric
test (Mann—Whitney) was used for non-normally distrib-
uted data. Statistical difference was considered significant
at p<<0.05. All experimental data were expressed as
mean * standard deviation (SD).

Results

Decellularization eliminated cells within the
epithelium while preserving chondrocytes and
extracellular matrisome

We first created DTS that were grossly similar to native
trachea (Figure 1(a)). Axial inspection confirmed that the
graft lumen remained patent. Partial decellularization was
confirmed with DNA assay, demonstrating a 51.58 %
reduction in DNA content (Figure 1(b), p=0.0090). The
tracheal lumen was inspected with scanning electron
microscopy, qualitatively demonstrating decellularization
of the epithelium in the DTS, revealing the underlying
ECM fibers, and devoid of the cells seen in the native epi-
thelium (Figure 1(c)). Light microscopy imaging revealed
that graft decellularization was reproducible, consistently
limited to the epithelium and epithelial submucosa (Figure
1(d), longitudinal images not shown). The tracheal carti-
lage of DTS was histologically identical to control: chon-
drocytes remained nucleated and the staining intensities of
the extracellular matrix (ECM) proteins, collagen
(Masson’s Trichrome) and glycosaminoglycans (GAGs,
Alcian blue) were similar to native tracheal sections

(Figure 1(d)). We then examined the impact of decellulari-
zation on key matrix proteins of the trachea with mass
spectrometry. Spectral count of graft proteins showed that
partial decellularization did not result in the loss of graft
collagen, GAGs, laminin, and fibronectin (Figure 1(e)).

Orthotopic implant of the graft was performed to repair
a segmental defect created in the native trachea (Figure
2(a-1)). Micro-computed tomography (microCT) follow-
ing implantation confirmed post-implantation graft
patency (Figure 2(a-2). Three-dimensional tracheal airway
reconstructed from microCT scans reveal that grafts at
endpoint (28 days) remained patent without evidence of
graft stenosis or collapse (Figure 2(b)).

Decellularized tracheal scaffolds supported
graft epithelialization, vascularization, and
chondrocyte viability in vivo

We performed orthotopic segmental tracheal replacement
in mice using DTS and STG (control). Survival to the
planned euthanasia timepoint of STG recipients was
87.50% (7/8), compared to 41.67% of DTS recipients
(5/12, p=0.0490, Log-rank (Mantel-Cox) test). Most ani-
mals requiring early euthanasia (N=7) exhibited signs of
respiratory distress within the first week after surgery. One
animal was found dead at day 20. No animals at the experi-
mental endpoint exhibited signs of respiratory distress.
Immunofluorescence confirmed the elimination of graft
epithelial cells in DTS prior to implantation (Figure 3(a—
¢)). We found that DTS support basal cell (BC) coverage in
vivo (K5+=95.95%*2.17%) at endpoint, equivalent to
native trachea (Figure 3(a)). Compared to STG, BC K14+
expression was higher in DTS (Figure 3(b)), consistent
with BC activation during injury and repair.3* In Figure
3(c), ciliated epithelial cells were also found to be lining
the lumen of DTS at 28 days (63.33 = 14.12%), albeit less
than syngeneic controls (87.13 =4.59%, p=0.0173) and
adjacent native trachea (90.02=*=5.26%, p=0.0104).
Decellularization also resulted in the successful elimina-
tion of the endothelial cells of the tracheal epithelial micro-
vasculature (p=0.0050, Figure 3(d)). In vivo implantation
of DTS resulted in the restoration of tracheal endothelial
cells; CD31+ cells were equivalent to native and STG at
endpoint (p=0.6254 and 0.8333, respectively).

To further assess the effect of partial decellularization
on the graft cartilage, we quantified chondrocyte viability
using live / dead assay (Figure 4(a)) and TUNEL assay
(Figure 4(b)). Both native and STG exhibited high chon-
drocyte viability which persisted following orthotopic
implantation in vivo. Viability of chondrocytes in DTS at
the time of implantation was low (2.00 = 3.46% via live/
dead and 4.30*+3.89% via TUNEL), however this
increased following orthotopic implantation (live / dead —
25.97 £10.99%, p=0.0187 and TUNEL — 18.58 = 4.42%,
p=0.0208).
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Figure |. Characterization of decellularized tracheal scaffold (DTS): (a) gross axial and anterior images of native trachea ((1), (2))
and DTS ((3), (4)), (b) DNA quantification (ng/mg wet tissue); * represents a loss of DNA following decellularization (p=0.0090),
(c) representative SEM images of native trachea (I) and DTS (2), (d) representative axial H&E, Masson’s Trichrome and Alcian blue
stained sections for native trachea (1-3) and DTS (4-6). Solid arrows denote representative chondrocytes in H&E and Masson’s
Trichrome images, and (e) spectral count of collagen, glycosaminoglycans (GAGs), laminin and fibronectin; * denotes a difference
between native and DTS in collagen and laminin (p=0.0342 and 0.0149, respectively).

Decellularized tracheal scaffolds restored
native micromechanical properties in vivo

We then assessed the micromechanical properties of DTS
during graft regeneration, quantifying the impact of decel-
lularization and implantation on the Young’s modulus of
various regions of the trachea: epithelium and submucosa,
and cartilage (perichondrium, chondrocytes, and cartilage
ECM). We confirmed that decellularization resulted in a
loss of stiffness within the previously-cellularized regions
of the trachea (epithelial region: 44.06% decrease,
p=0.0259; chondrocytes: 52.94% decrease, p=0.0016),
while preserving the stiffness of the ECM and

perichondrium (Figure 5). Following implant, regional
stiffness of the epithelium and submucosa was equivalent
to STG, suggesting that graft regeneration restored native
graft stiffness (p=0.8931). Using a similar rationale, we
found that the loss of stiffness seen in the chondrocytes of
DTS at the time of implant was restored to normal condi-
tions after implantation, suggesting chondrocyte recovery.

Discussion

We present an approach to tracheal replacement using par-
tially decellularized tracheal scaffolds (DTS). We success-
fully created a graft that removed the donor epithelial cells
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Figure 2. Graft implantation and microCT characterization: (a) representative images of DTS post-implantation (1) anterior image
of implanted graft in vivo, (2) sagittal microCT image of implanted graft (open arrows — radio-opaque markers) and (b) three-
dimensional reconstructions of STG (1), (2) and DTS (3), (4) at day 0 and 28 in vivo.

and preserved chondrocytes in the tracheal cartilage.
Unlike previous approaches of complete decellularization,
our goals for partial decellularization included: (1) com-
plete removal of cells within the surface airway epithe-
lium, epithelial submucosa, and microvasculature; (2)
preservation of the basement membrane and ECM of the
epithelial submucosa; (3) preservation of cartilaginous
ECM and minimizing exposure of graft chondrocytes to
decellularization detergents.

As decellularization can cause ECM injury resulting in
disruptions in graft biomechanics, we assessed the effect
of partial decellularization on DTS by quantifying the graft
matrisome as well as its regional micromechanical

properties prior to implantation.*3® We identified that
DTS fabrication resulted in preservation of key ECM pro-
teins essential for biomechanical support and maintained
consistent micromechanical properties in the matrix.?” A
key advantage of partial decellularization in our DTS was
its ability to preserve cartilage integrity. As such, we used
atomic force microscopy (AFM) to further characterize
chondrocyte stiffness in addition to live / dead and TUNEL
assays. AFM offers superior resolution to optical micros-
copy to assess cell properties: loss of cell stiffness can sug-
gest membrane injury;?>3® the reduction of cellular rigidity
can indicate the damage and destruction of cytoskeleton;*
decreased cell stiffness can reveal cell apoptosis.*
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Figure 3. Decellularized tracheal scaffolds following orthotopic implantation: (a) basal cells (K5+) on STG and DTS (1)
representative images; (2) quantification of K5+ basal cell coverage on graft (average % coverage of K5); * represent difference
between native vs DTS, STG (28d) graft vs DTS (28d) graft, and DTS vs all 28d basal cell coverage (p <0.05), (b) K14+ basal
cells in STG and DTS: () representative images; (2) quantification of K14+ cell coverage (cells/mm); * denote increase in K14+
basal cells on DTS graft at day 28 (p=0.0007) compared to STG, (c) quantification of ciliated epithelial cells (ACT+) in STG and
DTS prior implantation and at day 28: (1) representative images; (2) quantification of K5+ basal cell coverage on graft (average %
coverage of ACT); * difference between native vs DTS, native vs STG (28d) graft, STG (28d) graft vs DTS (28d) graft, and DTS
vs all 28d basal cell coverage (p <0.05); # denote difference between DTS (28 d) graft vs DTS (28d) native (p <0.05), and (d)
characterization of endothelial cells (CD31+) in STG and DTS: (1) representative images, empty arrow heads denote CD3 1+
cells; (2) quantification of CD3 1+ cells within the tracheal microvasculature (number/20X image); * represent difference between
compared groups.
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Figure 4. Chondrocyte viability characterization: (a) live/dead assay (I and 2); arrow heads point out a DTS ring and a host ring;
* represent lower viability of DTS comparing with native and DTS (28d) (p <<0.0001, and 0.0187, respectively), and lower viability
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(28d) (p<0.0001 and 0.0208, respectively), and lower viability of DTS (28d) comparing with STG (28d) (p <0.0001).

Decellularization resulted in a loss of stiffness in epithelial
regions (epithelial and epithelial submucosa) and these
micromechanical properties were restored following graft
regeneration at 28 days. Similarly, a loss of stiffness was
noted in graft chondrocytes after decellularization; how-
ever, this was restored at 28days in vivo equivalent to
native and syngeneic cohorts.

We found that DTS supported epithelial coverage in
vivo with observation of basal and ciliated epithelial sub-
types, confirming that partially-decellularized scaffolds
can support epithelial regeneration. In addition, we found
that DTS were able to repopulate CD31+ endothelial cells
within the graft submucosa comparable to that of adjacent
host tissue and syngeneic grafts. Further work will be
devoted to assessing graft perfusion and microvascular
function within DTS.

Our study has several limitations. First, despite the his-
tologic preservation of graft chondrocytes, overall chon-
drocyte viability remained poor. We were able to increase
viable chondrocytes within DTS in vivo in 28days.
Chondrocyte viability plays a critical role in maintaining
the biochemical and biomechanical properties necessary to
prevent stenosis or collapse in tracheal replacement, how-
ever the preservation of chondrocyte viability remains a
challenge in tracheal tissue engineering.!*'*> Modulation
of decellularization protocol, such as optimization of
decellularization time, can preserve viability of chondro-
cytes in DTS."

We also observed a higher mortality rate of hosts
receiving DTS than that of STG control (p = 0.0490). A
robust assessment of survival benefit is not permitted
given the limited sample size. In addition, given the
technical challenges of orthotopic tracheal replacement
in a mouse model, it is difficult to associate survival
outcomes exclusively with graft performance. As
expected, animals that required early euthanasia exhib-
ited less epithelialization than animals that met end-
point, however the presence of signs of graft dysfunction
requiring early euthanasia and disparities in time points
do not permit comparison of these groups (data not
shown). In our analysis, we placed an emphasis on the
characterization of asymptomatic hosts of each graft
type at the experimental endpoint. Future efforts will be
devoted to both defining the mode of failure in animals
that required early euthanasia, as well as develop strate-
gies to optimize graft performance in the early phases of
repair.

Conclusion

Partially-decellularized tracheal scaffolds are a potential solu-
tion to repair long segmental tracheal defects. An approach
that can completely eliminate cells in epithelium, epithelial
submucosa, and microvasculature, while preserving critical
structures to promote regeneration, including the basement
membrane, ECM of the epithelial submucosa and cartilage,
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Figure 5. Micromechanics of tracheal grafts: (a) representative boundaries of regions tested in (I) native trachea, (2) DTS, (3)
STG (28d), and (4) DTS (284d), (b) tissue sections of (I) native trachea, (2) DTS, (3) STG (28d), and (4) DTS (28d) with the AFM
cantilever, and (c) Young’s modulus of (1) epithelium and submucosa, (2) chondrocytes, (3) perichondrium, and (4) cartilaginous
ECM. * denote differences in local stiffness between native and DTS in region of epithelium and submucosa, and chondrocyte
(p=0.0295 and 0.0016 respectively). * also denote difference between native and STG (28d) in perichondrium (p=0.0140).

and viable chondrocytes, may provide a supportive, non-
immunogenic scaffold for host-derived tracheal regeneration.
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