
https://doi.org/10.1177/19476035221075951

Cartilage
January-March 2022: 1 –12
© the author(s) 2022
DOi: 10.1177/19476035221075951
journals.sagepub.com/home/Car

Creative Commons Non Commercial CC BY-NC: this article is distributed under the terms of the Creative Commons attribution-
NonCommercial 4.0 license (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and 

distribution of the work without further permission provided the original work is attributed as specified on the Sage and Open access pages  
(https://us.sagepub.com/en-us/nam/open-access-at-sage).

Original Article

Introduction

Airway defects arising congenitally or secondarily as a 
result of trauma, tracheal invasion by malignant tumors, or 
surgical resections are one of the most severe and life-
threatening clinical conditions. Recent evidence suggests 
that patients with extended recurrent cicatricial stenosis are 
a leading value group among tracheal diseases. This fre-
quency significantly increased in recent decades due to the 
capabilities of resuscitation, allowing treatment of extremely 
heavy patients with severe traumatic brain injury who 
required prolonged artificial lung ventilation via an endo-
tracheal or tracheostomy tube. Primary reconstruction of  
extended tracheal defects is limited to 50% of the trachea in 
adults or 30% in children.1

In light of recent events, it is becoming important to con-
sider regenerative medicine as a novel approach for the 
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Abstract
Objective. implantation of tissue-engineered tracheal grafts represents a visionary strategy for the reconstruction of tracheal 
wall defects after resections and may develop into a last chance for a number of patients with severe cicatricial stenosis. the 
use of a decellularized tracheal substrate would offer an ideally stiff graft, but the matrix density would challenge efficient 
remodeling into a living cartilage. in this study, we hypothesized that the pores of decellularized laser-perforated tracheal 
cartilage (lPtC) tissues can be colonized by adult nasal chondrocytes (NCs) to produce new cartilage tissue suitable for 
the repair of tracheal defects. Design. Human, native tracheal specimens, isolated from cadaveric donors, were exposed to 
decellularized and laser engraving–controlled superficial perforation (300 μm depth). Human or rabbit NCs were cultured 
on the lPtCs for 1 week. the resulting revitalized tissues were implanted ectopically in nude mice or orthotopically in 
tracheal wall defects in rabbits. tissues were assayed histologically and by microtomography analyses before and after 
implantation. Results. NCs were able to efficiently colonize the pores of the lPtCs. the extent of colonization (i.e., 
percentage of viable cells spanning >300 μm of tissue depth), cell morphology, and cartilage matrix deposition improved 
once the revitalized constructs were implanted ectopically in nude mice. lPtCs could be successfully grafted onto the 
tracheal wall of rabbits without any evidence of dislocation or tracheal stenosis, 8 weeks after implantation. rabbit NCs, 
within the lPtCs, actively produced new cartilage matrix. Conclusion. implantation of NC-revitalized lPtCs represents a 
feasible strategy for the repair of tracheal wall defects.
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treatment of airway defects. Tracheal tissue engineering has 
been an object of research since the 1990s. Several 
approaches for tracheal tissue engineering, including the 
use of autologous or allogeneic cells, and scaffolds derived 
from different synthetic materials or natural tissues have 
been reported.2 However, despite the proliferation of stud-
ies and reported attempts at tracheal reconstruction in 
patients,3 there is still no consolidated approach that would 
provide suitable, engineered trachea grafts. The described 
techniques have had limited success, possibly due to the 
lack of living cells in cartilage structures, leading to the lack 
of new cartilage matrix production and finally to aseptic 
necrosis and progressing malacia.4 At the same time, the 
“ideal” prototype of a tissue-engineered tracheal graft 
should not only contain a sufficient amount of viable regen-
erative cells but also have physiologically relevant mechan-
ical properties5 to promote stable, tracheal lumen repair at 
the implantation site.

Native tracheal cartilage (TC) has already gained atten-
tion as a promising material for the creation of biocompat-
ible scaffolds to be seeded with chondrocytes to generate 
functional grafts.6,7 However, the highly dense matrix of 
the airway cartilage may limit cells from deep tissue 
colonization.

Several approaches including perforation, ultrasonic 
cavitation, and detergent-enzymatic treatment have been 
proposed to enhance the viability and the migration of the 
cells used for the revitalization of the constructs.8-11 
Introduction of channels in the scaffold is an effective 
method resulting in increased cell colonization.12 One of the 
main concerns is that a high porosity would reduce the stiff-
ness of the scaffold. In this study, we used a technique that 
allows the attainment of high perforation density of the 
decellularized tracheal scaffold by laser engraving saving 
scaffold stiffness enough to provide stability of the tracheal 
lumen during inhalation.

Another important aspect to be considered to revitalize 
the scaffold is the utilization of the proper cell type to use 
for the revitalization of the scaffold—cells that must pos-
sess a good capacity to engraft in a diseased environment 
and be capable of producing a high-quality cartilage matrix. 
In this regard, human nasal chondrocytes (hNCs) have been 
shown to exhibit a higher proliferation capacity and a higher 
and more reproducible chondrogenic capacity after in vitro 
expansion when compared with other chondrocytes.13,14 
hNCs were recently demonstrated to be able to respond and 
adapt to heterotopic transplantation sites15 and to possess 
superior ability over mesenchymal stromal cells (and artic-
ular chondrocytes) to survive/perform even when exposed 
to inflammatory/degenerative conditions.16 Finally, carti-
lage grafts engineered with hNCs were clinically used to 
reconstitute the nasal alar lobule17 and to repair articular 
cartilage defects.18

This study is aimed at investigating the capability of 
NCs to colonize the pores of decellularized laser-perforated 
tracheal cartilage (LPTC) tissues and to newly produce a 
cartilage matrix. In addition, we performed a proof-of-prin-
ciple study in rabbit to test the feasibility of using 
NC-revitalized LPTCs for the repair of TC defects.

Materials and Methods

Harvest and Decellularization of Human tC

TC tissues were harvested from human cadavers that met 
the following criteria: ≥18 years old at the moment of 
death, and no trachea-bronchial diseases, infections, disor-
ders, or malignancies. All procedures were conducted with 
the approval of the Local Ethics Committee of Sechenov 
University (July 15, 2015, protocol N. 07-15). The trachea 
samples were isolated between the second tracheal ring and 
the carina. The tracheal rings were carefully separated from 
all surrounding tissues using a surgical blade. Separated tra-
cheal rings were sliced into small samples (2 × 5 mm). TC 
samples were decellularized using the freeze and thaw 
method.19 In brief, the samples were placed into cryovials 
that were immersed into liquid nitrogen for 15 minutes, and 
samples were then thawed in a water bath at 37 °C for 30 
minutes. This cycle was repeated 5 times. Decellularized 
samples were assayed using the toxicity controls described 
below. Samples that passed these controls were packed in 
an ice-cold phosphate-buffered saline (PBS) containing 100 
U/ml penicillin and 100 mg/ml streptomycin, and labeled 
and delivered to the Tissue Engineering Lab (University 
Hospital of Basel, Switzerland) or the Division of Trauma-
Surgery of the Medical University of Vienna in a plastic 
box, equipped with cold packs and thermologger device. 
All shipment in our study were deposited in specially 
labeled plastic boxes abiding with procedures and regula-
tions in accordance with the Russian, Swiss, and European 
Union (EU) requirements.

laser Perforation (engraving) of Decellularized 
tracheal Cartilage (dtC)

Perforation of dTC was performed with a laser engraver 
“Trotec Speedy 300” (Trotec Ltd, Austria) with a standard 
wavelength of 10.6 μm and a pulse duration of 0.2 ms. The 
laser was set at 30 W and operated with a speed of 42.6 
cm/s. To engrave the groves, circles of 10 μm were drawn at 
a 250-μm distance. LPTCs were divided into smaller pieces 
(2 × 2 mm) and assessed with scanning electron micros-
copy (SEM) and histologically (as described below), or 
used for the revitalization studies before being exposed to 
the following sterilization process. LPTCs were incubated 
for 1 hour with 70% ethanol (under agitation), and samples 
were then rinsed 4 times with sterile PBS (1 day per wash, 
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with change of PBS each day) under agitation. Samples 
were subsequently assessed with the quality controls 
described below.

Safety and Quality Control of dtCs and lPtCs

Samples (dTCs and LPTCs) were placed in sterile 15 ml 
Eppendorf (4 samples/tube) and incubated for 3 days at 37 
°C and 5% CO2 with Dulbecco’s Modified Medium 
(DMEM; Gibco, USA)  (2ml/tube). Tubes containing only 
DMEM (controls, ctr) were incubated in the same condi-
tions. Conditioned medium from dTCs (dTC-CM), condi-
tioned medium from LPTCs (LPTC-CM), and control 
medium (ctr-M) were then harvested and used for endo-
toxin and cytotoxicity tests. It was decided to consider non-
toxic the samples that fulfilled both these criteria (currently 
in use in our phase II clinical trial, clinicaltrials.gov: 
NCT02673905): more than 90% cell viability in cytotoxic-
ity test, less than 1.0 IE/ml of endotoxin.

endotoxin quantification. The concentration of endotoxins in 
the collected media (ctr-M, dTC-CM, and LPTC-CM) was 
measured at the Hospital Pharmacy Basel using the Limulus 
Amebocyte Lysate assay (chromogenic kinetic method), a 
lysate that reacts with bacterial endotoxin lipopolysaccharide, 
which is a membrane component of gram-negative bacteria.

Cytotoxicity test. Passaged 2 hNCs were placed in 24-well 
plates (10,000 cells/well) and cultured in Expansion 
medium (EM, see below) up to the confluency. Resulting 
cell layers were then rinsed with PBS and exposed to the 
following media: dTC-CM:EM (1:1), LPTC-CM:EM (1:1), 
and ctr-M:EM (1:1) for 48 hours. hNCs were then detached 
with 0.05% Trypsin-EDTA (Gibco) and counted with Try-
pan blue (Sigma-Aldrich) to measure cell number and 
viability.

isolation and Culture of NCs

Human nasal chondrocytes. Nasal septum biopsies were 
received from patients (n = 5, 4 women and 1 men, 25-54 
years old; mean age, 35.6 years) undergoing rhinoplasty 
after informed consent and in accordance with the local 
ethical commission (EKNZs; Ref.# 78/07). Remnants of 
perichondrial tissues, when present, were carefully removed 
from the biopsies by a trained personnel to avoid having 
contaminant perichondrial cells in the culture.20 Pure nasal 
cartilage biopsies were then digested for 22 hours with 1.5 
mg/ml collagenase type II (BioConcept).20 The isolated 
hNCs were expanded in EM (DMEM containing 10% fetal 
bovine serum [FBS], 10 mM HEPES buffer [Gibco], 1 mM 
sodium pyruvate [Gibco], 100 U/ml penicillin, 100 µg/ml 
streptomycin, 0.29 mg/ml l-glutamine [Invitrogen], 1 ng/
ml TGF-β1 and 5 ng/ml FGF-2 [both from R&D Systems]) 

for 2 passages. Passaged 2 hNCs were then used for the 
revitalization of LPTCs as follows.

Rabbit nasal chondrocytes (rNCs). rNCs were harvested accord-
ing to Chen et al.21 Allogeneic rNCs were isolated from the 
nasal septum biopsy of 2 adult male rabbits (3.2-3.5 kg) under 
total anesthesia. Briefly, the cartilage specimens were cut into 
small slices and digested at 37 °C with 0.15% protease from 
Streptomyces griseus (Sigma-Aldrich) in Hank’s balanced 
sodium salt (Invitrogen) for 30 minutes. Slices were then 
digested overnight at 37 °C with 0.025% type II collagenase 
(BioConcept) in DMEM (Invitrogen, Carlsbad, CA) on a 
magnetic stirrer. Finally, the isolated rNCs were cultured in 
EM (not containing TGF-β1) for 2 passages.

Revitalization of lPtCs

LPTCs were placed onto 0.4 mm pore-size polycarbonate 
Transwell filters (Corning B.V. Life Sciences, Schiphol-
Rijk, The Netherlands; 2 samples/insert). hNCs or rNCs 
were loaded on the top of the LPTCs (100 μl of cell suspen-
sion containing 0.5 × 106 cells per insert) in Chondrogenic 
Medium, high-glucose DMEM containing 5% FBS, 10 mM 
HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 
µg/ml streptomycin, 0.29 mg/ml l-glutamine, 10 µg/ml 
insulin (Novo Nordisk, Bagsvaerd, Denmark), and 0.1 mM 
ascorbic acid 2-phosphate (Sigma-Aldrich) for 7 days at 37 
°C and 5% CO2 with media changes twice/week. Revitalized 
LPTC constructs with hNCs were assessed histologically 
and biochemically as described below or implanted subcu-
taneously in nude mice (see below description). Revitalized 
LPTC constructs with rNCs were implanted orthotopically 
in rabbit (see below description).

In Vivo experiments

ectopic study in nude mice. We investigated the capacity of 
hNCs to further migrate into the in vitro revitalized LPTCs 
and to produce a new cartilaginous matrix implanting the 
tissue in nude mice. All animal procedures were reviewed 
and approved by the Swiss Federal Veterinary Office (per-
mission # 1797). Briefly, hNC-revitalized LPTCs (N = 4) 
and non-revitalized LPTCs (N = 2, control) were implanted 
in the subcutaneous pockets of CD1 nu/nu female nude 
mice (4-6 weeks old, n = 2) (4 samples/mouse). The opera-
tion was performed with isoflurane (Attane Isoflurane; 
Provet AG, Lyssach, Switzerland) anesthesia and buprenor-
phine (Temgesic; Reckitt Benckiser AG, Wallisellen, Swit-
zerland) analgesia, and animals were checked periodically. 
After 28 days, mice were euthanized with CO2 and explants 
were assessed as described below.

Orthotopic study in rabbits. We investigated the capability of 
in vitro revitalized LPTCs to heal tracheal lesions in an 
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orthotopic rabbit model. The Local Ethics Committee of the 
Sechenov University approved experimental studies on ani-
mals (protocol No 07-15 July 15, 2015). rNC-revitalized 
LPTCs and non-revitalized LPTCs (control) were implanted 
in experimentally induced defects in the tracheal wall of 
rabbits (female Gray Giant Flander rabbits, 3-6 months of 
age). Animals were operated under general anesthesia with 
Zoletil 100 (Virbac, France). The anterior and anterolateral 
tracheal wall of the neck tracheal region was visualized and 
mobilized. A tracheal wall defect approximately 6 × 4 mm 
was formed by the resection of the anterior tracheal wall 
within 4 tracheal rings below the second ring. Rabbits were 
randomly divided into 2 groups according to the constructs 
to be implanted: (1) control (N = 4) and (2) revitalized (N 
= 4). LPTCs were grafted in the tracheal defects in a way 
that the smooth unperforated side conforms with the inner 
tracheal surfaces and were fixed with separate sutures 
(Prolene 7-0). The rabbits were monitored weekly for their 
activity and vital parameters including their heart rate, 
breathing rate, and oxygen saturation.

Multislice computed tomography was performed for 2 
rabbits (one for control and one for the revitalized group) 4 
weeks after surgery. All rabbits were euthanized by CO2 
asphyxiation 8 weeks after surgery. The whole trachea from 
the first tracheal ring to carina was explanted for the radio-
logical and histological analysis.

Analytical Methods

Scanning electron microscopy. The samples were fixed over-
night in 0.05% glutaraldehyde at 4 °C, dehydrated in graded 
ethanol concentrations, and processed via “critical point dry-
ing” (CPD). SEM (Nova NanoSEM 230, FEI, USA, Acc: 
5000 Volt, Detektor: 8000, Iteration: 22700 nA) of LPTCs 
was performed after a gold sputter-coating in vacuum. A 
piece of native human dTC was used as a control sample.

Quantification of DNA. Five dTCs derived from a TC sample 
were assessed to quantify the contents of DNA. Samples 
were washed in PBS and digested with protease K (0.5 ml 
of 1 mg/ml protease K in 50 mM Tris with 1 mM EDTA, 1 
mM iodoacetamide, and 10 mg/ml pepstatin-A for 15 h at 
56 °C). DNA amounts were spectrofluorometrically mea-
sured using the CyQUANT Kit (Molecular Probes, Eugene, 
OR) and with calf thymus DNA as a standard.16 Results 
were normalized by the weight of the samples.

Histology. All samples were fixed in 4% paraformaldehyde 
for 24 hours at room temperature and dehydrated in a graded 
ethanol series, embedded in paraffin, and cut into 5-μm-
thick serial sections with the microtome (Thermo Fisher 
Scientific, USA) inserting 5 trimming steps of 25 μm to 
obtain the slides from superficial and deep zones separately. 
Slices were then incubated at 56 °C for 30 minutes, and 
dewaxed and stained with Safranin-O (Saf-O) according to 

standard protocols. Histological images were acquired with 
a microscope (Eclipse Ti2; Nikon Corp., Tokyo, Japan). 
Saf-O-stained slides from in vitro and in vivo (nude mice) 
samples were scored using the established Bern Score, 
according to Grogan et al.,22 to assess the quality of the 
newly formed cartilage tissues within the pores of the 
LPTCs or used to quantify the number of cells within the 
pores as described below. Bern Score grading and estima-
tion of cell numbers were performed on slides derived from 
superficial (0-100 μm) or deep (200-400 μm) zones. For 
each zone, a total of 30 to 50 pores corresponding to a total 
area of 500 μm2 were examined. Saf-O-stained slides (N = 
5/group, corresponding to a total area of 0.15 cm2) from  
in vivo (rabbit) samples were scored to quantify the percent-
age of glycosaminoglycans (GAG)-positive areas.

Quantitative real-time reverse transcriptase polymerase chain 
reaction (qRt-PCR). Total RNA was extracted from expanded 
hNCs and from vitalized LPTCs. cDNA synthesis and qRT-
PCR (7300; Applied Biosystems) were performed as previ-
ously described20 to quantify the expression levels of type I 
collagen (Col I, Hs00164004), type II collagen (Col II, 
Hs00264051), aggrecan (Agg, Hs00153936 m1), and versi-
can (Ver, Hs00171642 m1) (all from Applied Biosystems). 
For each sample, the Ct value of each target sequence was 
subtracted from the Ct value of the reference gene (human 
GAPDH, Hs02758991k Applied Biosystems) to derive the 
ΔCt.

AlU in situ hybridization. ALU in situ hybridization was per-
formed on samples explanted from the nude mice to access 
the human origin of the cells, according to a standard proto-
col. The in vivo samples were deparaffinized and digested 
with Pepsin (Sigma, USA), 0.5 mg/ml 0.01 N HCl for 10 
minutes at 37°C, and then neutralized by acetic anhydride. 
Prehybridization was done with bovine DNA (5 mg/ml) in 
50% dextransulfate and SSC buffer. Hybridization was 
done with the ALU-probe (Microsynth, Switzerland) for 
around 16 hours, at 42 °C. For detection, a pretreatment 
with α-DIG conjugated to alkaline phosphatase (anti-
digoxygenin-AP; Roche, Switzerland) was used with an 
incubation in NBT/BCIP substrate (Roche, Switzerland) in 
DIG-3 buffer and counterstain with Nuclear Fast Red for 1 
minute (Sigma, USA).

immunohistochemistry. Immunostaining was performed fol-
lowing the standard protocol for paraffin-embedded sam-
ples23 using EnVision (DAKO Cytomation) or Vectastain 
ABC detection kit (Linaris). Briefly, the samples were 
deparaffinized with xylol and ethanol, enzymatically 
digested with 0.2% hyaluronidase (3,000 U/mg; Sigma-
Aldrich) and 0.1% pronase (Sigma-Aldrich) for 30 minutes 
each, treated with goat serum (Invitrogen), and finally 
stained against pan-cytokeratin (CK-Pan monoclonal 
mouse antibody diluted 1:100; Sigma-Aldrich) using 
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secondary goat anti-mouse antibodies (Sigma-Aldrich). 
Vector Red AP Substrate kit with Levamisole (Linaris) was 
finally applied for brown or red staining.

Microtomography (μCt). Micro-CT with Skyscan 1276 
(Bruker, USA) was performed for LPTC samples embed-
ded in paraffin at 15 kV, 15 mA, 2,500 ms exposure, and 
rotation angle of 0.5° at a resolution of 20 μm.

Statistical Analyses

Statistical evaluation was performed using SPSS software 
version 22 (SPSS, Sigma Stat). Data were represented as 
mean ± SD (standard deviation). Differences between groups 
were estimated by Kruskal-Wallis followed by Mann-Whitney 
tests and P values adjusted with Bonferroni correction. 
Comparisons of 2 groups were performed by a Mann-Whitney 
test. P values <0.05 were considered statistically significant.

Results

Characterization of lPtCs

Gross appearance images showed a regular distribution of 
pores (9 pores/mm2) in the LPTCs (Fig. 1A and B), which 
by SEM analysis appeared to have a regular size (ca 200 μm 

diameter and 300 μm depth) (Fig. 1C and D). Safranin-O 
staining evidenced a certain loss of GAG only in the regions 
immediately surrounding the pores but a preserved GAG 
intense matrix in the remaining regions of the LPTCs (Fig. 
1E). Overall, these results indicate that laser perforation 
induced a regular porosity on the dTCs without causing 
major alterations of the cartilaginous matrix of the TC 
tissues.

Safety and Quality Controls

DNA content of TCs after the decellularization process 
averaged 35 ± 12 ng/mg, that is, similar to amounts reported 
in previous studies.24,25 To test the safety of the TC tissues, 
conditioned media were generated from dTCs and LPTCs 
and assessed for their cytotoxicity or assayed to quantify the 
concentration of endotoxins. Results showed that endotoxin 
concentrations were similarly low (less than 1.0 IE/ml) in 
the conditioned media and control medium (Table 1). 
Results from the cytotoxic study demonstrated a compara-
ble number of cells and cell viability of hNCs exposed for 
48 hours to the conditioned media or the control medium 
(Table 1). These results indicate the safety of the processed 
TC samples that were thus used for the revitalization 
studies.

Figure 1. Performance of the laser perforation on decellularized tracheal cartilage (dtC) tissues. (a, B) Macroscopic appearance of 
laser-perforated tracheal cartilage (lPtCs). (C, D) representative SeM pictures. (e) Safranin-O staining of representative lPtCs. NC 
= nasal chondrocytes; SeM = scanning electron microscopy.
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Revitalization of lPtCs With hNCs and ectopic 
In Vivo Study

hNCs were cultured on the surface of the LPTCs for 7 days 
to assess their capacity to repopulate in vitro the pores of 
the TC grafts. Histological analyses of in vitro revitalized 
samples showed that the majority of the pores (>90%) 
were colonized by hNCs. The hNCs within the pores had a 
fibroblastic morphology and were surrounded by a loose 
GAG-negative matrix (Fig. 2A). qRT-PCR analyses dem-
onstrated that hNCs cultured in the LPTCs versus post-
expanded hNCs expressed higher levels of the chondrogenic 
genes Agg (12.3-fold, P < 0.05) and Col II (23.5-fold, P < 
0.05) and lower levels of the fibrocartilaginous genes Ver 
(7.6-fold, P < 0.05) and Col I (3.0-fold, P = 0.06) (Fig. 
2B), thus indicating the onset of redifferentiation of the 
hNCs in the pores of the LPTCs. Revitalized and non-revi-
talized (ctr) LPTCs were also implanted ectopically in 
nude mice to assess the extent of colonization and further 
matrix deposition by hNCs in an in vivo environment. The 
pores of the revitalized LPTCs explanted from the mice 
were filled with newly formed tissues consisting of cells 
with a mixed fibroblastic and round morphology and a 
dense extracellular matrix variably stained for GAG (Fig. 
2C and D). A ring of dense matrix lining the edges of the 
holes and confining the hNCs can be observed (see brown 
ring in the images of Fig. 2). However, in a few pores (ca 
10%), this ring was partially digested; thus, the hNCs could 
exit from the hole, colonize the neighboring extracellular 
matrix (ECM), and produce a new GAG-positive matrix 
(Fig. 2D). In non-revitalized LPTCs, pores remained void 
(>30%) or were partially filled with fibroblastic/inflam-
matory cells (Fig. 2D). Saf-O-stained sections from the in 
vitro and in vivo revitalized LPTCs were further assessed 
to quantify cellularity (i.e., number of cells/pore) and to 
grade the quality of newly formed tissue (using the Bern 
Score grading system) at different depths (superficial: 
0-100 μm vs deep: 200-400 μm). We observed that the 
pores of both in vitro and in vivo revitalized LPTCs con-
tained similar amounts of cells at different depths (Fig. 
3A), thus indicating a uniform colonization of the pores. 
Tissues filling the pores of the in vivo samples had higher 
scores compared with the in vitro ones. No statistically 

significant differences in the scores of tissues from superfi-
cial and deep areas were observed (Fig. 3B).

ALU staining of the in vivo samples (Fig. 4) demon-
strated the human origin of the cells within the pores of the 
revitalized LPTCs. Limited/nil amounts of ALU-positive 
cells were detected in the LPTC matrix surrounding the 
pores, indicating limited migration of the cells from the 
holes into the cartilage.

Overall, these results indicate the capacity of hNCs to 
efficiently colonize the LPTCs and to newly produce carti-
laginous matrix within the pores.

Revitalization of lPtCs with rNCs and 
Orthotopic In Vivo Study

LPTCs were revitalized with precultured allogenic rNCs for 
7 days in vitro and implanted in tracheal wall defects in rab-
bits. Animals in the control group received non-revitalized 
LPTCs.

LPTC grafts could be successfully fixed in the tracheal 
wall defects of all rabbits (Fig. 5A). All the rabbits were 
euthanized 8 weeks after the implantation without any signs 
of respiratory distress or infection during the period of 
observation. A CT scan 4 weeks after the orthotopic implan-
tations revealed normally sustained tracheal structures with 
stable lumens and no evidence of graft deformation or tra-
cheal stenosis in all of the recipients (Fig. 5B and C). 
Further micro-CT analysis and histological analyses of 
explanted samples, 8 weeks after surgery, demonstrated the 
stable position of the grafts closing tracheal defects (Fig. 
5D and E).

Furthermore, Saf-O staining demonstrated that explanted 
tissue from rabbits operated with revitalized LPTCs con-
tained a more abundant GAG-positive matrix when com-
pared with those operated with non-revitalized LPTCs and 
that lacunae were partially filled with cells or remained 
void, respectively, in the revitalized or non-revitalized sam-
ples (Fig. 5FI-IV). Quantification of Saf-O images revealed 
a significantly higher percentage of GAG-positive area in 
the revitalized versus non-revitalized LPTCs (15.1% ± 
3.2% vs 1.2% ± 0.5%, P < 0.05). Considering that the 
GAG-positive matrix was mainly pericellular and present 
only in the revitalized group, it is reasonable that the GAG 

Table 1. Safety and Quality Control tests.

Control Medium CM from dtCs CM from lPtCs

i endotoxin conc. (ie/ml) 0.54 ± 0.05 0.61 ± 0.09 0.65 ± 0.07
ii No. of cells counted (×105) 1.9 ± 0.2 1.6 ± 0.4 1.7 ± 0.1
iii Viability (%) 99.0 ± 1.2 98.8 ± 2.5 97.5 ± 3.1

dtC = decellularized tracheal cartilage; hNC = human nasal chondrocytes; lPtC = laser-perforated tracheal cartilage.
i: endotoxin concentration measured in control medium or in conditioned media (CM) generated from dtCs or lPtCs. Number of human nasal 
chondrocytes (hNCs) (ii) and percentage of viable hNCs (iii) after 48 hours of exposure to the different media. Values are mean ± SD of 3 
independent experiments.
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Figure 2. Capacity of human nasal chondrocytes (hNCs) to revitalize lPtCs in vitro and in vivo (ectopic study). Safranin-O 
staining of representative in vitro revitalized lPtCs (A). real-time reverse transcriptase polymerase chain reaction analysis of post-
expanded hNCs and revitalized lPtCs; values are mean ± standard deviation of samples from 5 different donors. *P < 0.05 versus 
the corresponding expanded hNCs group (B). Safranin-O staining of representative revitalized lPtCs (C, D) and non-revitalized 
(ctr) lPtCs (E) explanted from the mice. insets are low magnification images of the entire constructs. images (i) and (ii) are high 
magnification pictures of the corresponding dashed rectangular areas in (A), (C), and (E). the high magnification image in (D) shows 
some hNCs exiting the pore and colonizing the neighboring eCM. Scale bars = 100 μm. eCM = extracellular matrix; lPtC = laser-
perforated tracheal cartilage; NCs = nasal chondrocytes.
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was newly produced by the transplanted nasal chondro-
cytes. Immunohistochemical analyses showed that both the 
revitalized and non-revitalized groups were fully covered 
by newly formed, pan-cytokeratin-positive respiratory 
mucosa (Fig. 5FV-VI).

Discussion

In this study, we demonstrated that NCs, that is, cells 
already used in clinics for the repair of cartilage defects,17,18 
efficiently colonize the pores of the LPTCs and produce 

Figure 3. Number of cells/pores (A) and Bern Score grading (B) estimated in superficial (0-100 μm) and deep (200-400 μm) areas 
of the laser-perforated tracheal cartilage (lPtCs). Values are mean ± standard deviations of measurements performed on a total of 
30-50 pores. asterisks (*) indicate statistically significant differences (P < 0.05) from the corresponding in vitro samples.

Figure 4. Origin of the cells in the lPtCs, in vivo ectopic study. alU staining of representative revitalized (A) and non-revitalized 
(control) (B) lPtCs. triangles show alU-positive cells (i.e., cells of human origin). Scale bar = 100 μm. lPtC = laser-perforated 
tracheal cartilage; tC = native tracheal cartilage.
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Figure 5. in vivo orthotopic study. (A) lPtC graft fixed in rabbit tracheal wall defect, macro image; (B, C) rabbit chest and neck 
Ct scan, 4 weeks after the orthotopic implantation of revitalized (B) and non-revitalized (C) lPtC; blue arrows indicate the position 
of the grafts; (D) micro-Ct with 3-dimensional reconstruction of explanted tracheal samples harvested from rabbit operated with 
revitalized (I) and non-revitalized (II) lPtC; yellow asterisks indicate the position of the grafts. (E) Safranin-O pictures of the 
explanted tracheal sample harvested from rabbit operated with revitalized lPtC; g: ltPC graft, t: native rabbit tracheal lumen, m: 
mucosa in the tracheal lumen, arrow: PrOleNe suture. (F) representative histological (Safranin-O) (I—IV) and immunohistochemical 
(pan-cytokeratin, Panck) (V and VI) staining of tracheal samples harvested from rabbit operated with revitalized and non-revitalized 
lPtCs. II and IV are high magnification images of I and II, respectively. Black arrows indicate viable cells (i.e., nasal chondrocytes) 
within lacunae and surrounded by newly produced gag-positive matrix. Scale bars = 100 μm. Ct = computerized tomography; 
gag = glycosaminoglycans; lPtC = laser-perforated tracheal cartilage.
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cartilaginous matrix in vivo. This study additionally pro-
vided evidence that the LPTCs revitalized with rabbit NCs 
supported stable reconstruction of TC defects and de novo 
formation of cartilaginous structures.

Decellularized cartilage matrices (that can be used in an 
allogenic setting) are considered viable scaffolds for the 
repair of TC defects.2 However, these biological materials, 
made of a highly dense extracellular matrix, must be prop-
erly prepared to increase their porosity and thus allow for an 
efficient colonization by cells (in vitro and/or in vivo).

Recent studies have shown that laser perforation is an 
effective method to tune the porosity of cartilage tissues 
and, at the same time, preserve their original mechanical 
properties and the supporting de novo synthesis of cartilage 
matrix ectopically in nude mice24,26 or orthotopically in the 
joints of rabbits.23 To our knowledge, the study by Xu et 
al.25 was the only one in which TC was exposed to laser 
perforation. However, in their study, rabbit trachea (i.e., tis-
sue much thinner than human trachea), lasered to generate 
superficial pores (200 µm in depth), was revitalized with 
rabbit auricular chondrocytes. In our study, a more clini-
cally relevant approach was used, that is, human TC, laser 
perforated to generate deeper pores (300 µm), was revital-
ized with hNCs.

Our study did not investigate the mechanical properties 
of the LPTC samples. The previously mentioned study of 
Nürnberger et al.24 showed that laser-engraved articular car-
tilage (i.e., CartiScaff) retained more than half of its native 
compressive modulus, leaving the CartiScaff still more than 
14 times stronger than commercially available scaffolds. 
This provided a relevant rationale that our LPTC would be 
mechanically compatible for implantation in tracheal wall 
defects.

Detailed examination of the in vitro cultured revitalized 
LPTC samples demonstrated uniform distribution of hNCs 
within the pores. However, due to the short culture time 
considered in this study, a limited cartilage matrix was 
deposited by the hNCs into the pores of the decellularized 
TC. The short time of chondrogenic in vitro culture was 
selected on the basis that (1) immature cartilaginous tis-
sues generated with hNCs are capable to develop into 
high-quality cartilage tissues in vivo,18 and (2) a rapid 
manufacturing protocol would be preferable for its imple-
mentation in clinics for the repair of tracheal wall defects 
in patients.27

Revitalized LPTCs were implanted in subcutaneous 
pockets of nude mice to investigate the extent of matrix 
deposition by the hNCs in such an in vivo permissive envi-
ronment. Histological examination of tissues retrieved 4 
weeks after implantation demonstrated a large number of 
human (ALU-positive) cells within the pores of the sam-
ples, as well as a newly deposited GAG-positive matrix. 
These data indicated that hNCs survived well within the 
LPTCs and produced a cartilaginous matrix. However, it 
was observed that cells remained primarily confined 

within the holes, probably due to their incapacity to 
migrate through the ring of the dense matrix lining the 
edges of the holes. The removal of this ring of matrix 
through an additional enzymatic digestion step of the 
LPTCs (“deGAG treatment”) as described by Nürnberger 
et al.24 could be considered to improve the matrix coloni-
zation by NCs.

A proof-of-principle study was also performed to assess 
the feasibility of using the NC-revitalized LPTCs for the 
repair of tracheal wall defects in rabbit. As a total tracheal 
replacement was not targeted with tissue-engineered 
grafts, it was decided to perform the interventions on the 
neck part of a rabbit trachea. Thus, a possible tissue resec-
tion size was limited up to 4 tracheal rings. However, in 
accordance with Remlinger et al.,28 the hereby created 6 × 
4 mm full-thickness defect can be considered an experi-
mental representation of tracheal reconstruction.28 Our 
results showed that the grafted tissues were functionally 
compatible and suitable for a partial tracheal replacement, 
holding a stable shape and supporting a tracheal lumen. 
Histological analyses demonstrated an abundant deposi-
tion of GAG around cell lacunas in explanted revitalized 
LPTCs, in contrast to non-revitalized LPTCs. However, 
no clear conclusion can be drawn on the origin of cells 
producing the new matrix in vivo. Further experiments 
with a cell-tracking system should be then performed to 
reveal the direct contribution of NCs in new cartilage for-
mation at the implantation side.

The airway mucosal epithelization was observed on the 
inner surface of both revitalized and non-revitalized LPTC 
grafts in the orthotopic setting, suggesting that LPTCs can 
support epithelial ingrowth in vivo. However, relatively 
small cartilage grafts in our proof-of-principle rabbit study 
were used. For large segment reconstruction, mucosal 
growth over the LPTCs would take a considerable time, 
during which bacterial colonization of the graft could 
occur. Therefore, further investigations must be under-
taken to develop an efficient in vitro epithelialization 
strategy of the NC-revitalized LPTCs, possibly using epi-
thelial cells that can be harvested from the same tissue 
source of the NCs,29 for a more streamlined clinical trans-
lation of this approach.

Conclusion

This study validates the feasibility of using LPTCs, revital-
ized by NCs, as grafts for the repair of tracheal wall defects. 
Future studies in larger animal models will be required to 
test the feasibility of the strategy for the treatment of long-
segment tracheal stenosis.
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