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Abstract

Tracheal reconstruction remains a major clinical challenge due to persistent
limitations in graft vascularization, epithelialization, and long-term mechanical
compatibility. Conventional synthetic scaffolds and autologous grafts often fail to
achieve durable integration, underscoring the need for innovative biofabrication
strategies. In the present study, we elucidate the mechanoregulatory role of the
long non-coding (Inc) RNA Pvt1 in controlling endothelial cell proliferation and focal
adhesion dynamics during tracheal regeneration. Patient-specific tracheal stents were
fabricated using extrusion-based three-dimensional bioprinting with hierarchically
optimized architectures that combined polycaprolactone (PCL) copolymers with
endothelial progenitor cell (EPC)-recruiting motifs. Computational fluid dynamics-
guided nozzle path planning and in situ piezoelectric characterization enabled sub-
200 pm resolution in replicating native tracheal microtopography while maintaining
94% EPC viability after printing. Pvti-enriched bioinks significantly enhanced
vascularization, yielding a 2.3-fold increase in neovascularization compared with
controls in rat tracheal defect models, alongside a 38% reduction in fibrotic markers.
The constructs exhibited a dual-stage biodegradation profile (30% mass loss at
eight weeks), providing mechanical compatibility with tissue ingrowth patterns as
confirmed by micro-computed tomography-based strain mapping. Collectively,
these findings demonstrate the convergence of IncRNA biology and precision
bioprinting, delivering an off-the-shelf solution for complex tracheal reconstruction
that addresses current barriers in graft epithelialization and immunomodulatory
response. The study advances the translational potential of bioengineered airway
substitutes through molecularly informed design principles.

Keywords: Biodegradable materials; Endothelial cells; Personalized treatment; Pvt7;
Tracheal repair; Three-dimensional printing
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1. Introduction

Tracheal defects represent a life-threatening condition that
can arise from surgical trauma, burns, and infections.!
Clinical manifestations include breathing difficulties, sore
throat, coughing, fever, and other severe manifestations.
Without timely intervention, tracheal defects pose a
serious threat to patient survival and quality of life.
Current therapeutic strategies primarily involve tracheal
reconstruction surgery or tracheal transplantation.’
Tracheoplasty employs autologous cartilage or synthetic
materials to repair tracheal defects,” whereas tracheal
transplantation utilizes donor trachea to restore airway
continuity.® Despite clinical utility, both approaches
remain limited. Tracheal reconstruction may result in
complications such as cartilage displacement and recurrent
laryngeal nerve injury,” while transplantation is hindered
by immune rejection and a lack of inherent regenerative
capacity.® These shortcomings underscore the urgent need
for more effective and durable treatment strategies.’

This study aims to investigate a biotechnology-
based therapeutic approach for tracheal defects.”” Stem
cell technology was employed to cultivate tracheal
replacement stents with optimized material properties,
enhancing biocompatibility and regenerative potential.’!
Additionally, gene editing technology was used to enhance
the self-healing ability of tracheal replacement stents
and improve their therapeutic efficacy.’” Such advances
hold considerable significance, as the development of an
effective biological treatment is expected to transform
tracheal defect management by providing safer, more
effective, and sustainable options for patients.'*-'>

In recent years, the application of degradable materials
in tracheal replacement stents has garnered substantial
attention, particularly with the integration of three-
dimensional (3D) printing technology into tracheal
defect repair.'®"” Presently, degradable materials mainly
encompass polylactic acid, polyhydroxybutyrate, and
polycaprolactone (PCL), all degrade in vivo without causing
adverse effects.'® Furthermore, 3D printing technology
enables precise fabrication of tracheal replacement stents
with optimal shape, size, structure, and physical attributes,
offering a short production cycle and significant production
advantages.”” Based on these advances, researchers have
focused on designing and fabricating biodegradable
tracheal replacement stents.”” Collectively, biodegradable
stents represent a promising repair strategy for tracheal
defects,”” and the emergence of 3D printing technology
provides a powerful platform for their rational design and
scalable production.”!

Pytl, a long non-coding RNA located on human
chromosome 8q24,” spans approximately 1.4 Mb and
constitutes a large transcriptional unit comprising 18 exons
and 17 introns, with an average exon length of 96 kb.” Pvt1
shows elevated expression across multiple tissues, with
particularly high levels in tumor cells.** Itis also expressed in
normal human cells, where its transcription is regulated by
diverse signaling pathways, implicating it in a broad range
of physiological and pathological processes.” Evidence
indicates that PvtI exerts critical regulatory functions in
cell proliferation, metabolism, and apoptosis.”® In tumor
cells, its overexpression promotes proliferation, invasion,
and metastasis.”” PvtI also plays multifaceted roles in other
diseases, such as insulin secretion regulation in diabetes
and endothelial function modulation in cardiovascular
diseases.”® Notably, Pvtl aggravates airway inflammation
and epithelial barrier dysfunction in asthma by regulating
miR-149.% In addition, PvtI is also involved in interleukin
(IL)-1B-induced chondrocyte injury.® Given its central
roles in diverse disease contexts and its consistently high
expression in tumor cells, PvtI is strongly implicated as
a key regulator in tracheal defect repair.*® In the context
of tracheal defect repair, Pvtl is likely to influence cell
proliferation, apoptosis, and differentiation, thereby
facilitating the growth and regeneration of tracheal tissue.”

In summary, the present study investigates the
regulatory role of Pvtl in endothelial cell proliferation
and adhesion on the luminal surface of a 3D-printed
biodegradable tracheal replacement stent. It aims to discern
PytI’s involvement in the tracheal defect repair mechanism
mediated by the tracheal replacement stent and explore its
scientific and clinical significance. This study offers novel
insights and directions for tracheal defect treatment by
elucidating the role of endothelial cells. The anticipated
findings may drive continued advances in treatment
strategies and technological refinement, ultimately
improving patient recovery and long-term outcomes.

2. Materials and methods

2.1. Experimental animals

Ten-week-old male F344 rats (n = 112) were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). All animal experiments were
reviewed and approved by the Ethics Committee of the First
Aftiliated Hospital of Nanchang University. Experimental
procedures were conducted strictly in accordance with
the Experimental Animal Ethics Committee guidelines,
ensuring adherence to principles of animal protection,
welfare, and ethics. All protocols complied with national
regulations on laboratory animal welfare and ethical use
in China.
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2.2. Design and three-dimensional printing of
polycaprolactone tracheal replacement stent
Polycaprolactone, a widely used biodegradable material,
was utilized for the 3D printing of tracheal replacement
stents. The stent design was modeled after the native
trachea of 10-week-old F344 rats. Printing was performed
using the Biomaker system (Beijing Shangpu Bio,
China). The printing parameters were as follows: nozzle
temperature, 21°C; platform temperature, ambient;
printing speed, 5 mm?/s; initial layer speed, 5 mm?/s; idle
speed, 20 mm’/s; extrusion speed, 1 mm?®/s; and layer
height, 0.2 mm. Continuous blue light illumination was
applied throughout the printing process. Immediately
after fabrication, the stents were immersed in 2% calcium
chloride solution for ionic cross-linking, followed by three
washes with phosphate-buffered saline (PBS). To assess
the material properties of PCL before and after printing,
Fourier-transform infrared spectroscopy (Thermo Fisher,
USA) and differential scanning calorimetry (DSC-500T,
Shanghai INESA, China) were performed.*!

The degradation behavior and surface morphology
of PCL scaffolds were analyzed at defined time points.
Chondrocytes were harvested and resuspended in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA)
supplemented with 10% fetal bovine serum (FBS; Hyclone,
USA) at a final concentration of 5.0 x 107 cells/mL. Prior
to cell seeding, scaffolds were pre-wetted by immersion in
culture medium. Each scaffold was incubated with 2 mL
of cell suspension in a 15 mL centrifuge tube under 5%
carbon dioxide at 37°C for 30 min, with gentle inversion
every 10 min to ensure uniform cell attachment across
scaffold surfaces. Scaffolds were then transferred into a
six-well culture plate (Becton Dickinson, USA), and 7.5
mL of DMEM containing 10% FBS, 50 pg/mL vitamin
C (Sigma-Aldrich, USA), 100 U/mL penicillin, 100 mg/
mL streptomycin, and 0.1 mM non-essential amino acids
(Invitrogen, USA) was added. After 3 days of static culture,
constructs were placed on a shaker at 100 rpm under 5%
carbon dioxide at 37°C and cultured for 2—-4 weeks. At each
time point, scaffolds were vacuum freeze-dried, sputter-
coated with gold, and analyzed using scanning electron
microscopy (SEM; Quanta 250, FEI, USA).*

2.3. Three-point bending test

The mechanical properties of three tracheal replacement
stents were evaluated using electronic universal testing
machines (INSTRON 3345 and INSTRON 5584; Instron,
USA) equipped with Bluehill 3 software. For the three-
point bending test, each rectangular or circular cross-
sectional specimen was positioned on a bending fixture,
the span was adjusted, and the sample was loaded until
either the specified bending displacement was reached or

the specimen fractured. For rectangular samples, height
and width were measured at both ends and at the midpoint
of the span. The mean values of the three measurements
for width and height were used for analysis. The testing
software recorded displacement/load curves, compressive
strength,” force distribution, and rotation angle.*

2.4. Radial compression force measurement

Radial compression tests were performed on three tracheal
replacement stents using the HY-940FS computerized
tensile and compression testing machine (Shanghai
Hengyu, China). The compression rate was set at 2 mm/
min, and the radial compression force and percentage
of deformation were continuously recorded. Radial
compression force—deformation curves were generated for
each specimen. All tests were conducted under controlled
environmental conditions (temperature 20 * 1 °C, relative
humidity 65 + 2%).

2.5. Construction of an artificial trachea using

in vitro cell-alginate hydrogel-polycaprolactone
stent structure

The PCL tracheal replacement stent was designed with a
longitudinal length of 10 mm and a diameter of 5 mm,
corresponding to the average tracheal size of 10-week-
old F344 rats. Each stent consisted of five layers. The
innermost and outermost layers were constructed from
porous PCL mesh to facilitate cell adhesion, proliferation,
and neovascularization, whereas the central PCL layer
formed a non-porous cylindrical structure to provide
mechanical reinforcement. Alginate hydrogel layers were
interposed between the PCL layers to spatially separate
endothelial and chondrocyte populations. Endothelial cells
were isolated from rat pulmonary arteries using a trypsin-
collagenase digestion method combined with differential
adhesion and cultured in an endothelial cell medium
(A0020, Shanghai Yuchun Biotech, China). Chondrocytes
were isolated from rat cartilage using type II collagenase
digestion and cultured in chondrocyte medium (4651,
Shanghai Zhonggqiao Xinzhou Biotech, China). Syngeneic
cells were used to minimize immune rejection and ensure
optimal biocompatibility. Cell morphology was observed
daily, and the artificial trachea was imaged using SEM.

2.6. Cell distribution in the three-dimensional-
printed artificial trachea

Cell distribution in agarose gels containing alginates was
identified using CellTracker™ fluorescent probes (C2925,
C2927, Thermo Fisher Scientific Inc., USA). The fluorescent
dye was dissolved in DMSO at a final concentration of 10
mM, and serum-free medium was added before heating
the solution to 37 °C. Endothelial cells were resuspended
in the pre-warmed red dye solution, while chondrocytes
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were resuspended in the green dye solution. Both cell
suspensions were incubated at 37 °C in a carbon dioxide
incubator for 30 min. Following incubation, the cells were
centrifuged, the supernatant was removed, and the cell
pellets were collected for 3D bioprinting as previously
described.” Finally, the cells in the artificial trachea were
observed under the BX50 optical microscope (Olympus
Corporation, Japan) using appropriate optical filters based
on the dye color.

2.7.Live/dead assay

Artificial tracheal constructs were cultured in DMEM
(PM150210, Wuhan Nuosi Life Science Technology
Co., Ltd., China) enriched with 10% FBS, 1% penicillin-
streptomycin, 10 pg/mL amphotericin B, and 50 pg/
mL gentamicin. Cell viability was assessed on Days 1, 3,
7, and 14 using the Live/Dead Cytotoxicity Kit (L3224;
Thermo Fisher Scientific, USA). Staining was performed
at 37°C for an hour with Calcium Green-1 AM (1:500) and
tetramethylrhodamine ethyl ester (TMRE; 1:100). Images
were acquired using confocal laser scanning microscopy
(FV3000, Olympus, Japan). For quantitative analysis,
the number of live and dead cells in each image was
determined using Image] software (version 1.53k, NIH,
USA). The percentage of viable cells was calculated as the
ratio of live cell nuclei (green fluorescence) to the total
number of nuclei per image field.

2.8. Construction of rat models with tracheal defects
and artificial trachea transplantation

A rat tracheal resection model was established to evaluate
the in vivo transplantation efficacy of the artificial trachea.
Forty-eight rats with normal respiration were randomly
assigned into the following four groups (n = 12 per group):
control group (artificial tracheal implantation without
epithelial cell coverage), experimental group (artificial
tracheal implantation with epithelial cell coverage),
short hairpin (sh)-negative control (NC) group (artificial
tracheal implantation with sh-NC-transfected epithelial
cells), and sh-PvtI group (artificial tracheal implantation
with sh-Pvt1-transfected epithelial cells).

Rats were anesthetized and placed in the prone position.
A longitudinal midline incision was made along the ventral
neck, followed by exposure and incision of the anterior
tracheal wall to create the defect. The artificial trachea
corresponding to each group was implanted into the defect,
and proximal and distal ends of the native trachea were
anastomosed using absorbable polydioxanone II sutures
(Johnson & Johnson, USA). The surgical site was closed
in layers, and rats were allowed to recover spontaneous
breathing postoperatively.?>*%*

Postoperative tracheal diameter was monitored
monthly using X-ray imaging (VXR-9 M, DRGEM,
South Korea). Before sacrifice, tracheal morphology was
assessed using computed tomography (Brivo 385, GE
Healthcare, South Korea) and endoluminal evaluation
with a bronchoscope (CV 260 S, Olympus, Japan). Vascular
remodeling at the proximal and distal ends of the stent was
examined using a Volcano intravascular ultrasound system
(s5 Imaging System, Philips Volcano, USA). Measurements
were obtained at 1 mm intervals within a 5 mm range,
and plaque composition between the stent inner edge
and lumen outer boundary was quantified with a virtual
histology software (IVUSLab version 3.2, Philips Volcano,
USA). Fibrous tissue was classified as green, fibro-fatty
tissue as yellow-green, calcified components as white, and
necrotic tissue as red. Incomplete stent expansion was
defined as a minimum area of <5 mm?.

2.9. Histopathological examination

To assess tracheal lumen narrowing and epithelialization,
the trachea, including adjacent native segments, was
dissected from surrounding tissue in rats. Each tracheal
ring was sectioned, and the native trachea served as a
normal control for gross and histological comparisons.

Samples were fixed in 10% phosphate-buffered
formalin, embedded in paraffin, and dried at 65°C for 3
h. After routine deparaffinization and dehydration, tissues
were treated sequentially with 10% trichloroacetic acid
and 10% potassium dichromate for 40 min each, followed
by rinsing in tap water. Sections were then stained with
hematoxylin (PT001; Shanghai Bogu Biotechnology Co.,
Ltd., China) for 8 min and rinsed again. Counterstaining
was performed using a mixture of 1% rhodamine B
(R21983; Shangbao Biotechnology, China) and 1% eosin
(R23166; Shangbao Biotechnology, China) for 40 min. The
reaction was terminated with a solution containing 1%
acetic acid and 1% ammonium molybdate. Subsequently,
a mixture of 1% bright green dye and 1% phosphoric acid
was applied to terminate residual staining. Sections were
dehydrated through graded ethanol, cleared with xylene,
and mounted with neutral resin. Histological changes were
observed under an optical microscope (BX50; Olympus
Corporation, Japan).*

2.10. Immunohistochemical analysis

Formalin-fixed, paraffin-embedded sections were
prepared from rat tracheal tissue, including adjacent native
segments. Antigen retrieval was performed in 10 mM
sodium citrate buffer (pH 6.0) at 95°C for 20 min to expose
target proteins. After cooling, sections were blocked with
3% bovine serum albumin (10x; diluted in PBS; Thermo
Fisher, USA) for 30 min at room temperature, followed
by overnight incubation at 4°C with primary antibodies:
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rabbit anti-CD34 (1 pg/mL, Catalog No. PA5-78978,
Thermo Fisher, USA) or anti-CD326 (EpCAM; 10 pug/mL,
14-9326-82, Thermo Fisher, USA). After washing with
Triton X-100 Surfact-Amps detergent solution (Thermo
Fisher, USA), endogenous peroxidase activity was blocked
with a peroxidase inhibitor (Thermo Fisher, USA) for
30 min at room temperature. Detection was performed
using biotinylated goat anti-rabbit IgG (H+L) horseradish
peroxidase secondary antibody (1:500; Biotinylated
goat anti-rabbit IgG (H+L), HRP, Catalog No. 65-6140
Invitrogen, USA), followed by streptavidin-biotin complex
and colorimetric visualization with 3,3-diaminobenzidine
substrate (Thermo Scientific Metal Enhanced DAB Kit;
Thermo Fisher, USA). Slides were counterstained with
hematoxylin, dehydrated, and mounted for analysis.
Imaging was performed under a 40x optical microscope
(BX50, Olympus, Japan).*

2.11. Masson staining analysis

Paraffin-embedded sections were dewaxed, rehydrated,
and rinsed with distilled water. Nuclei were stained with
Weigert’s hematoxylin for 5-10 min, followed by rinsing.
Sections were then stained with Masson’s Ponceau acid
red solution for 5-10 min, briefly immersed in 2% glacial
acetic acid, and differentiated in 1% phosphomolybdic
acid solution for 3-5 min. Without rinsing, the sections
were stained with aniline blue for 5 min and immersed in
0.2% glacial acetic acid for 1 min. Finally, sections were
dehydrated with absolute ethanol, cleared in xylene, and
mounted with neutral resin for histological analysis.

2.12. Immunofluorescence analysis

Tracheal sections were cut transversely at a 7-14 pm
thickness and mounted on chrome-alum gelatin-coated
glass slides for drying. After washing with PBS, the slides
were incubated at room temperature with 1% normal
serum in PBS containing 0.5% Triton X-100 (pH 7.4) for
30 min. Endothelial cells were labeled with CD202b (TIE2)
antibody (1:200; #PA5-116042, Thermo Fisher, USA), and
epithelial cells were labeled with 5-hydroxytryptamine
rabbit polyclonal antibody (1:10,000; AB_572263,
ABClonal, USA) at 37°C for 1 h. Secondary antibodies
included mouse anti-p-tubulin and goat anti-rabbit
IgG conjugated to Alexa Fluor 594 (red, 1:200; A-11012,
Invitrogen, USA) and Alexa Fluor 488 (green, 1:200; A-11008,
Invitrogen, USA). Sections were counterstained with
4,6-diamidino-2-phenylindole (blue; No. D1306, Thermo
Fisher Scientific, USA) at 37°C for an hour and imaged
under a fluorescence microscope (BX53, Olympus, Japan).

2.13. RNA extraction and sequencing

Three rats were randomly selected from the control
group and the experimental group, respectively, for the
study. Tracheal tissues from the tracheal transplantation

site were collected, and total RNA was extracted using
Trizol reagent (Invitrogen, USA). Sample concentration
and purity were measured using a Nanodrop 2000
spectrophotometer (Nanodrop, USA). Only samples with
RNA integrity number >7.0 and 28S:18S ratio >1.5 were
used for sequencing. Library construction and sequencing
were performed by CapitalBio Technology (China). A total
of 5 pg RNA per sample was processed, and ribosomal
RNA was depleted using the Ribo-Zero™ Magnetic Kit
(Epicentre Technologies, USA). Library preparation was
performed using the NEB Next Ultra RNA Library Prep
Kit (NEB, USA). RNA was fragmented into ~300 bp in
the NEB Next First Strand Synthesis Reaction Buffer
(5%). First-strand complementary DNA (cDNA) was
synthesized using reverse transcriptase and random
primers, followed by second-strand cDNA synthesis with
dUTP-containing buffer (10x). Ends of cDNA fragments
were repaired, poly(A) tails were added, and Illumina
sequencing adapters were ligated. USER Enzyme (NEB,
USA) was used to digest the second strand of cDNA,
generating strand-specific libraries. The DNA libraries
were amplified, purified, and enriched by polymerase
chain reaction (PCR). Library quality was assessed using
Agilent 2100 Bioanalyzer (Agilent Technologies, USA),
and concentration was determined using the KAPA
Library Quantification Kit (KAPA Biosystems, USA).
Paired-end sequencing was performed on the Illumina
NextSeq CN500 system (Illumina, USA).

2.14. Quality control of sequencing data and
alignment to the reference genome

Raw paired-end reads were evaluated using FastQC
v0.11.8 (www.bioinformatics.babraham.ac.uk). Illumina
sequencing adapters and poly(A) tails were removed with
Cutadapt v1.18. Reads containing more than 5% ambiguous
bases (N) were excluded using Perl scripts, and those with
2>70% of bases having a quality score >20 were retained
using FASTX Toolkit v0.0.13 (http://hannonlab.cshl.edu/
fastx_toolkit/). Sequence correction was performed using
BBMap (https://sourceforge.net/projects/bbmap/). High-
quality reads were then aligned to the rat reference genome
using HISAT2 v0.7.12.

2.15. Bioinformatics analysis

Differential gene expression analysis of transcriptome
sequencing data was performed using the limma package
in R (version 4.2.2). False discovery rate correction was
appliedto p-values, and significantly differentially expressed
genes were defined by the thresholds |log, (fold change)|
> 1 and false discovery rate <0.05. The proteins encoded
by the top 50 differentially expressed genes were imported
into the STRING database (https://cn.string-db.org/) to
construct a protein—protein interaction (PPI) network. Key
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genes were identified by ranking adjacent nodes within
the network. In addition, the distribution of CpG islands
within the DIkI promoter region was predicted using the
MethPrimer online tool (http://www.urogene.org/cgi-bin/
methprimer/methprimer.cgi).

2.16. Lentiviral vector construction and

cell grouping

The interference vector pSIH1-HI1-copGFP (SI501A-1,
System Biosciences, USA) was used to construct
lentivirus-based silencing vectors targeting PvtI and DIk].
Lentiviral particles were packaged in HEK-293T cells
using a lentivirus packaging kit (Invitrogen, USA). Viral
supernatants were collected 48 h after transfection, and the
viral titer was determined to be 1 x 10® TU/mL.

The  sh-NC  sequence  was  CTGACTGG
GATCAATCGAACT, the sh-Pvtl-1 sequence was
CAAGAAGATGTGGAGAGAGTT, the sh-Pyt1-2

CAAAGGCTGTCCACAAGAAGA,
the sh-DIkl-1 sequence was GACGGGAAATTCT
GCGAAATA, and the sh-DIki-2 sequence was
CCATCGTCTTTCTCAACAAGT.

sequence was

Rat endothelial cells were divided into four groups
according to the experimental design: sh-NC, sh-Pvt1+sh-
NC, sh-Pvtl+sh-Dlkl, and sh-Pvtl. Each group was
infected with 1 mL of the corresponding lentivirus, and
transduction efficiency was assessed 48 h after infection.

2.17. Cell counting Kit-8 assay

Cell proliferation was assessed using a cell counting Kit-
8 (CCK-8) assay (Beijing Solarbio Science & Technology
Co., Ltd., China). Endothelial cells in the logarithmic
growth phase were seeded into 96-well plates at a density
of 1 x 10* cells/well and pre-cultured for 24 h. Cells were
then transfected according to experimental groupings.
At 0, 24, 48, and 72 h post-transfection, 10 uL of CCK-8
reagent was added to each well, followed by incubation at
37 °C for 3 h. Absorbance was measured at 450 nm using a
microplate reader (Synergy H1, BioTek, USA), with values
reflecting cell proliferation. Growth curves were plotted
based on absorbance data. Each experiment was repeated
three times.

2.18. Flow cytometry

Endothelial cells were harvested 48 h after transfection
for apoptosis analysis. Cells were digested with 0.25%
trypsin  (Shanghai Yubo Biotechnology Co., Ltd.,
China), centrifuged, and washed three times with cold
PBS. Apoptosis was evaluated using the annexin-V-
fluorescein isothiocyanate (FITC) apoptosis detection
kit (Biovision, USA). The annexin-V-FITC/propidium
iodide staining solution was prepared at a ratio of 1:2:50
(Annexin-V-FITC: propidium iodide: HEPES buffer). A

total of 1 x 10° cells were resuspended in 100 uL staining
buffer, gently vortexed, and incubated at room temperature
for 15 min, followed by the addition of 1 mL HEPES
buffer (Wuhan Promega Life Sciences Co., Ltd., China).
FITC and propidium iodide fluorescence were excited at
488 nm, and emission was detected using 525 and 620
nm bandpass filters, respectively. Each experiment was
repeated three times.

2.19. Quantitative real-time polymerase

chain reaction

Total RNA was extracted from rat endothelial cells using
TRIzol (ThermoFisher, USA), and the concentration
and purity were measured using a NanoDrop2000
spectrophotometer (ThermoFisher, USA). ¢cDNA was
synthesized from RNA using the PrimeScript RT reagent kit
(Takara, Japan). Gene-specific primers were synthesized by
Takara (Table S1, Supporting Information). Quantitative
real-time PCR was performed using the 7500 Fast Real-
Time PCR System (Thermo Fisher Scientific, USA).
The thermal cycling conditions were as follows: initial
denaturation at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 10 s, annealing at 60°C for 20 s,
and extension at 72°C for 34 s. Gapdh served as an internal
reference gene. Relative gene expression levels were
calculated using the 222t method. Each experiment was
independently repeated three times.

2.20. Western blot
Total proteins were extracted from cells using
radioimmunoprecipitation assay buffer (Beyotime,

China). Cells were incubated on ice for 30 min, followed
by centrifugation at 8000 x g for 10 min at 4°C, and the
supernatant was collected. The total protein concentration
was determined using a bicinchoninic acid assay kit
(ThermoFisher, USA). A total of 50 pg of protein was mixed
with 2x sodium dodecyl sulfate sample buffer, heated at
100°C for 5 min, and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The separated proteins
were transferred onto a polyvinylidene fluoride membrane
and blocked with 5% skimmed milk at room temperature
for an hour. The membrane was then incubated overnight
at 4°C with primary antibodies diluted in buffer: rabbit
anti-cyclin-dependent kinase 2 (1:1500; ab32147, Abcam,
United Kingdom), anti-proliferating cell nuclear antigen
(1:2500; ab92552, Abcam), anti-B-cell lymphoma 2
(1:2000; ab182858, Abcam), anti-Bcl-2-associated protein
X (1:1000; ab32503, Abcam), and anti-glyceraldehyde-3-
phosphate dehydrogenase (1:10,000; ab181602, Abcam)
as an internal reference. After incubation, the membrane
was washed thrice using Tris-buffered saline with Tween
20 (10 min each). Subsequently, the membrane was
incubated for an hour with horseradish peroxidase-
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conjugated goat anti-rabbit IgG H&L secondary antibody
(1:2000; ab97051, Abcam) and additional Tris-buffered
saline with Tween 20 washes. Equal volumes of solution
A and solution B from the enhanced chemiluminescence
kit (ABclonal Technology Co., LTD, China) were mixed
in the dark and applied to the membrane. Protein bands
were visualized using the Bio-Rad image analysis system
(Bio-Rad, USA), and band intensities were quantified with
Quantity One software (v4.6.2). The relative expression
levels of target proteins were normalized to the intensity
of the glyceraldehyde-3-phosphate dehydrogenase band.
Each experiment was repeated three times, and the average
value was calculated.

2.21. Enzyme-linked immunosorbent assay

Cell culture supernatants were collected, and the
concentrations of adhesion factors intercellular adhesion
molecule 1 (ICAM-1) and vascular cell adhesion protein
1 (VCAM-1) were determined by enzyme-linked
immunosorbent assay (ELISA). The ELISA kit for ICAM-
1 was purchased from Abcam (United Kingdom), and the
kit for VCAM-1 was obtained from Shanghai Jialai Biotech
Co., Ltd. (China).

2.22. Methylation-specific polymerase

chain reaction

The enrichment of DNA methyltransferases (DNMT1,
DNMT3a,and DNMT3Db) at the DIk1 gene promoter region
was examined using a chromatin immunoprecipitation
(ChIP) assay kit (Sino Biological Inc., China). When cell
confluence reached 70-80%, 1% formaldehyde was added
to cross-link proteins and DNA at room temperature for
10 min. DNA was fragmented by sonication (10 s on/10
s off, 15 cycles), followed by centrifugation at 13,000 rpm
at 4°C. The supernatant was divided into three tubes and
incubated overnight at 4°C with different antibodies:
RNA polymerase II rabbit polyclonal antibody (positive
control, 1:100; ab238146; Abcam, United Kingdom);
rabbit IgG (negative control, 1:100; ab172730; Abcam,
United Kingdom); rabbit anti-DNMT1 (1:100; NBP3-
15856, Novus Biological, USA); rabbit anti-DNMT3a
(1:100; NB100-265, Novus Biological, USA); and rabbit
anti-DNMT3b (1:100; NB300-516, Novus Biological,
USA). Protein-DNA complexes were precipitated with
protein agarose/sepharose beads, centrifuged, and washed
to remove nonspecific binding. Cross-links were reversed
overnight at 65 °C, and DNA fragments were purified using
phenol-chloroform extraction. The promoter region of
DIk1 was amplified by quantitative PCR using the following
primers: forward 5-AACTCCACAATGGCAAGGCT-3
and 5-AACGCACACCACGAAGATGT-3.
Methylation-specific primer sequences are provided in
Table S2, Supporting Information.

reverse

2.23. Chromatin immunoprecipitation assay

A ChIP assay was performed using the ChIP kit (Sino
Biological Inc., China) to assess the enrichment of DNA
methyltransferases (DNMT1, DNMT3a, DNMT3b)
in the DIkl gene promoter region. Cells at 70-80%
confluence were cross-linked with 1% formaldehyde at
room temperature for 10 min. DNA was then fragmented
by sonication into appropriate sizes (10-s bursts with 10-s
pauses, 15 cycles). The lysates were centrifuged, and the
supernatants were divided into three tubes at 4 °C. Each
tube was incubated overnight with either a positive control
antibody (RNA polymerase II rabbit polyclonal antibody
[1:100; ab238146, Abcam, United Kingdom]), a negative
control antibody (rabbit IgG [1:100; ab172730, Abcam,
United Kingdom]), or antibodies against DNMT1 (1:100;
NBP3-15856, Novus Biological, USA), DNMT3a (1:100;
NB100-265, Novus Biological, USA), and DNMT3b (1:100;
NB300-516, Novus Biological, USA). Immune complexes
were precipitated using protein agarose/sepharose beads,
centrifuged, and washed to remove nonspecific binding.
Cross-links were reversed by overnight incubation at
65°C, followed by phenol-chloroform extraction and DNA
purification. Enrichment of the DIkl promoter region
was quantified using quantitative PCR with the following
primers: forward 5-AACTCCACAATGGCAAGGCT-3’
and reverse 5’-AACGCACACCACGAAGATGT-3.

2.24, RNA immunoprecipitation assay

The interaction between Pytl and DNMT1, DNMT3a,
and DNMT3b proteins was detected using the RNA
immunoprecipitation (RIP) Kit (Sai Cheng Biotechnology
Co., Ltd., China). Cells were washed with pre-cooled
PBS, lysed on ice with radioimmunoprecipitation assay
buffer (Beyotime, China), and centrifuged at 12,000
x g for 10 min at 4°C. The supernatant was collected
for immunoprecipitation.

Magnetic beads (50 uL) were washed with 100 uL RIP
wash buffer, conjugated with 5 pg antibody, and incubated
to allow binding. After resuspension in 900 uL RIP wash
buffer, 100 pL of cell extract was added and incubated
overnight at 4°C. The bead-antibody-protein-RNA
complexes were isolated with a magnetic stand, digested
with proteinase K, and the RNA was extracted for PCR
detection. Antibodies used included rabbit anti-DNMT1
(1:100; NBP3-15856, Novus Biological, USA), rabbit anti-
DNMT?3a (1:100; NB100-265, Novus Biological, USA), and
rabbit anti-DNMT3b (1:100; NB300-516, Novus Biological,
USA). Rabbit anti-IgG (1:100; ab172730, Abcam, United
Kingdom) was used as the negative control.

2.25. Statistical analysis
All statistical analyses were conducted using the Statistical
Package for Social Sciences software version 21.0 (IBM,
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USA). Data are presented as mean * standard deviation Additionally, a schematic of the three-layer PCL-
(SD). Comparisons between two normally distributed constructed 3D-printed trachea is shown in Figure 1B. To
groups were performed using an unpaired Student’s ¢-test. determine the stability of the PCL chemical structure during
Multiple group comparisons were analyzed by one-way the 3D printing process of the tracheal replacement stent,
analysis of variance, followed by Tukey’s post hoc test. A we conducted a Fourier-transform infrared spectroscopy
p—value < 0.05 was considered statistically signiﬁcant. analysis, The absorption spectra of raw PCL, 3D_printed

scaffolds, and sterilized scaffolds displayed no detectable
3. Results differences (Figure 1C), indicating that neither 3D printing
3.1. Three-dimensionally printed biodegradable nor sterilization altered the chemical structure of PCL.
polycaprolactone tracheal stents Thermal performance was further evaluated by differential
Polycaprolactone is a synthetic biodegradable polymer scanning  calorimetry. All three groups demonstrated
with potential applications in tissue engineering and is endothermic peaks at approximately 60°C, consistent
compatible with 3D bioprinting without requiring toxic with the melting point of PCL (Figure 1D). During the
solvents.” In this study, we constructed a 3D-printed 3D printing process of PCL, the chamber and nozzle were
tracheal replacement stent using PCL material (Figure 1A). maintained at 90 and 110 °C, respectively. No significant
The scaffold was designed with a longitudinal length of 10 thermal decomposition phenomenon was observed within
mm and a diameter of 5 mm, dimensions based on the this temperature range among the three groups. The crystal
average native tracheal size of 10-week-old F344 rats. The structure of PCL remained unchanged before and after the
construct consisted of five layers, with the innermost and 3D printing and sterilization processes. These findings
outermost layers formed by porous PCL mesh to enhance confirm that the adopted 3D printing method reliably
cell adhesion, proliferation, and neovascularization. preserves the chemical and thermal stability of PCL.
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Figure 1. Constructing a degradable PCL tracheal replacement stent using 3D printing. (A) Overview of an artificial tracheal replacement stent fabricated
by a 3D bioprinter. (B) Schematic of the three-layer structure of the PCL-constructed 3D-printed trachea. (C) Representative FT-IR spectra of PCL
raw materials, 3D-printed PCL samples, and sterilized 3D-printed PCL samples. (D) Differential scanning calorimetry analysis of PCL raw materials,
3D-printed PCL samples, and sterilized 3D-printed PCL samples. (E) Representative radial compression force-deformation curve of the tracheal
replacement stent. (F) Scanning electron microscopy observation of PCL tracheal replacement stent after in vitro degradation for 2, 4, and 12 weeks. Scale
bar: 50 um; magnification: XXx. All experiments were performed in triplicate. Abbreviations: 3D, three-dimensional; FT-IR, Fourier-transform infrared
spectroscopy; PCL, polycaprolactone.
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Mechanical properties were evaluated through radial
compressive force-deformation testing. Deformation of
10-20% occurred under a compressive force of 20 N, while
70% deformation was observed under 60 N (Figure 1E).
The compressive forces corresponding to 10%, 40%, and
70% deformation were 14.52 + 9.95, 43.20 £ 10.17, and
58.55+ 11.60 N, respectively. These results demonstrate that
the 3D-printed scaffold provides sufficient radial support
for in vivo transplantation. The three-point bending
test confirmed that the scaffold maintained substantial
compressive strength (Table S3, Supporting Information).

Scanning electron microscopy (Figure 1F) revealed
that the surface morphology of PCL scaffolds remained
largely unchanged after in vitro degradation for 2, 4, and
12 weeks (Figure 1F). Weight loss analysis showed gradual
degradation, with values of 1.1 + 0.1% at 2 weeks, 2.5 +
0.2% at 4 weeks, and 5.5 + 0.2% at 12 weeks. These results
indicate that the scaffold degrades slowly while maintaining
luminal patency during the early postoperative period.

In summary, a 3D-printed degradable PCL tracheal
replacement stent with stable structure, favorable
mechanical strength, and controlled degradation was
successfully fabricated, establishing a solid foundation for
tracheal transplantation.

3.2. Construction of an in vitro cell-alginate gel-
polycaprolactone tracheal stent

Alginate is a biocompatible and biodegradable material
widely applied in tracheal regeneration.”” In this study,
alginate hydrogel was selected as the supporting matrix for
cell printing, and both endothelial cells and chondrocytes
were incorporated into the scaffold.

Endothelial cells and chondrocytes were successfully
isolated from rat tissues (Figure 2A and B). The PCL
tracheal replacement stent was designed based on the
average tracheal size of 10-week-old F344 rats, with a
length of 10 mm, a diameter of 5 mm, and a five-layer
structure (Figure 2C). The innermost and outermost PCL
layers were fabricated as porous mesh to promote cell
adhesion, proliferation, and neovascularization, while
the middle layer was a non-porous cylinder providing
mechanical strength and separating endothelial cells from
chondrocytes. Between each PCL layer, alginate hydrogel
was used to embed distinct cell populations (Figure 2D).
CellTracker™ staining demonstrated that endothelial
cells (red) localized to the inner layer and chondrocytes
(green) to the outer layer, with uniform cell distribution
throughout the alginate hydrogel (Figure 2E). Cell viability
assessed by Live/Dead assay confirmed robust survival:
approximately 70% of cells remained viable on Day 1, and
viability exceeded 80% from Day 3 onward (Figure 2F).

These results indicate the feasibility of constructing an
artificial trachea using an extracellular matrix-alginate
hydrogel-PCL tracheal replacement stent structure.

3.3.Three-dimensionally printed degradable
polycaprolactone tracheal stents with endothelial
cell coverage on the inner diameter enhance
tracheal defect repair

The re-epithelialization of the long-segment tracheal
substitutes depends on the implantation of epithelial
cells on the substitutes. In this study, rat endothelial cells
were used. To investigate the repair effect of endothelial
cells covered on the inner diameter of the degradable
PCL tracheal replacement stent fabricated by 3D printing
on tracheal defects, a rat tracheal defect model was
established, and artificial trachea were implanted at the
defect sites. The experimental group received stents with
endothelial cells seeded on the inner lumen, whereas the
control group received stents without endothelial cell
coverage (Figure 3A).

Computed tomography imaging demonstrated that the
luminal diameter at the transplantation site was significantly
narrowed in the control group, whereas no reduction
in luminal diameter was detected in the experimental
group (Figure 3B). Bronchoscopic examination
confirmed marked stenosis in the control group, with
granulomatous tissue partially obstructing the airway,
while the experimental group maintained a near-normal
luminal diameter and internal morphology (Figure 3C).
Histological analysis further supported these findings.
Masson’s trichrome staining revealed the absence of
epithelial regeneration in the control group, accompanied
by severe luminal narrowing, whereas the experimental
group exhibited consistent in vivo regeneration of ciliated
epithelial cells covering the inner surface of the stent, closely
resembling the structure of a native trachea (Figure 3D).
Functional outcomes were further validated by vascular
repair analysis. Post-transplantation follow-up (Table S4,
Supporting Information) indicated favorable epithelial
and vascular regeneration in the experimental group, with
no airway obstruction. Ultrasonographic and histological
assessment confirmed segmental repair and lumen
patency. Immunohistochemical staining reinforced these
results: CD34 staining revealed a significant endothelial
cell presence in the graft group, consistent with the
transplanted vascular endothelial cells, whereas neither
normal nor injured trachea exhibited positive staining
(Figure 3E). CD326 (EpCAM) staining demonstrated
robust regeneration in the graft group, in contrast to
minimal epithelial coverage in the injured trachea and
normal staining patterns in uninjured tissue. These
findings suggest that grafted endothelial cells contributed
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Figure 2. Construction of an ex vivo cell-alginate hydrogel-PCL tracheal replacement stent structure. (A) Light microscope morphology of endothelial
cells. Scale bar: 100 um; magnification: 100x. (B) Light microscope morphology of chondrocytes. Scale bar: 100 pm; magnification: 100x. (C) Longitudinal
and vertical views of the artificial trachea, with a scaffold length of 10 mm, a five-layer structure, and a diameter of 5 mm. (D) Scanning electron microscopy
image showing the enlarged scaffold structure, with layers a, ¢, and e composed of PCL; layer b composed of alginate gel and chondrocytes; and layer d
composed of alginate gel and endothelial cells. Scale bar: 50 pum; magnification: 200x. (E) Observation of the artificial trachea under an optical microscope,
with red representing the inner layer of endothelial cells and green representing the outer layer of chondrocytes. Scale bar: 10 pm; magnification: 40x. (F)
In vitro Live/Dead assay, green and red represent live and dead cells, respectively. Scale bar: 250um; magnification: 100x. All cellular experiments were
repeated three times. Abbreviation: PCL, polycaprolactone.
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Figure 3. The reparative effect of a 3D-printed degradable PCL tracheal replacement stent with an inner diameter covering endothelial cells on the
tracheal injury. (A) Schematic diagram of the artificial tracheal transplantation model. (B) Computed tomography images of rats in the control and
experimental groups. (C) Bronchoscope images of rats in the control and experimental groups. Scale bar: 50 pum; magnification: 200x. (D) Masson
staining to detect regeneration of epithelial cells in rats in the control and experimental groups, with the native trachea used as a normal control. Scale
bar: 50 pm; magnification: 200x. (E) Immunohistochemical staining of CD34 and CD326 (EpCAM) in epithelial and endothelial cells in rats in the
control and experimental groups, with the native trachea as a normal control. Scale bar: 50 um; magnification: 200x. (F) Immunofluorescent staining of
5-hydroxytryptamine (5-HT) in epithelial cells and CD202b in endothelial cells in rats in the control and experimental groups, with the native trachea
as a normal control. Scale bar: 25 pm; magnification: 400x. Red boxes highlight the graft scaffold area. 12 rats per group. All cellular experiments were
repeated three times.

to epithelial lining repair, potentially through endothelial- experimental groups. Differential expression analysis
epithelial transition (Figure 3E). Immunofluorescence identified 267 differentially expressed genes, including 151
analysis confirmed enhanced epithelial regeneration in the downregulated and 116 upregulated genes, with theIncRNA
graft group compared to normal and injured trachea, with Pytl exhibiting the highest fold change upregulation
evidence of endothelial cells differentiating into epithelial (Figure 4A and B). Consistent with previous reports, Pvt]
cells (Figure 3F). has been shown to promote endothelial cell proliferation.*

PPI network analysis of the top 50 differentially expressed
genes using the STRING database revealed DIk as a central
node (Figure 4C and D). DIk1 expression was significantly
downregulated in the experimental group (Figure 4E).
Given that DIkI is reported to suppress endothelial cell
proliferation,” its downregulation suggests a potential

These results demonstrate that 3D printing of a
degradable PCL tracheal replacement stent with an inner
diameter covered by endothelial cells can effectively
enhance the repair of tracheal defects by the tracheal
replacement stent.

3.4. Pvt1 may affect endothelial cell mesenchymal role in promoting endothelial-mesenchymal transition
transition through negative regulation of DIk1 during re-epithelialization.

Re-epithelialization of endothelial cells is critical for Previous studies have reported that DNA methylation
repairing tracheal injury, and this process is closely is essential in regulating gene expression in endothelial
associated with cell proliferation and adhesion functions.*! cells.* In the present study, we identified multiple CpG
To investigate the molecular mechanisms underlying islands within the promoter region of DIkl (Figure 4F),
endothelial cell transdifferentiation into epithelial cells, suggesting that its transcriptional activity may be
transcriptome sequencing was performed on tracheal modulated through epigenetic modification. Moreover,
tissues collected from three rats in both the control and evidence indicates that IncRNAs can recruit DNA
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methyltransferases (DNMT1, DNMT3a, DNMT3b) to
specific promoter regions, thereby modulating DNA
methylation and transcriptional activity.”” Based on these
findings, we propose a mechanistic model in which PvtI
recruits DNMTs to the DIkl promoter, enhances DNA
methylation, and negatively regulates DIkl expression,
ultimately facilitating the epithelialization of endothelial
cells and contributing to tracheal repair.

3.5. Pvt1 silencing can downregulate the
methylation level of DIk1 by reducing the
enrichment of DNA methyltransferase in the
promoter region of DIk1

We first detected the methylation level of the DIk 1 promoter
CPG island in endothelial cells through Methylation-
Specific Polymerase Chain Reaction (MSP) experiments.
As shown in Figure 5A, the methylation level of the CpG
island in the DIkl promoter region was down-regulated
after silencing Pvtl. Consistently, ChIP assays revealed

that the enrichment of DNMT1, DNMT3a, and DNMT3b
at the DIkl promoter was significantly diminished
upon Pvtl knockdown (Figure 5B). Furthermore, RIP
analysis confirmed that Pvt] directly interacts with DNA
methyltransferases (Figure 5C): after Pvtl silencing,
the amount of Pvt] immunoprecipitated with DNMT1,
DNMT3a, and DNMT3b antibodies was markedly
reduced. These findings indicate that silencing PvtI may
downregulate the methylation level of DIkl by reducing
the enrichment of DNA methyltransferases in the DIkl
promoter region.

3.6. Pvt1 silencing can inhibit endothelial cell
proliferation and adhesion by upregulating

DIk1 expression

To investigate whether Pvtl regulates endothelial cell
proliferation and adhesion via DIkl, endothelial cells
were grouped for knockdown experiments. Real-time
quantitative PCR analysis confirmed (Figure 6A) that PvtI

A @ Up © Notsig @ Down B C RGE 505521
I I ® control 6
41 & | e = experimental
®| | ® . Eth Sic20a1 Atp13at
= 3 o0 I | ® * @ - Scnga
B3 | | ° - — S o/
o S 4
~ ° a8 Cables2
S 2 ksl .
8’ vt = mAtp 2a »
. &
_I‘ |- —— E 4 \“_/ Cables1
" H
T 21
D 151 Up: 116 &
4 Down: :
0 T T 2 T Neurl1b
-4 -2 0 2 4 0
Log, (Fold change) A
D wu E F
RGD1309821 :I control ¥a
i3 ot ittt ]
Neurl1b l:l n experimemal 5 : WW
e % 7 |—|* oo | o 1°°.‘° il i o SO .ﬁ""\“)
Cables2 ‘:’ r " smmHm
£ 124 :[ vra—urs
Cables1 l:l — S!Qnrzl—!nkz
x ol
Atpt2a |:| a 114 PI——
v [ 5 ([
o rrel—liRe
- rFsE—HRS
Slc20a1 | 3 2 o S enl— s
=
r T T T T 1 I 3 T Unmethylated-Specific =— =
0 1 2 3 4 5
Number of adjacent nodes

Figure 4. Gene screening through bioinformatics analysis. (A) Volcano plot for differentially expressed genes in the dataset, gray dots represent genes with
no differential expression, red dots represent significantly upregulated genes, and blue dots represent significantly down-regulated genes. PvtI, indicated
by the plot, represents the gene with the highest upregulation factor. (B) Differential expression of PvtI in tracheal tissues of rats in the control and
experimental groups. (C) PPI protein interaction network. (D) Protein interaction adjacent node ranking in the PPI protein interaction network. (E)
Differential expression of DIkI in tracheal tissues of rats in the control and experimental groups. (F) Methprimer online website predicts CpG island
distribution in the DIkI promoter region. Abbreviation: PPI, protein—protein interaction.
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Figure 5. Study on the mechanism of Pvt1 regulating DIk1. (A) Methylation level detection of CpG island in the DIkI promoter region in endothelial cells
using Methylation-Specific Polymerase Chain Reaction (MSP) experiment, with M representing methylated and U representing unmethylated. (B) DNA
methyltransferase enrichment detection in the DIk promoter region using chromatin immunoprecipitation experiment. (C) Binding of PvtI with DNA
methyltransferase detection using RNA immunoprecipitation experiment. * indicates a significant difference between the two groups with a p-value of
less than 0.05. All cell experiments were performed in triplicate. Abbreviations: DNMT, DNA methyltransferase; NC, negative control; sh, short hairpin.

and DIkI were efficiently silenced, with sh-Pvt1-2 and sh-
DIkI-2 showing the highest knockdown efficiency and
therefore selected for further assays. Compared with the
sh-NC group, Pvt] knockdown significantly reduced PvtI
expression and concomitantly increased DIkI expression.
In contrast, co-silencing DIkl abrogated this effect,
reducing DIkl expression without altering PvtI levels,
indicating that PvtI silencing upregulates DIk1 expression.

Functional —assays further —demonstrated the
consequences of this regulatory relationship. CCK-8 and
flow cytometry analyses showed (Figure 6B and C) that
Pytl knockdown significantly inhibited endothelial cell
proliferation and promoted apoptosis, while simultaneous
silencing of DIkI reversed these effects. Western blotting
supported these findings: Pvt! silencing decreased cyclin-
dependent kinase 2, proliferating cell nuclear antigen,
and B-cell lymphoma 2 expression and increased Bcl-2-
associated protein X expression, whereas DIkI silencing
restored their levels (Figure 6D). Moreover, ELISA
revealed that secretion of adhesion molecules ICAM-1 and
VCAM-1 was markedly reduced after Pvt] knockdown but
recovered upon DIkI silencing (Figure 6E). These results
indicate that silencing Pvtl can inhibit the proliferation
and adhesion of endothelial cells by upregulating the
expression of DIkI.

3.7. Pvt1 silencing impairs repair by endothelial-

lined three-dimensionally printed tracheal stents

Our in vitro findings demonstrated that silencing Pvtl
reduces endothelial cell proliferation and adhesion.
To further examine the in vivo consequences of Pvtl
silencing on tracheal defect repair, endothelial cells with
Pvtl knockdown were seeded onto the inner diameter

of 3D-printed biodegradable PCL tracheal stents and
transplanted into tracheal defect sites in rats. Computed
tomography imaging revealed (Figure 7A) that the tracheal
lumen in the sh-Pvtl group was markedly reduced
compared with the sh-NC group. Bronchoscopic evaluation
(Figure 7B) confirmed severe tracheal narrowing in
the sh-Pvtl group, accompanied by granulation tissue
proliferation and partial airway obstruction. Regarding
epithelial regeneration within the artificial trachea, Masson
staining (Figure 7C) demonstrated that, compared with the
sh-NC group, the regenerated epithelium in the sh-PvtI
group was irregular and poorly organized, accompanied by
significant narrowing of the tracheal lumen. In addition,
analysis of inflammation-related factors revealed that the
levels of 1l6 and Tnfa were markedly elevated in the sh-
Pvt1 group compared with the sh-NC group (Figure 7D),
indicating the occurrence of a pronounced inflammatory
response in the newly formed epithelium.

In summary, 3D printing a degradable PCL tracheal
replacement stent with an inner diameter covering
silencing Pvtl in endothelial cells can inhibit the stent’s
repairing effect on tracheal defects.

4, Discussion

Tracheal defects are rare but potentially life-threatening
conditions that can arise from trauma, tracheal
malignancies, surgical injuries, or other causes."*® These
defects can lead to airway obstruction and, in severe cases,
pose a significant risk to the patient’s life.*” Current clinical
management strategies mainly include tracheoplasty
and tracheal transplantation. Tracheoplasty is generally
effective for repairing short-segment tracheal defects, yet
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Figure 6. The impact of Pvt1 on endothelial cell proliferation and adhesion function through regulation of DIk1. (A) Detection of PvtI and DIkI expression
levels in cells of each group using real-time quantitative polymerase chain reaction. (B) Assessment of cell proliferation ability in each group using the
Cell Counting Kit-8 assay. (C) Measurement of cell apoptosis rate in each group using flow cytometry. (D) Analysis of expression levels of proliferation
and apoptosis-related proteins in cells of each group using Western blot. (E) Determination of levels of adhesion factors ICAM-1 and VCAM-1 in the
supernatant of cells in each group using enzyme-linked immunosorbent assay. * indicates a significant difference between the two groups with a p-value of
less than 0.05. All cell experiments were performed in triplicate. Abbreviations: Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; CDK2, cyclin-
dependent kinase 2; NC, negative control; PCNA, proliferating cell nuclear antigen; sh, short hairpin.
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Figure 7. The impact of silencing PvtI on tracheal injury repair in endothelial cells. (A) Computed tomography images of sh-NC and sh-PvtI group rats.
(B) Bronchoscopy images of sh-NC and sh-Pvt1 group rats. (C) Masson staining was used to detect epithelial cell regeneration in the sh-NC and sh-PvtI
group rats, with the native trachea serving as a normal control. Scale bar: 50 pm; magnification: 200x. Red boxes highlight the graft scaffold area; (D)
Real-time quantitative polymerase chain reaction analysis of Il6 and levels in cells from sh-NC and sh-Pvt1 groups, with three independent experiments,
* indicates Tnfas p < 0.05, 12 rats per group. Abbreviations: NC, negative control; sh, short hairpin.
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its clinical application is restricted by the complexity of
the procedure and the risk of postoperative complications,
including tracheomalacia and injury to the recurrent
laryngeal nerve.”® Although progress has been made in
tracheal transplantation, major obstacles such as immune
rejection and the absence of intrinsic regenerative capacity
continue to hinder its widespread clinical adoption.*-!

Compared to these traditional treatments, 3D printing
provides new solutions for tracheal repair. This method
enables precise customization of tracheal replacement
stents tailored to a patient’s anatomical characteristics,
thereby overcoming the limitations of individual variability
often encountered with conventional procedures.”**
Among the materials available, PCL, a biodegradable
polymer, has been widely adopted. PCL-based 3D-printed
stents gradually degrade in vivo while simultaneously
providing mechanical support and facilitating tissue
ingrowth, ultimately enhancing repair of tracheal defects.
Compared to traditional treatments, 3D-printed tracheal
replacement stents have several distinct advantages.
First, their porous architecture promotes cell adhesion
and proliferation, accelerating tissue reconstruction and
regeneration. Second, the structural morphology closely
mimics the native trachea, ensuring accurate anatomical fit
and physiological functionality. Third, 3D printing enables
patient-specific customization, allowing truly personalized
treatment. Fourth, as a biodegradable and biocompatible
material, PCL provides adequate mechanical strength
during the critical repair phase while supporting cell
colonization and tissue integration. The long-term goal is
that controlled PCL degradation facilitates anastomosis
formation and promotes epithelialization through host cell
participation.’>>> Moreover, 3D-printed PCL stents reduce
the risk of immune rejection and donor-site complications,
while promoting tissue regeneration, further underscoring
their clinical promise.®® Despite these advantages,
challenges remain. A significant issue is achieving a
balance between the mechanical stability of the scaffold
and its biodegradation rate, as premature degradation may
compromise airway patency, whereas delayed degradation
may impede natural tissue integration. Furthermore, robust
clinical evidence is still required to confirm the long-term
safety and efficacy of these implants in humans.*

In contrast, traditional methods such as tracheoplasty
and tracheal transplantation have the following advantages.
Tracheoplasty has been shown to achieve satisfactory long-
term functional recovery and is supported by a substantial
body of clinical data, while tracheal transplantation
benefits from a more extended clinical history with
relatively well-defined procedures and outcomes. However,
these approaches are also limited by notable drawbacks.
Tracheoplasty carries inherent risks, including donor site

complications and immune rejection, and its technical
complexity further restricts its applicability.”** Similarly,
tracheal transplantation faces significant challenges related
toimmune rejection, donor availability, and long-term graft
sustainability, which hinder its broader clinical adoption.

This study investigated the role of PvtI in endothelial
cell proliferation and adhesion and revealed its potential in
repairing tracheal defects using 3D-printed biodegradable
PCL tracheal replacement stents. The results demonstrated
that 3D-printed biodegradable PCL tracheal stents played
a significant role in the repair of tracheal defects, especially
when the inner lumen was covered with endothelial cells. It
iswell established that biological tissues comprise more than
one cell type. When tracheal substitute scaffolds are seeded
with two or more cell types, they become more similar to
native biological tissues, functioning more effectively in
vivo. In the context of long-segment tracheal defect repair
and reconstruction, three critical challenges remain to
be addressed: re-epithelialization, revascularization, and
neo-cartilage formation.” Therefore, endothelial cells
and chondrocytes were applied to the tracheal substitute
scaffold. Notably, the slow degradation rate of PCL was
sufficient to maintain airway patency during the critical
early stages of implantation, ensuring structural stability
and long-term repair efficacy. Previous studies have shown
that the aliphatic ester bonds in PCL are susceptible to
hydrolysis, enabling resorption within approximately
24-36 months, coinciding with new tissue growth phases
during childhood development.® These properties support
the suitability of PCL as an ideal material for tracheal
replacement. Mechanistically, we further found that PvtI
regulates endothelial-mesenchymal transition through
modulation of DIkl expression,” thereby facilitating
tracheal epithelialization and repair. In contrast, silencing
Pyt1 in endothelial cells markedly impaired repair efficacy,
underscoring its promotive role in tracheal regeneration.

Moreover, bioinformatics analysis revealed that
Pytl negatively regulates endothelial cell mesenchymal
transition by modulating DIlkI, thereby impacting the
effectiveness of tracheal repair. Consistent with earlier
studies, Pvtl is highly expressed in various tumors and
plays a significant role in cell proliferation, invasion,
and metastasis.®’ However, despite its significant role in
tracheal repair, therapeutic strategies targeting Pvtl may
pose certain risks by potentially stimulating tumor cell
proliferation. Therefore, future research should further
explore the dual role of PvtI in different diseases and
treatment contexts to develop more refined therapeutic
strategies. Given that PvtI is also expressed in normal
tissues, molecular markers such as miR-150-5p, octamer-
binding transcription factor 4, and c-myc may be valuable
indicators for monitoring Pvt1 activity in cancer-related
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contexts.®*® Future studies should also explore targeted
delivery strategies as a research direction.

Despite the significant advantages of 3D-printed
tracheal replacement stents in repairing tracheal defects,
several challenges remain. One of the most critical issues
is balancing the biodegradation rate and long-term
mechanical stability. Excessively rapid degradation may
compromise structural integrity, whereas overly slow
degradation may hinder tissue remodeling and integration.
In our study, degradation assessment at 2, 4, and 12 weeks
revealed that PCL tracheal stents underwent relatively rapid
degradation during the initial 2 weeks, followed by a more
gradual decline. Importantly, even at 12 weeks, the stents
retained sufficient mechanical strength and luminal stability
to maintain airway patency. To further validate the long-
term in vivo stability of the material, future investigations
should extend the evaluation period to 6 months or even
1 year, if conditions allow. Supplementary indicators such
as weight change should also be incorporated to provide a
more comprehensive assessment of the degradation profile
and mechanical durability. Another key challenge lies in
enhancing vascularization of the stent, which is essential
for promoting neovascular growth and ensuring long-
term survival of the repair site. Ongoing work has begun
to explore accelerated aging experiments and long-term
follow-up studies to generate more complete data on
biodegradation and biocompatibility. Collectively, these
findings strengthen the evidence supporting the potential
of 3D-printed degradable PCL tracheal replacement stents
for tracheal repair and offer new insights and strategies for
addressing tracheal defects.

To address these challenges, future research should
prioritize several directions. First, the degradation rate and
mechanical strength of PCL tracheal replacement stents
should be optimized to achieve long-term stability. Second,
other biodegradable or composite materials should be
explored to enhance the performance of tracheal stents.
Third, gene editing and surface modification technologies
should be applied to improve immune compatibility and
reduce rejection. Fourth, novel therapeutic strategies
targeting key molecules such as PvtI and DIk1 should be
developed to optimize tracheal repair while minimizing
potential tumor risks.”* Additionally, future studies should
focus on extending the follow-up time in animal models and
conducting more extensive preclinical research to validate
the effectiveness of 3D-printed tracheal replacement stents
in different clinical scenarios.

This study provides new insights into the role of PvtI
in endothelial cell proliferation and adhesion, revealing
its potential in tracheal defect repair. By offering new
perspectives on tracheal replacement stent design and

identifying new therapeutic targets, this study contributes
to advancing tracheal repair technologies. Although
significant challenges remain, continued technological
innovation and a deeper understanding of molecular
mechanisms offer strong potential for 3D-printed
degradable PCL tracheal replacement stents to emerge as
an essential therapeutic option for tracheal defects. Future
research should further validate these findings and promote
the clinical translation of tracheal repair technologies.***’

5. Conclusion

The present study provides an in-depth evaluation of
the potential of 3D-printed degradable PCL tracheal
replacement stents for tracheal defect repair and elucidates
the role of PvtI in regulating endothelial cell proliferation
and adhesion. Through advanced 3D printing technology,
personalized tracheal replacement stents were fabricated
to closely replicate the anatomical features of the native
trachea (Figure 8). The use of biodegradable PCL ensured
both biocompatibility and predictable degradation. The
findings demonstrated that PvtI, a long non-coding RNA,
may facilitate tracheal repair by regulating DIk1 expression
and modulating the endothelial-mesenchymal transition.
The interaction between Pvtl and DIkI highlights a
promising direction for future molecularly targeted
interventions. Despite these advantages, challenges
remain in balancing long-term mechanical stability with
degradation rate, requiring further material optimization
and validation. Future research should focus on enhancing
stent properties, investigating the therapeutic potential
of Pvtl and related pathways, and improving the long-
term safety and efficacy of tracheal repair. Collectively,
these results provide new mechanistic insights and strong
technical support for advancing clinical applications in
tracheal defect treatment.
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