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A bio-adaptive physical hydrogel enables
dynamic tissue engineering for tracheal
reconstruction

Hai Tang1,2,6, Hanchen Wang3,6, Weiyan Sun 1,2,6 , Yi Chen 1,2,6, Ziyin Pan1,2,
Qingfeng Bai1,2, Yaoben Wang3, Weikang Lin1,2, Yulong Hu1,2, Lei Wang1,2,
Minglei Yang 4, Guofang Zhao4, Lei Zhang1,2, Yunlang She1,2, Xuefei Hu1,2,
Kewen Lei 5, Jiandong Ding 3, Lin Yu3 & Chang Chen 1,2

Organ functionalization is inherently complex and dynamic, involving multi-
layered tissue structures and continuous cellular remodeling. To address the
clinical need for long-segment tracheal reconstruction, we propose a dynamic
tissue engineering (DTE) strategy using a bio-adaptive physical hydrogel (BP-
Gel) to emulate native tracheal development and enable dynamic regeneration
of key tissue components. Here we show that chondrocytes cultured within
BP-Gel form cartilage rings through an embryo-like chondrification process,
during which the gel’s percolation network adapts to cell migration and
aggregation. The resulting cartilage exhibits a native-like multilayered mor-
phology that enhances mechanical stability and resists degradation. Before
transplantation, BP-Gel loaded with anti-inflammatory cytokines (IL-Gel) is
introduced into inter-ring spaces to suppress inflammation and promote
vascularization and epithelial maturation. In a rabbit tracheal defect model,
this strategy reconstructs a functional trachea mimicking native structure and
physiology, offering a promising, clinically relevant route to tracheal
reconstruction.

Long-segment tracheal defects caused by tumors, infections, or con-
genital diseases are often associated with life-threatening complica-
tions, leading to a severe impairment in patients’ quality of life and
increased mortality rates1–4. In such cases, tracheal replacement
remains the sole viable therapeutic option to save lives5,6. Despite this
urgent need, no clinically approved trachea substitutes are currently
available. The native trachea has a complex structure featuring carti-
lage rings for radial support, a transmural blood supply, and a defen-
sive airway epithelium. Although a biomimetic tracheal substitute
incorporating those functional elements has been developed and has
shownpromising results in preclinical studies7,8, several challenges still

hinder its clinical application. For example, the cartilage tissue gen-
erated via traditional scaffold-seeding methods lacks the intricate
structural complexity of native cartilage, posing a risk of degradation
during long-term implantation. Therefore, the trachea substitutes
reconstructed from these artificial cartilages are vulnerable to loss of
function due to structural collapse, which is further exacerbated by
local inflammation or foreign body reactions.

In higher organisms, the formation and functional development
of native organs are driven by a dynamic process in which the pro-
liferation and migration of diverse cell types are regulated in a
spatiotemporal-dependent manner, followed by the secretion of
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extracellular matrix (ECM) proteins and gene-phenotype
transformations9–11. These dynamic processes result in continuous
changes in the physical or biochemical microenvironment in the
extracellular space, which in turn guide the functional development
and maturation of the entire organ12,13. Therefore, we propose a
dynamic tissue engineering (DTE) strategy to recapture the dynamics
of native organ development by exploiting bio-adaptive biomaterials
or scaffolds that can actively and continuously interact with the
developing tissue throughout the regeneration window. However, to
date, few biomaterials or scaffolds have been designed to coordinate
with cellular or tissue dynamics in their microenvironment to enable
the biomimetic reconstruction of complex organs like the trachea14,15.

Hydrogels possess a three-dimensional (3D) polymer network
architecture thatmimics the native ECMand can serve as reservoirs for
the sustained delivery of bioactive therapeutics16,17. They have been
widely utilized in organ/tissue regeneration and drug delivery18,19. In
contrast to stable 3D networks in chemically-crosslinked hydrogels, a
gel network formed by weak physical interactions, e.g., hydrophobic
interactions and host-guest interactions, easily undergoes dynamic
changes in response to external stimuli20,21. The flexible, physically
crosslinked network allows cells to actively remodel their niche for
optimal cellular proliferation, migration, differentiation, and sub-
sequent tissue growth and development19,22.

Inspired by these findings, a bio-adaptive physical hydrogel (BP-
Gel) composed of thermosensitive and biodegradable poly(lactic
acid-co-glycolic acid)-poly(ethylene glycol)-poly(lactic acid-co-
glycolic acid) (PLGA-PEG-PLGA) triblock copolymers was developed
to reconstruct a native-like trachea in this study. BP-Gel is a free-
flowing sol at room temperature and spontaneously turns into a
semi-solid physical hydrogel at body temperature mediated by
enhanced hydrophobic interactions. The sol–gel transition behavior
and adaptive percolated network of BP-Gel offer a thermally
responsive and mechanically adaptive platform well-suited for
dynamic structural rearrangement during trachea regeneration.
Furthermore, BP-Gel also enables mild and efficient encapsulation of
interleukin molecules while achieving sustained release in situ,
thereby establishing precise immune niches conducive to trachea
regeneration (Fig. 1a).

Specifically, the physical percolation network in the BP-Gel
could dynamically adapt to the migration, proliferation, and aggre-
gation of chondrocytes, thus facilitating the fusion of chondrocyte
clusters into large aggregates. This procedure resembles the embryo-
like chondrification process, in which undifferentiated mesenchymal
cells migrate, proliferate, and condense to form cartilage
primordia23–25. This dynamically adaptive culture environment
induced a native-like stratified morphology in the engineered carti-
lage, resulting in enhanced mechanical properties and improved
resistance to degradation in vivo. We refer to this type of cartilage as
biomimetic cartilage (BioC) because it shares both structural and
functional similarities with native tracheal cartilage. Cartilage rings
derived from BioC were thus employed as the main mechanical
support for trachea reconstruction. Next, to generate a dynamic
regenerative niche, a second BP-Gel loaded with the anti-
inflammatory cytokines interleukin-4 (IL-4)/IL-13 (denoted as IL-Gel)
was applied to seal the interstices between BioC rings before het-
erotopic transplantation into the platysma muscle. Continuous
interleukin delivery activated an immune cell-mediated cascade that
substantially reduced local inflammation while stimulating coordi-
nated regeneration of trachea components, including the formation
of transmural vascular networks and the development of airway
epithelium. After four weeks of dynamic reconstruction in vivo, a
native-like trachea substitute was expeditiously obtained for
implantation into the recipient. Finally, the long-term functionality
and translational potential of the trachea substitute were extensively
evaluated using a rabbit tracheal defect model.

Results
Fabrication and characterization of BP-Gel and IL-Gel
The triblock copolymer PLGA-PEG-PLGA, whosemolecular structure is
shown in Supplementary Fig. 1a, was synthesized by ring-opening
copolymerization of D,L-lactide and glycolide using PEG as the
macroinitiator. 1H nuclear magnetic resonance (1H-NMR) analysis ver-
ified that thenumber averagemolecularweight of PLGA-PEG-PLGAwas
1750-1500-1750 and the ratio of lactic acid to glycolic acid in PLGA
blocks was 3.2:1 (Supplementary Fig. 1b). Gel permeation chromato-
graphy (GPC) confirmed that the molar mass dispersity (Ðm) of the
synthesized copolymers was 1.23 (Supplementary Fig. 1c).

The gelation mechanism of BP-Gel is attributed to the self-
assembly of PLGA-PEG-PLGA polymers to micelles with PEG as the
shells and PLGA as the cores in water, followed by the formation of a
percolated micelle network via temperature-induced micelle
aggregation17, as illustrated in Fig. 1b. This result was further confirmed
by transmission electron microscopy (TEM) observations (Fig. 1c) and
dynamic light scatteringmeasurements (SupplementaryFig. 1d).When
the polymer concentration reached 5wt% or above, the PLGA-PEG-
PLGApolymers were soluble in water at lowor room temperatures and
underwent a sol–gel transition as the temperature increased, as pre-
sented in Fig. 1d. Furthermore, dynamic rheological measurements
showed that the BP-Gel system composed of 12.5 wt% polymer aqu-
eous solution indeed exhibited a sol-to-gel transition upon heating
(Supplementary Fig. 1e) and formed a stable gel at body temperature
(37 °C) (Supplementary Fig. 1f). Moreover, as the polymer concentra-
tion increased, the phase transition temperature decreased and the
modulus of the gel formed at 37 °C increased (Fig. 1d and Supple-
mentary Fig. 1g).

Subsequently, Live/Dead staining assays demonstrated that the
proliferation of cells was not affected by treatment with 1wt% PLGA-
PEG-PLGA solution, indicating the good cytocompatibility of the syn-
thesized copolymer. Live/Dead stainingwithHoechst 33342 confirmed
high cell viability (Supplementary Fig. 1h) and enabled the visualization
of cell nuclei. Ki-67 immunofluorescence (IF) staining on Days 1, 4, and
7 showed comparableproliferative activity among control, GelMA, and
BP-Gel groups, supported by quantification of Ki-67-positive cells
(Supplementary Fig. 1i, j). Cell number counting, DNAcontent, andCell
Counting Kit-8 (CCK-8) assays further confirmed the lack of significant
differences in proliferation across groups (Supplementary Fig. 1k–m).
In addition, BP-Gel with a polymer mass fraction of 25wt% was sub-
cutaneously injected into the dorsal region of ICR mice to assess its
in vivo degradability. Anatomical observations and weighting analysis
revealed that the BP-Gel system was maintained in vivo for over one
month (Supplementary Fig. 1n). Non-invasive fluorescence imaging
also supported these findings (Supplementary Fig. 1o).

The interleukin molecules IL-4 and IL-13, whose structures are
illustrated in Supplementary Fig. 1p, were expediently encapsulated
into BP-Gel composed of 25wt% polymer solution by simply mixing
them at the sol state, and the resulting system was known as IL-Gel. In
vitro release tests showed that IL-4/13 could be continuously and
steadily released from BP-Gel, with the cumulative release amount
exceeding 80% within 4 weeks (Fig. 1e). Finally, the IL-Gel system
containing Cy5.5-labeled interleukin molecules was subcutaneously
injected into ICR mice, and the release of the drug in vivo was con-
firmed via intravitalfluorescence imaging. As presented in Fig. 1f, g, the
gradual decrease in fluorescence intensity indicated the slow and
sustained release of interleukin molecules in vivo. In addition, routine
blood and biochemical tests showed that the implantation of IL-Gel
and subsequent release of interleukin molecules caused no adverse
systemic effects (Supplementary Fig. 2).

Construction and characterization of BioC
BioC was constructed by seeding chondrocytes into BP-Gel (12.5 wt%)
and culturing them in chondrogenicmedium, with GelMA as a control.

Article https://doi.org/10.1038/s41467-025-67580-0

Nature Communications |          (2026) 17:866 2

www.nature.com/naturecommunications


Concentration screening (6.25–25wt%) showed that low concentra-
tions led to structural instability and cell sedimentation, while high
concentrations produced excessive stiffness and reduced porosity,
resulting in scattered cells. Thus, 12.5 wt% was selected as the working
concentration (Supplementary Fig. 3a). BP-Gel also maintained stable
gelation at 37 °Cwith gradual degradation, unlike Pluronic F127, which
degraded completely within 72 h (Supplementary Fig. 3b). Bright-field
and confocal microscopy confirmed that chondrocytes aggregated
into clusters in BP-Gel, whereas they remained scattered in GelMA
(Fig. 2a and Supplementary Fig. 4a). Quantitative analysis further

confirmed that the number of chondrocyte clusters in BP-Gel was
significantly greater than that in GelMA at all observation points
(Fig. 2b). This interesting phenomenon of spontaneous chondrocyte
aggregation in BP-Gel was also verified by a dynamic video (Supple-
mentary Movie 2). Based on this, a schematic of cell growth status in
the two different gel systems is proposed, as displayed in Fig. 2c.

BP-Gel was formed by the aggregation of micelles, in which
hydrophilic PEG segments containing many ether bonds constituted
the shells of the micelles and were exposed to the aqueous environ-
ment. We speculate that numerous water molecules bind to the PEG
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Fig. 1 | Tracheal reconstruction strategy and characterization of the BP-Gel.
a DTE tracheal construction strategy: (i) The substitute comprises BioC rings
(chondrocytes cultured in BP-Gel) and IL-Gel (BP-Gel loaded with interleukins). (ii)
Ether bonds in BP-Gel generate a surface “water film” via hydrogen bonding,
reducing adhesion and promoting cell clustering to mimic embryonic develop-
ment. (iii) IL-Gel enables sustained interleukin release to induce macrophage
polarization and immune cascade activation, maintaining cartilage phenotype,
stimulating angiogenesis, and promoting epithelial migration. Elements were cre-
ated in BioRender. Tang, H. (2025) https://BioRender.com/slb7t02. b Schematic of

PLGA-PEG-PLGA micelle formation and heat-induced sol–gel transition. c TEM
images ofmicelles at two temperatures (n = 3 individual samples). d Phase diagram
of BP-Gel. e In vitro IL-4/13 release from IL-Gel (n = 3 individual samples per group).
fRepresentative fluorescencemicrographs of ICRmice at the indicated timepoints
after subcutaneous injection of IL-Gel containing Cy5.5-labeled IL-13.
g Fluorescence intensity over time (n = 3 individual samples). The data are
expressed as the mean ± s.d. BP-Gel, bio-adaptive physical hydrogel. IL-Gel,
interleukin-loaded BP-Gel. Source data is provided as a Source data file.
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shells via hydrogen bonding, creating an anti-adhesion
microenvironment26,27, as illustrated in Supplementary Fig. 4b. This
microenvironment prevents chondrocytes from adhering to the gel
network, thereby forcing them to aggregate. To verify this hypothesis,
chondrocytes were cultured on the surface of BP-Gel. As expected,
unlike the chondrocytes cultured on ordinary plates (2D culture), the
cells grown on the BP-Gel surface did not adhere well, resulting in the
formation of regular spherical shapes (Supplementary Fig. 4c).

We subsequently evaluated the expression of adhesion-related
genes (Lama, Fn1, Cdh2, and Gja1) (Supplementary Fig. 4d) and
cartilage-related genes (Acan, Col2a1, and Sox9) (Fig. 2d). The results
showed that the expression levels of these genes in chondrocytes

grown in BP-Gel were significantly up-regulated compared with those
cultured on plates or in GelMA, indicating that culturing chondrocytes
in BP-Gel promotes their aggregation and fusion, thus facilitating
cartilage formation. Consistently, Western blotting confirmed higher
levels of adhesion-related proteins in the BP-Gel group, and Hema-
toxylin and Eosin (H&E) and IF staining further demonstratedmarkedly
stronger expression of Laminin subunit alpha-1 (LAMA1), Fibronectin
(FN1), N-cadherin (CDH2), and Connexin-43 (GJA1), with quantitative
analysis showing significant increases in all four markers (Supple-
mentary Fig. 4e–h).

Next, we explored the process of chondrocyte development in
BioC. IF staining revealed that the expression ofCollagen type II alpha 1
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chain (COL2A1) and Hypoxia-inducible factor 1-alpha (HIF-1α) was
significantly increased within the chondrocyte clusters formed in BP-
Gel (Fig. 2e and Supplementary Fig. 5a, showing an amplified region of
Fig. 2e). Colocalization analysis based on protein expression intensity
demonstrated that the expression levels of these two proteins were
highly coincident (Fig. 2f and Supplementary Fig. 5b). To further sub-
stantiate this point, we examined cell spheroids, a recognizedmodel of
chondrocyte development. IF staining showed high expression of HIF-
1α and COL2A1 in cell spheroids, which closely resembled the
expression patterns observed in BioC cultured within BP-Gel (Sup-
plementary Fig. 5c). These findings, combined with previous
studies28–30, suggest that the formation of chondrocyte clusters creates
a hypoxic environment and stimulates the expression of HIF-1α, which
in turn promotes the development of chondrocytes and the secretion
of the cartilage matrix. Similarly, immunohistochemical (IHC) staining
manifested that Yes-associatedprotein 1 (YAP), a protein that regulates
matrix secretion in response to mechanical signaling to promote car-
tilage development and tissue remodeling, was expressed at higher
levels in chondrocyte clusters compared with the surrounding scat-
tered chondrocytes (Supplementary Fig. 5d). Building on these find-
ings, we performed additional IF staining of chondrogenic markers
using GelMA as a control and cell spheroids as a reference. Chon-
drocytes cultured in BP-Gel showed markedly stronger SOX9 and
COL2A1 expression than those in GelMA, with quantification confirm-
ing higher SOX9 and COL2A1 levels and an increased proportion of
SOX9-positive cells (Supplementary Fig. 5e–h). These results further
demonstrate that the BP-Gel microenvironment promotes chondro-
genic differentiation and cartilage matrix deposition.

Additionally, we found that when chondrocyte clusters formed in
BP-Gel, they tended to further fuse into larger chondrocyte aggregates
as the incubation time extended. This fusion further promoted the
secretion of the cartilagematrix, leading to the formation of native-like
cartilage tissue (Supplementary Fig. 6a). To further elucidate the early
chondrogenic process within BP-Gel constructs, we analyzed 2-week
samples and compared themwith embryonic tracheal cartilage, which
represents a developmental benchmark of native chondrogenesis.
Specifically, histological analyses of mice embryonic trachea at E12.5,
E14.5, and E16.5 using H&E, Alcian Blue-Nuclear Fast Red (AB&NFR),
Safranin O-Fast Green (SO&FG), and SOX9 IF revealed progressive
mesenchymal condensation and early matrix deposition, thereby
providing a reference for evaluating the developmental stage of BP-
Gel-induced cartilage (Supplementary Fig. 6b). Figure 2g shows a
typical fusion process where small chondrocyte clusters fused into a
larger chondrocyte cluster. Conversely, the chondrocytes cultured in
GelMA remained dispersed throughout a 4-week in vitro culture per-
iod (Supplementary Fig. 6a). Theseencouragingfindings are attributed
to the weak physical gel network formed in BP-Gel and the presence of
micelles with numerous exposed PEG shells, which provide a dynamic
adaptive environment that facilitates the aggregation and fusion of

chondrocytes. In contrast, the robust chemically-crosslinked gel net-
work in GelMA and its slow in vitro degradation result in the firm
immobilization of chondrocytes within the hydrogel matrix, thereby
hindering their aggregation and subsequent fusion.

Encouraged by these in vitro results, BioC samples that had been
cultured in vitro for 4weekswere implanted subcutaneously into nude
mice. Following this process, BioC gradually began to resemble native
cartilage. Histological analyses confirmed that after 4 weeks of in vivo
culture, the collected BioC exhibited cartilage-specific extracellular
matrix (ECM) deposition, as demonstrated by H&E, AB&NFR, and
COL2A1 IHC staining, which qualitatively assessed tissue morphology,
GAG-rich matrix deposition, and chondrogenic zonal distribution
(Fig. 2h). Quantitative detection of the cartilage lacunae size in each
group disclosed that the cartilage structure formed in BP-Gel was
similar to that of natural cartilage (Fig. 2i). Measurements of DNA and
hydroxyproline contents suggested that BioC has biochemical char-
acteristics comparable to those of native cartilage (Fig. 2j, k).

Supplementary Fig. 7a–e presentsmacroscopic views, histological
staining images and biochemical parameters of BioC at 2 and 4 weeks
post-implantation. The continuous increase in lacunae structures
and matrix content reflected the gradual maturation of cartilage in
BP-Gel.

Native cartilage exhibits a distinct “cortex-medulla” structure,
ensuring the structural integrity and functional adaptability required
for cartilage development and load-bearing performance31,32. To fur-
ther assess the structural organization of cartilage matrix, Sirius Red
(SR) staining for COL2A1 and 3D reconstruction plots demonstrated
that the distribution of COL2A1 within BioC based on BP-Gel closely
resembled the characteristic grid-like COL2A1 arrangement in the
native cartilage; however, no similar COL2A1distributionwasobserved
in GelMA (Fig. 2l). Moreover, the BioC samples obtained fromdifferent
culture time points were also subjected to SR staining. As shown in
Fig. 2m–o, SR staining of BioC at different growth stages revealed
progressive fusion of chondrocyte clusters, continuous increase in
COL2A1 deposition, and gradual thickening of the cortical layer,
reflecting the dynamic formation of a “cortex-medulla” structure.

To elucidate the biological function of the formed cortical layer,
BioC samples harvested after 4 weeks of in vivo culture were bisected
and then implanted subcutaneously into nude mice (Fig. 2p). The side
with an intact cortical layer exhibited well-preserved cartilaginous
characteristics (Fig. 2q, r). In contrast, on the side devoid of the cortical
layer, numerous surrounding cells had infiltrated into BioC, resulting
in the degradation of cartilage. The results of IF staining further con-
firmed that the expression of COL2A1 was notably higher on the side
with the retained cortex layer, while both cell density and Matrix
metallopeptidase 13 (MMP13) expression markedly increased on the
side where the cortex had been removed (Fig. 2s, t). These findings
suggest that the formed cortical layer exerts a protective effect on
inhibiting cartilage degradation.

Fig. 2 | Construction and dynamic development of BioC. a Growth state of
chondrocytes in BP-Gel and GelMA over culture time under bright-field micro-
scopy. b Quantification of chondrocyte clusters in BP-Gel and GelMA (n = 5 indivi-
dual samples per group). c Schematic illustrating aggregated (BP-Gel) versus
scattered (GelMA) growth states. Elements were created in BioRender. Tang, H.
(2025) https://BioRender.com/mkdsv40. d Expression of cartilage-associated
genes after 7 days of culture; 2D control: cells on standard plates (n = 3 individual
samples per group). e, fConfocal images and colocalization analysis of HIF-1α (red)
and COL2A1 (green) in BP-Gel. g Representative micrographs showing fusion of
chondrocyte clusters in BP-Gel. h Representative H&E, AB&NFR, and COL2A1 IHC
stainingmicrographs of tissue at 4 weeks post-implantation. iQuantitative analysis
of cartilage lacuna size (n = 6 random fields from 3 individual samples per group). j,
k DNA and hydroxyproline content of tissues at 4 weeks post-implantation (n = 6
values from 3 individual samples with 2 technical replicates per group).
l Representative SR-stained micrographs of tissue at 4 weeks post-implantation.

m–o Polarizing SR staining at indicated time points, and quantitative analysis of
intersphere angle, fluorescence intensity, and cortex thickness, red boxes indicate
developing cartilage cortex. (n = 6 random fields from 3 individual samples per
group). p Schematic of BioC bisection exposing the medulla. Elements were cre-
ated in BioRender. Tang, H. (2025) https://BioRender.com/cku0oog.
q Representative H&E-stained BioC retaining a unilateral cortical. r Quantification
of tissue invasion depth on cortical (uncut) versus non-cortical (cut) sides (n = 20
random fields from 3 individual samples per group). s, t IF staining and colocali-
zation analysis ofMMP13 (red) andCOL2A1 (green) in BioCwith a unilateral cortical
at 4 weeks post-implantation. Representative images in (e), (g), (h), and (l) were
selected from3 individual samplesper group. Thedata are expressed asmean ± s.d.
Data in (b) and (r) were analyzed by two-tailed Student’s t-test. Data in (d), (i), (j),
(k), (n), and (o) were analyzed by one-way ANOVA followed by Bonferroni’s post
hoc test. Source data is provided as a Source data file.
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Subsequently, tracheal BioC rings were obtained using a process
similar to the construction of bulk BioC. Supplementary Fig. 7f and
Supplementary Movie 1 show the macroscopic morphology of the
generated tracheal BioC rings after different in vivo culture times.
Mechanistic analysis further revealed that the “cortex-medulla” struc-
ture could effectively alleviate stress concentration within the ring
architecture (Supplementary Fig. 7g). Notably, the stress concentra-
tion is detrimental to the stability of the trachea structure and can even
lead to the collapse of the reconstructed trachea.

The ability of IL-Gel to induce macrophage polarization and
modulate the local microenvironment in vivo
We designed a series of in vitro experiments to explore the local
immunomodulatory effects induced by IL-Gel. M0 macrophages were
utilized as the control, while the “LPS-M0 macrophage” model was
used to mimic an inflammatory environment.

Cell morphology was first evaluated after various treatments
(Supplementary Fig. 8a). Typically, M1 macrophages exhibit an irre-
gular polygonal shape with many filopodia. In contrast, M2 macro-
phages display a spindle-like morphology characterized by prominent
lamellipodia, resulting in a higher aspect ratio (Supplementary Fig. 8b).
The results revealed that most of the macrophages exhibited an M2
phenotype after treatment with IL-Gel, with the highest aspect ratio
(Supplementary Fig. 8a–c). Subsequently, we performed fluorescence
staining of the cytoskeleton to visualize lamellipodia, and the statis-
tical analysis of lamellipodium numbers was well consistent with the
proportions of macrophage phenotypes in various groups (Supple-
mentary Fig. 8d–f).

Figure 3a displays representative fluorescence micrographs of
macrophages cultured in BP-Gel with or without IL-4/13, labeled with
CD86 (a specific marker for M1 macrophages) and Macrophage man-
nose receptor (MMR) (a specific marker for M2 macrophages). Quan-
titative analysis revealed that the IL-Gel-stimulated macrophages
exhibited reduced CD86 expression but the highest level of MMR
expression (Fig. 3b). Subsequently, we analyzed thesemarkers via flow
cytometry (Fig. 3c), which demonstrated that IL-Gel induced less M1
phenotypic transformations butmoreM2 phenotypic transformations
in macrophages (Supplementary Fig. 8g, h). Moreover, we performed
PCR measurements to evaluate the expression of genes related to
macrophage polarization under different induction conditions. The
results showed that IL-Gel reduced the expression of M1 phenotype-
related genes (Tnf and Il1b) while promoting the expression of M2
phenotype-related genes (Il10 and Mrc1) (Fig. 3d).

The in vivo functions of IL-Gel were further evaluated after sub-
cutaneous injection into ICR mice, and the treatment timeline is pre-
sented in Supplementary Fig. 8i. Supplementary Fig. 8j shows
representativemicrographs ofH&E-stained slices of residual hydrogels
containing surrounding tissues from 14 to 28 days post-injection. BP-
Gel without IL-4/13 induced an acute inflammatory response, resulting
in the infiltration of inflammatory cells into the surrounding tissue. In
contrast, no obvious inflammatory cell infiltration was observed in the
surrounding tissue of IL-Gel.

CD86/MMR IF staining was also performed on the surrounding
tissues. The results revealed a higher proportion of M1 macrophages
around IL-4/13-free BP-Gel, while more M2 macrophages were
observed around IL-Gel (Supplementary Fig. 8k).

Subsequently, we performed IF staining using Lymphocyte anti-
gen 6 complex locus G6D (Ly6G) (a specific marker for neutrophils)
and CD45 (a specific marker for lymphocytes). The results demon-
strated that the presence of IL-Gel significantly mitigated the infiltra-
tion of both lymphocytes and neutrophils, indicating its favorable anti-
inflammatory effects (Supplementary Fig. 8l).

Furthermore, IF staining for the endothelial cell-related marker
(Platelet/endothelial cell adhesion molecule 1, PECAM1) was con-
ducted on the two groups. The IL-Gel group exhibitedmore functional

blood vessels with an orderly arrangement (Supplementary
Fig. 8m–o). These findings suggest that IL-Gel promotes endothelial
cell growth. The results of tissue IHC staining also coincidedwith those
of IF staining (Supplementary Fig. 9). Taken together, IL-Gel exerts a
comprehensive regulatory effect on the microenvironment at the
implantation site.

Enhanced development of cartilage, endothelium and epithe-
lium in vitro through IL-Gel-induced immune cascades
We first established a co-culture system to examine the direct effects
of IL-Gel onmacrophagepolarization, thereby confirming the ability of
IL-4/13-loaded IL-Gel. We quantified cytokine levels in the culture
medium of macrophages subjected to different treatments, as illu-
strated in Supplementary Fig. 10a. The results demonstrated that the
presence of IL-4/13 significantly increased the concentrations of TGF-
β1, TGF-β3, IGF-1, and bFGF in the culture medium (Fig. 3e). Addi-
tionally, treatment with IL-4/13 also reduced the secretion of CCL2.
These findings suggest that IL-4/13-treated macrophages can release
beneficial factors that promote tissue regeneration while mitigating
inflammatory responses.

To mimic the in vivo microenvironment, building upon this, we
further established a co-culture system to co-culture macrophages
with chondrocytes, endothelial cells, or epithelial cells (Fig. 3f). The
results illustrate the functional consequences of IL-Gel-induced mac-
rophage polarization, demonstrating how polarized macrophages
subsequently regulate the growth and development of chondrocytes,
endothelial cells, and epithelial cells. First, we stained chondrocytes in
the co-culture systemwith toluidineblue, revealing that IL-Gel-induced
macrophage polarization promoted chondroitin production
(Fig. 3g–i). Further IF staining of COL2A1 demonstrated that macro-
phage polarization significantly enhanced the development of chon-
drocytes (Fig. 3j, k). Similarly, the expressionof cartilage-relatedgenes,
including COL2A1 and SOX9, was significantly up-regulated following
IL-Gel stimulation (Supplementary Fig. 10b). These supportive data
suggest that chondrocytes can differentiate and undergo chon-
drogenesis in response to IL-Gel-inducedM2macrophagepolarization.

Subsequently, we investigated the effects of IL-Gel-induced mac-
rophage polarization on the growth and development of human
umbilical vein endothelial cells (HUVECs). Representative fluorescence
micrographs of PECAM1 demonstrated that IL-Gel-induced macro-
phage polarization significantly promoted endothelial cell-related
protein secretion (Fig. 3l, m). Meanwhile, the expression of endothe-
lial cell-related genes (PECAM1 and VEGFA) was also significantly up-
regulated (Supplementary Fig. 10c).Moreover, scratch assays and tube
formation assays discovered that the presence of IL-Gel substantially
boosted the migratory ability of HUVECs (Supplementary Fig. 10d, e)
and promoted angiogenesis (Supplementary Fig. 10f). These results
suggest that IL-Gel facilitates well-organized angiogenesis.

Finally, we explored the effects of IL-Gel-induced macrophage
polarization on the growth and development of epithelial cells in the
co-culture system. Scratch assays revealed that therewas nodifference
in the viability of epithelial cells under different co-culture conditions;
however, IL-Gel-induced macrophage polarization significantly pro-
moted the migration of epithelial cells (Supplementary Fig. 10g–j). In
addition, to verify the impact ofmacrophage polarization on epithelial
regeneration, Transwells were used to establish a air-liquid interface
co-culture system (Fig. 3n). The results showed that the presence of IL-
Gel significantly increased the protein expression of Keratin, type I
cytoskeletal 14 (KRT14), a marker of epithelial stemness, and the
expression of the epithelial ciliary marker acetylated tubulin (AC-Tub)
(Fig. 3o). Scanning electron microscopy (SEM) observations also
revealed enhanced ciliary coverage (Fig. 3o). Quantitative analysis
further confirmed that IL-Gel significantly enhanced epithelial regen-
eration, characterized by the formation of a thicker membrane and
more cilia (Fig. 3p, q).
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Promoted thephenotypemaintenance andangiogenesis ofBioC
through IL-Gel-induced immune cascades in vivo
After a 4-week in vitro culture of chondrocyte-laden BP-Gel (BioC),
the BioC was encapsulated with IL-Gel to form the BP@IL-Gel system,
which was then implanted into the platysma muscle of rabbits, as
shown in Fig. 4a. Given the anti-inflammatory effects of IL-Gel, this
design is expected to create an anti-inflammatory environment
around BioC (Fig. 4b). We also employed BioC (the BP-Gel group),
chondrocyte-laden GeMA (the GelMA group) and chondrocyte-
laden GeMA combined with cell-free GelMA coverage (the

GelMA@Blk group) as the control groups (Fig. 4a and Supplementary
Fig. 11a).

After 2 weeks of in vivo implantation, histological staining pro-
vided clear evidence of cartilage-specific matrix deposition. AB&NFR
staining and COL2A1 IHC staining consistently showed that the BP@IL-
Gel composite exhibited more cartilage-specific ECM deposition
among the four groups (Fig. 4c and Supplementary Fig. 11b–d). To
further quantify these observations, we analyzed cartilage lacunae
based on the stained tissues and found that the number of lacunaewas
highest in theBP@IL-Gel group (Fig. 4d and Supplementary Fig. 11d). In
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addition, biochemical assays of cartilage matrix demonstrated that
relative glycosaminoglycan (GAG) and hydroxyproline contents were
significantly elevated in the BP@IL-Gel group, indicating that this
structural design effectively promoted maintenance of the cartilage
phenotype and protected ectopic cartilage development (Fig. 4e and
Supplementary Fig. 11e, f).

Subsequently, IF staining of CD86 and MMR was conducted to
assess macrophage polarization in the vicinity of BP-Gel and BP@IL-
Gel. The results demonstrated that, compared with the BP-Gel group,
the BP@IL-Gel system induced a significant polarization of macro-
phages toward the M2 phenotype (Fig. 4f–h).

In addition, IF staining of COL2A1 and SOX9 and the corre-
sponding quantitative analysis of COL2A1 revealed the obvious
degradation of the cartilage matrix in the BP-Gel group (Fig. 4i). Con-
versely, the cartilagematrix waswell-preserved in the BP-Gel group. SR
staining further validated that the collagen arrangement in the BP@IL-
Gel group exhibited a grid-like pattern, similar to that of native carti-
lage (Supplementary Fig. 11g, h). These results indicated that the
chondrocytes in the BP@IL-Gel group were in a superior state than
those in the BP-Gel group.

Staining of Actin, alpha 2, smooth muscle (α-SMA) can reflect cell
infiltration and angiogenesis in the implant. As displayed in Fig. 4j, the
absence of IL-4/13 cytokines in the BP-Gel group led to the growth of
inflammation-induced blood vessels into the cartilage tissue, thereby
promoting its degradation. Conversely, almost no blood vessels were
observed within the cartilage tissue in the BP@IL-Gel group due to the
sustained release of IL-4/13 from IL-Gel. Moreover, the increased
vascular infiltration in the BP-Gel group made the cartilage more sus-
ceptible to ossification, as evidenced by SO&FG staining (Supple-
mentary Fig. 11i). Collectively, these results suggest that IL-Gel
facilitates well-organized angiogenesis while avoiding aberrant vas-
cular infiltration into cartilage tissue.

Finally, we conducted an RNA-seq analysis of collected samples to
determine the profile of immune-related gene expression (Fig. 4k).
Pearson’s correlation analysis revealed a significant correlation between
the BP-Gel and BP@IL-Gel samples (Supplementary Fig. 11j). A heatmap
of the differentially expressed mRNAs is shown in Fig. 4l. The volcano
maps showed the differentially expressed genes (DEGs) between the
two groups (Supplementary Fig. 11k). GO enrichment analysis indicated
that the biological processes involved were primarily related to the
regulation of the immune microenvironment (Fig. 4m). KEGG pathway
analysis yielded similar results (Supplementary Fig. 11l). The immune-
related biological processes and DEGs were integrated to construct a
GOChord plot, revealing that THBS4, SLIT2, CAMK1D, and DAPK2 were
the key genes in this process (Supplementary Fig. 11m). Additionally, we
evaluated the relative expression of genes associated with crucial pro-
cesses, including inflammation and angiogenesis. The analysis results
indicate that BP@IL-Gel and BP-Gel exhibit distinct effects on mod-
ulating the inflammatory microenvironment and vascularization. The
heat-map further allows a preliminary assessment of the up- or down-
regulation trends of related genes (Fig. 4n).

DTE trachea-mediated segmental tracheal reconstruction
Multiple BioC rings that had been cultured in vitro for 4 weeks were
superimposed and cast with IL-Gel to form a trachea substitute (called
BP-Gel+IL-Gel), which was then heterotopically transplanted into the
platysma muscle of rabbits for 4 weeks, achieving integration and
vascularization. Afterwards, the trachea substitute was implanted to
repair tracheal defects in rabbits (Fig. 5a). The trachea substitute
constructed solely by superimposingmultiple BioC rings served as the
control group (calledBP-Gel). Aflowchart outlining theprocess for the
fabrication of trachea substitute and subsequent segmental tracheal
reconstruction is shown in Supplementary Fig. 12a.

Eight rabbits in each group underwent tracheal reconstruction
surgery. In the BP-Gel group, none of the rabbits survived beyond
8 weeks. One rabbit died from tracheal obstruction following post-
operative trachea hemorrhage, while the remaining seven succumbed
to asphyxia causedby trachea collapse. Incontrast, 62.5%of the rabbits
in the BP@IL-Gel group survived beyond 8 weeks with stable respira-
tion (Fig. 5b). In addition to the survival rate, the animals’ respiration
rate, heart rate, andblood oxygen (SaO2) level were evaluated for up to
8 weeks post-surgery. The results indicated that the rabbits in the BP-
Gel+IL-Gel group exhibited more favorable trends in these physiolo-
gical parameters after tracheal reconstruction (Fig. 5c–e). Supple-
mentary Tables 1 and 2 summarize the clinical outcomes of the DTE
trachea-transplanted rabbits.

Figure 5f presents the surgical procedure, representative tra-
cheoscopy images, and macrographs of the reconstructed trachea in
the two groups. Supplementary Movies 3 and 4 demonstrate repre-
sentative surgical procedures. In the BP-Gel group, the reconstructed
trachea exhibited obvious collapse, whereas it remained patent in the
BP-Gel+IL-Gel group. Quantitative analysis of the lumen inner dia-
meter, tracheal length, and tracheal wall area revealed that the BP-Gel
+IL-Gel group significantly outperformed the BP-Gel group and more
closely resembled the native trachea (Fig. 5g, h and Supplementary
Fig. 12b).

Figure 5i shows a longitudinal H&E-stained image of the native
trachea. For the reconstructed trachea, longitudinal sections stained
with H&E and AB&NFR are displayed in Fig. 5j. The results demon-
strated that predominant cartilage degradation was found in the BP-
Gel group. In contrast, the cartilage phenotype was well-preserved in
the BP-Gel+IL-Gel group. Quantitative analysis of the cartilage area
revealed that the cartilage retention rate in the BP-Gel+IL-Gel group
was substantially higher than in the BP-Gel group (Fig. 5k). IHC staining
of COL2A1 showed more deposition of the cartilage matrix in the BP-
Gel+IL-Gel group (Fig. 5l, m). In addition, IF staining of epithelium-
related markers (KRT14 and ZO-1) indicated significantly enhanced
growth of the reconstructed tracheal epithelium in the BP-Gel+IL-Gel
group compared with the BP-Gel group (Fig. 5n). Native rabbit trachea
tissue stained with H&E, AB&NFR, COL2A1 (IHC), and KRT14 + ZO-1 (IF)
served as reference standards, demonstrating that the BP-Gel+IL-Gel
group exhibited cartilage content and epithelial organization more
closely resembling native tissue. Consistently, staining of Keratin, type

Fig. 3 | Effects of IL-Gel onmacrophage polarization and subsequent effects of
polarized macrophages on chondrocytes, endothelial cells, and
epithelial cells. a, b Representative fluorescence micrographs and fluorescence
intensity quantitative analysis ofmacrophages labeledwithMMR (green) andCD86
(red) after 2 days of various treatments (n = 5 individual samples per group). c Flow
cytometry analysis ofmacrophages after 2 days of various treatments.d Expression
levels of M1-related (Il1b and Tnf) or M2-related (Il10 and Mrc1) genes in macro-
phages after 2 days of various treatments (n = 3 individual samples per group).
e Secreted levels ofTGF-β1, TGF-β3, IGF, bFGF, andCCL2 in themacrophage culture
medium after 7 days of treatment (n = 3 individual samples per group). f Schematic
of the macrophage co-culture system. g–i Representative toluidine blue-stained
micrographs and quantification of cartilage matrix patches in chondrocytes after
7 days of co-culture. The red arrows indicate thematrix accumulated (n = 5 random

fields from 5 samples per group). j, kRepresentative fluorescencemicrographs and
quantitative analysis of COL2A1-labeled (green) chondrocytes after 7 days of co-
culture (n = 6 random fields from 3 individual samples per group). l, m Repre-
sentative fluorescence micrographs and quantitative analysis of PECAM1-labeled
(red) endothelial cells after 7 days of co-culture (n = 6 random fields from 3 indi-
vidual samples per group). n Schematic of the air-liquid interface co-culture sys-
tem. o Representative fluorescence micrographs of epithelial cells labeled with
KRT14 (red) and AC-Tub (green) after 7 days of co-culture in the air-liquid interface
system and corresponding SEM images. p, q Quantitative analysis of membrane
thickness and epithelial cilia coverage (n = 6 random fields from 3 individual sam-
ples per group. The data are expressed as mean ± s.d. Data were analyzed by one-
way ANOVA followed by Bonferroni’s post hoc test. Source data is provided as a
Source Data file.
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Fig. 4 | In vivo maintenance of cartilage phenotype of BioC and anti-
angiogenesis in BioC through IL-Gel-induced macrophage polarization.
a Schematic of the experimental design. Elementswere created inBioRender. Tang,
H. (2025) https://BioRender.com/vndpxvc. b Schematic of the immune niche
around BioC in the BP-Gel and BP@IL-Gel groups. Elements were created in BioR-
ender. Tang, H. (2025) https://BioRender.com/ae490p4. c Representative H&E-
stained micrographs of tissue from different groups. d Quantitative analysis of the
number of cartilage lacunae (n = 6 random fields from 3 individual samples per
group). eQuantitative analysis of hydroxyproline content (n = 6 random fields from
3 individual samples per group). f Representative fluorescence micrographs
labeled with MMR (green) and CD86 (red). g, h Quantitative analysis of MMR
fluorescence intensity and of MMR/CD86 area ratio (n = 6 random fields from 3
individual samples per group). i Representative fluorescence micrographs labeled
with SOX9 (red) and COL2A1 (green), and quantitative analysis of COL2A1-positive

area. The white five-pointed stars indicate the degradation region of the cartilage
matrix (n = 6 random fields from 3 individual samples per group). j Representative
α-SMA (green) fluorescence micrographs and quantitative analysis of vessels
number. The white triangles indicate the invasive blood vessels in cartilage tissue
(n = 6 random fields from 3 individual samples per group). k Schematic of RNA-seq
analysis of perichondral tissues obtained from different groups. Elements were
created in BioRender. Tang, H. (2025) https://BioRender.com/x2t74di. lHeatmapof
differentially expressed mRNAs identified via RNA-seq analysis in the BP-Gel and
BP@IL-Gel groups (n = 3 individual samples per group).m GO analysis of the RNA-
seq data from the BP-Gel and BP@IL-Gel groups. n Relative expression of genes
related to crucial processes, including inflammationand angiogenesis, in theBP-Gel
and BP@IL-Gel groups. The samples in different groups were collected 14 days
post-implantation. The data are expressed as themean ± s.d. Data were analyzed by
two-tailed Student’s t-test. Source data is provided as a Source data file.
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Fig. 5 | Segmental tracheal reconstruction mediated by DTE trachea.
a Schematic of the rabbit tracheal defect model and subsequent DTE tracheal
reconstruction. b Survival analysis of rabbits after various interventions.
c–eMonitoringof SaO2, respiration rate andheart rate (n = 8 individual samples per
group). f Representative surgical procedure images, tracheoscopy images, and
macroscopic image. Surgical procedure: (i) Multiple BioC rings that had been cul-
tured in vitro for 4weekswere superimposed and cast with IL-Gel to form a trachea
substitute; (ii) The trachea substitute was implanted into the platysma muscle for
further integration; (iii) The integrated trachea substitute was retrieved from the
platysma muscle and subsequently implanted into a tracheal defect to reconstruct
the trachea. g Quantitative analysis of the inner diameter of the reconstructed
trachea (n = 8 individual samples per group). h Quantitative analysis of the recon-
structed trachea length (n = 8 individual samples per group). i Representative H&E-
stained micrograph of a native trachea. j Representative H&E and AB&NFR-stained
micrographs of reconstructed tracheal. kQuantitative analysis of the proportion of

cartilage area in reconstructed trachea (n = 6 random fields from 3 individual
samples per group). l, m Representative COL2A1 IHC staining micrographs of
reconstructed tracheas and quantitative analysis of the COL2A1+ staining area ratio
(n = 6 random fields from 3 individual samples per group). n Representative
fluorescence micrographs of epithelial tissues labeled with KRT14 (red) and ZO-1
(green) and quantitative analysis of epithelial thickness. The dashed lines indicate
the endothelial boundary (n = 10 random fields from 3 individual samples per
group). o Finite Element Modeling simulation of longitudinal deformation and
stress distribution under three-point bending. p–r Maximum load, compressive,
and tensile forces of reconstructed tracheae (n = 3 individual samples per group).
The data are expressed as the mean ± s.d. Data in (b) were analyzed by two-tailed
log-rank test. Data in (h) were analyzed by two-tailed Student’s t-test. Data in (g),
(k), (m), (n), (p), (q), and (r) were analyzed by one-way ANOVA followed by Bon-
ferroni’s post hoc test. Source data is provided as a Source data file.
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II cytoskeletal 5 (KRT5) and Forkhead box protein J1 (FOXJ1) demon-
strated the presence of basal progenitors and ciliated cells, while AC-
Tub marked mature cilia in the regenerated epithelium (Supplemen-
tary Fig. 12c). Quantitative analysis further confirmed that epithelial
cilia coverage was significantly restored in the BP-Gel+IL-Gel group
compared with BP-Gel alone (Supplementary Fig. 12d).

Moreover, vascularization between tracheal cartilage rings was
markedly improved in the BP-Gel+IL-Gel group. H&E and α-SMA IHC
staining revealed abundant andorganized vessels comparable to those
in native trachea, whereas the BP-Gel group displayed smaller and
disordered vessels (Supplementary Fig. 12e). Quantitative analysis
demonstrated that both vessel diameter and vascular area in the BP-
Gel+IL-Gel group closely resembled native trachea but remained sig-
nificantly greater than in the BP-Gel group (Supplementary Fig. 12f).

Finally, the results of force simulation analysis demonstrated that
the degradation of BioC rings in the BP-Gel group induced stress
concentration within the reconstructed tracheal lumen, leading to
tracheal collapse and subsequent blockage (Fig. 5o andSupplementary
Fig. 12g). Figure 5p, q and Supplementary Fig. 12h, i present the max-
imum loads and maximum compressive values of the reconstructed
trachea in both groups, indicating that the mechanical strength in the
BP-Gel+IL-Gel group was superior to that in the BP-Gel group. The
results of tensile experiments further supported this finding (Fig. 5r
and Supplementary Fig. 12j).

In summary, our exploited trachea substitute showed significantly
higher survival rates, enhanced physiological stability, superior
mechanical strength, improved cartilage preservation, and robust
epithelial growth. These findings underscore its potential for func-
tional and durable tracheal reconstruction.

Discussion
The restoration of organ function following failure due to disease,
aging, or congenital conditions represents a significant scientific
challenge. Organ transplantation remains among the most effective
treatment options for many conditions. However, only 10% of organ
transplant needs can be met. Regarding trachea lesions, 90% of adult
primary tracheal tumors are malignant, with a 5-year overall survival
rate of merely 31.7%1,33. Moreover, benign tracheal lesions can also
impair ventilatory function and affect breathing34. For patients with
these diseases, tracheal replacement is an important therapeutic
alternative1. Recent advances in tissue engineering technologies have
made the construction of tracheal replacements a promising solution
to address the critical shortage of transplant donors.

The native trachea, comprising various tissue types including
cartilage rings, blood vessels, and epithelium, exhibits a specific ana-
tomical structure and spatial heterogeneity. The cartilage rings are
arranged in an overlapping pattern and interconnected via interstitial
connective tissue. The growth and development of these tissues
involve dynamic regulation of the microenvironment, encompassing
biochemical stimuli (such as hormone secretion and delivery, and
growth factor interactions) and mechanical interactions (including
tension and cell deformation)5,35,36. Therefore, in addition to restoring
the structure, replicating the dynamic developmental processes of
tissues is essential to ensure the formation of organ function. In this
study, we proposed a DTE strategy for constructing tracheas and
successfully developed a DTE trachea by integrating BioC rings with
natural cartilage-like structures and properties and IL-Gel. The results
revealed the ability of the constructed DTE trachea to mimic the
environment during natural development, support tissue regenera-
tion, providemechanical strength, and regulate the immune response.

In the trachea, the cartilage rings are crucial for maintaining tra-
cheal structural integrity and function due to their mechanical sup-
port. Early studies focused on constructing tracheal cartilage through
engineered replacement solutions37,38. However, during ectopic
implantation in vivo, these engineered cartilagesmay undergo varying

degrees of degradation, leading to the dispersal of chondrocytes and
ECM, which weakens the mechanical properties of the trachea and
potentially causes trachea collapse23. To address this issue, most stu-
dies have suggested that the chondrocytedevelopmental environment
influences the stability of the cartilage structure and conversely,
destruction of the cartilage structure can adversely affect the chon-
drocyte developmental environment. Both factors interact recipro-
cally, collectively resulting in the in vivo degradation of engineered
cartilage39. Based on these findings, recent research has attempted
primarily to address the challenge of cartilage regeneration by simu-
lating the native cartilage structure. For example, researchers have
wrapped engineered cartilage in cartilage sheets to slow their degra-
dation or constructed cartilage structures using three-dimensional
printing to achieve a regular arrangement of collagen fibers24,40.

However, current strategies remain limited to mimicking the
gross morphology of native cartilage without activating endogenous
pathways required for cartilage regeneration. Macrolevel structural
designs are insufficient to influencematrix fiber orientation or cortical
organization, and thus fail to reproduce the spatiotemporal stress
patterns that guide cartilage development. Therefore, current engi-
neered cartilage tissues remain suboptimal in terms of their retention
and development in vivo41. Increasing evidence indicates that the
native cartilage formation is closely related to its growth pattern and
developmental stages42,43. During embryonic chondrogenesis,
mesenchymal cells migrate, proliferate, and condense44, followed by
differentiation into chondrocytes under the regulation of key tran-
scription factors suchasSOX945 and signaling pathways includingTGF-
β and Wnt/β-catenin46. These coordinated events give rise to the car-
tilage primordium and establish the basis for matrix deposition and
structural organization46. Beyond molecular regulation, the local bio-
physical environment plays an equally critical role. Intercellular sig-
naling, mechanical environment, and heterogeneous oxygen
distribution are critical factors in determining the biological function
and microstructure of cartilage9,25. The present study proposes a key
solution to this challenge. The ability of BP-Gel to promote chon-
drocyte aggregation and fusion, forming BioC tissue with a “cortex-
medulla” structure and appropriate mechanical properties, represents
a significant advance. Unlike conventional extracellular matrix-based
hydrogels, BP-Gel based on PLGA-PEG-PLGA is a fully synthetic and
well-characterized material with tunable physicochemical properties
and minimal batch-to-batch variability. Moreover, its degradation
profile and drug release kinetics can be precisely controlled, making it
particularly suitable for applications in tissue engineering and regen-
erative medicine16. This attribute is crucial for maintaining the struc-
tural integrity of the trachea and resisting cartilage degradation.
Meanwhile, within the BP-Gel, chondrocytes undergo aggregation and
condensation at a significantly lower seeding density than required in
conventional pellet cultures, while still supporting robust extracellular
matrixdeposition and cartilage-like tissue formation, thereby reducing
cell consumption, minimizing culture costs, and enhancing transla-
tional potential.

In addition to the intrinsic growth and developmental status of
cartilage, extrinsic environmental factors also play a critical role in
determining its long-term persistence in vivo. Cartilage development
requires a relatively low-metabolic niche, and excessive vascular
invasion can accelerate cartilage degradation. The beneficial effect of
IL-Gel arises not from a direct inhibition of angiogenesis, but from
reshaping the inflammatory microenvironment to prevent pathologi-
cal vascular overgrowth into cartilage. Meanwhile, IL-Gel promotes
functional vascularization in the surrounding tissue, ensuring ade-
quate nutrient supply without compromising cartilage integrity.

In addition to cartilage development, tracheal reconstruction also
faces the challenge of regenerating complex tissues. Due to exposure
to external physical and chemical irritants as well as pathogenic
infections, the implantation of a trachea substitute can disrupt the
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local immune microenvironment. This disruption leads to the accu-
mulation of inflammatory cells, which produce various inflammatory
factors (such as TNF-α, IL-1β, and IFN-γ), thereby disrupting local
immune homeostasis. This hinders themigration of epithelial cells and
the closureof the epithelial immune barrier. Additionally, developing a
vascular system that regulates the immune microenvironment and
maintaining the tracheal cartilage phenotype remains challenging6,47.
To ensure the long-term functionality of a reconstructed trachea, it is
essential to dynamically regulate the immune microenvironment to
inhibit inflammation. Recent studies have shown that the regulation of
the local immune regeneration microenvironment through biomater-
ials, active molecules, and physical-chemical stimuli is vital for
achieving tissue regeneration. For example, modulating fibroblast
inflammatory signals enhances the repair and regeneration of kerati-
nized skin tissue48, while the use of D-amino acids to activate adaptive
immune responses facilitates wound healing and skin regeneration49.
The reconstruction of the trachea is a complex tissue regeneration
process involving the regulation of multiple developmental stages,
thus requiring comprehensive modulation of the whole organ regen-
eration process within the same microenvironment. However, most
current reports are limited to promoting the development of indivi-
dual tissues. In this study, the integration of IL-Gel with BioC to create a
polyfactorial niche significantly reduces local inflammation, facilitat-
ing epithelial migration, preventing cartilage degradation and main-
taining cartilage phenotype. This also represents a significant
advancement in tracheal reconstruction.

In vivo studies in a rabbit tracheal defect model confirmed that
the DTE trachea composed of BioC and IL-Gel could achieve tissue
development comparable to that of the native trachea, ensuring nor-
mal ventilation and survival in rabbit models. This represents a crucial
breakthrough, as previous trachea substitutes often failed due to
inadequate integration and vascularization, leading to compromised
functionality and host rejection. The DTE approach introduced in this
study provides a comprehensive solution by replicating the trachea’s
anatomical structure and creating a dynamic regenerative environ-
ment for different tissue types. The success of this approach in pro-
moting long-term functionality post-transplantation suggests its
potential applicability in the reconstruction of other complex organs,
thus offering substantial technical and theoretical support for future
translational efforts.

Additionally, this study has several limitations. First, this investi-
gation represents only a preliminary exploration of the proposed
strategy. The long-term prognosis of the rabbits after tracheal trans-
plantation was not evaluated. Furthermore, this study did not extend
the application of this strategy to large animalmodels. Futureworkwill
aim to apply this approach to repair amoreextensive tracheal defect in
large animals, such as goats or pigs, and to investigate the long-term
outcomes.

In conclusion, this study employed BP-Gel to construct a DTE
trachea. Its orthotopic transplantation in a rabbit model achieved
satisfactory survival outcomes. The reconstructed bioengineered tra-
chea exhibited good tissue development, native-like mechanical
properties, and ventilation function. Future research should focus on
further optimizing these niches and exploring their applications in
other organ systems to expand the horizons of tissue engineering and
regenerative medicine.

Methods
Study design
This study was designed to develop a DTE strategy for long-segment
tracheal reconstruction using a BP-Gel. In the first stage, chondrocytes
were cultured within BP-Gel to construct BioC rings, leveraging the
hydrogel’s dynamic percolation network to support cell migration,
proliferation, and aggregation, thereby recapitulating an embryo-like
chondrification process. In the second stage, BioC rings were

assembled and sealed with IL-Gel to establish a regenerative niche that
reduced local inflammation and promoted vascular and epithelial
regeneration. The engineered trachea constructs were first matured in
a heterotopic site and subsequently implanted into a rabbit long-
segment tracheal defect model to evaluate structural, functional, and
survival outcomes. Themain reagents used for cell culture are listed in
Supplementary Table 3.

Synthesis and characterization of materials
Synthesis of materials. PLGA-PEG-PLGA triblock copolymers were
synthesized by ring-opening copolymerization. Polyethylene glycol
(PEG, MW= 1500) and stannous octoate (Sn(Oct)2) were procured
from Sigma-Aldrich, whereas glycolide (GA) and D,L-lactide (LA) were
supplied by Hangzhou Medzone Biotech Ltd. Initially, 15 g of PEG1500
was placed in a three-necked flask and dried under vacuum at 120 °C
for 30min. LA andGAwere then introduced into theflask at a 7:2molar
ratio, followed by the addition of Sn(Oct)2 (0.4%w/w) as a catalyst. The
reaction was carried out at 140 °C under an inert atmosphere with
constant stirring for 8 h. To removeunreactedmonomers, the reaction
mixture was subjected to a vacuum for an additional 30min. The
resulting copolymers were dissolved in water and precipitated at
80 °C, and this process was repeated 3 times. Finally, the product was
obtained by freeze-drying.

Characterization of PLGA-PEG-PLGA. The chemical structure and
composition ratio of the synthesized copolymer were analyzed via
proton nuclear magnetic resonance (1H NMR) spectroscopy on a
400MHz NMR spectrometer (AVANCE III HD, Bruker). The 1H NMR
spectrum was obtained at room temperature with CDCl₃ (Sinopharm
Chemical Reagent) as the solvent. The weight-average molecular
weight (Mw) and molar mass dispersity (Ðm) value of the copolymer
were determined via a gel permeation chromatography (GPC, Agilent
1260) system. The analysis was performed at a flow rate of 1.0mL/min
with tetrahydrofuran (THF) as themobile phase. Polystyrene standards
were used as calibration references.

Dynamic light scattering (DLS). The PLGA-PEG-PLGA copolymers
were first dissolved in deionized water to prepare a 10wt% solution,
which was subsequently diluted to concentrations of 1wt% and 0.1wt
%. The hydrodynamic diameters ofmicelles formed by the copolymers
at various temperatures were measured via a Zetasizer Nano ZS90
(Malvern). An argon ion laser with a wavelength of 532 nm served as
the light source, and themeasurementswere conducted at a scattering
angle of 90°. Prior to analysis, the samples were subjected to 1min of
ultrasonic treatment to minimize aggregation, followed by filtration
through a 0.45 μm filter and equilibration at each temperature
for 10min.

Transmission electron microscopy. The copolymers were dissolved
in deionized water at a concentration of 0.1wt%, and the resulting
solution was drop-cast onto copper grids. Some of the grids were air-
dried at room temperature, while others were dried in an air bath at
37 °C. The dried copper grids were then observed and imaged using a
transmission electronmicroscope (Tecnai G2 TWIN) at an accelerating
voltage of 200 kV.

Phase diagram determination. The phase diagram of BP-Gel was
determined via the vial inversion method50. Aqueous solutions of
PLGA-PEG-PLGA at different mass ratios were prepared, and 0.5mL of
each solution was then transferred into 2-mL sample vials. The vials
were immersed in a water bath with temperatures ranging from 15 to
50 °C. The temperature was increased in 0.5 °C increments. At each
temperature, the samples were equilibrated for 10min before being
inverted. The sol–gel transitionpointwas identified as the temperature
at which the solution ceased to flowwithin 30 seconds upon inversion.
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Rheological study. An advanced rotational rheometer (Kinexus, Mal-
vern) was used to measure the storage modulus (G’) and lossmodulus
(G”) of BP-Gel across various temperatures and time intervals. The
measurements were conducted with a strain amplitude of 1%, an
angular frequency of 10 rad/s, and a heating rate of 1 °C/min.When the
storage modulus (G’) exceeded the loss modulus (G”), the BP-Gel sys-
tem was classified as being in a gel state; conversely, it was considered
to be in a sol state when G’ was lower than G”.

Live/Dead and nuclear staining. After an incubation with 1 wt% PLGA-
PEG-PLGA solution for the indicated durations, followed by staining
with a Live/Dead Cell Imaging Kit (Invitrogen) according to the man-
ufacturer’s instructions. To improve image quality and provide clearer
visualization of cell morphology and density, nuclei were counter-
stained with Hoechst 33342 (Yeasen). Fluorescence micrographs were
acquired using a high-resolution fluorescence microscope.

In vivo BP-Gel formation and degradation. After sterilization of BP-
Gel (25wt%) via filtration, 0.2mL of BP-Gel was subcutaneously injec-
ted into the dorsal region of ICR mice using a sterile syringe, resulting
in the formation of an in situ hydrogel. At predetermined time points,
the ICR mice were euthanized, and subsequent dissection was per-
formed. The remaining BP-Gel was fully exposed and carefully peeled
off, and the residual mass of BP-Gel was then measured.

Synthesis of fluorescent molecules. Rhodamine B was utilized as
the fluorophore for fluorescence labeling of BP-Gel. Initially, 5 g of
PLGA-PEG-PLGA was transferred into a round-bottom flask
and dissolved in toluene to azeotropically remove any residual
water. Subsequently, 1 g of Rhodamine B, 0.55 g of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDCI), and 0.35 g of
4-dimethylaminopyridine (DMAP) were added. The reaction mix-
ture was then dissolved in 20mL of anhydrous dichloromethane
and allowed to react under a nitrogen atmosphere for 36 hours.
Following this, the mixture was washed with a 0.1 mol/L sodium
bicarbonate (NaHCO₃) aqueous solution and extracted with anhy-
drous dichloromethane. The organic phase was dried over anhy-
drous sodium sulfate. After concentration via rotary evaporation,
the product was precipitated using anhydrous ether, and the
resulting precipitate was collected. After freeze-drying, the final
product was attained.

For fluorescence labeling of IL-13, Cy5.5 was employed as the
fluorophore. A total of 5mg of Cy5.5 N-hydroxysuccinimide (NHS) was
completely dissolved in0.5mL of dimethyl sulfoxide (DMSO) and then
added dropwise to a solution of 20mg of IL-13 in 0.1mol/L NaHCO₃.
The reaction was conducted in the dark at room temperature for 12 h.
Themixturewas subsequently subjected to dialysis using a dialysis bag
with a MW cutoff of 3500Da for 48 h, after which the solution was
freeze-dried to yield the final product.

In vivo fluorescence imaging. After subcutaneous injection of Rho-
damine B-labeled BP-Gel, ICR mice were monitored over time via an
in vivo Xtreme (Bruker) multispectral optical imaging system. Anes-
thesia wasmaintained with isoflurane during the measurements. X-ray
images were acquired with an exposure time of 1.2 s and an X-ray
intensity of 45 kV. Fluorescence micrographs were captured in the
same field of view, with an excitation wavelength of 560 nm, an
emissionwavelength of 600nm, and an exposure time of 2 s. Similarly,
after subcutaneous injection of IL-Gel containing Cy5.5-labeled IL-13,
ICR mice were tracked over time using the same imaging system. The
ICR mice were anesthetized with isoflurane, and X-ray images were
captured under the same conditions as previously described. Fluor-
escence micrographs were also captured in the same field of view,
using an excitation wavelength of 690 nm, an emission wavelength of
790 nm, and an exposure time of 2 s.

In vitro drug release. IL-Gel was prepared by mixing IL-4/13 at a con-
centration of 2μg/mL with BP-Gel (PBS as the medium and the copo-
lymer concentration of 25wt%). Subsequently, 0.5mL of IL-Gel was
accurately transferred into the bottom of 10-mL test tubes (inner
diameter of 14mm) and incubated at 37 °C to facilitate the formation
of a physical hydrogel. Next, 5mL of PBS (pH 7.4, 37 °C) was added as
the release medium. The in vitro release system was then placed in a
shakingwater bath at 37 °Cwith afixed shaking rate of 50 rpm.At 1-day
intervals, an aliquot of the release medium was withdrawn and
replaced with an equal volume of fresh PBS. The amount of drug
released into the medium was quantified using ELISA kits (Yes Biotech
Laboratories Ltd., Canada). Each group was composed of quad-
ruplicate samples.

Experimental animals
Nude mice (BALB/c-nu/nu, male, 6 weeks of age) and ICR mice (male,
6weeksof age)werepurchased fromShanghai Slake LaboratoryAnimal
Co., Ltd. New Zealand white rabbits (male, 4–8 weeks of age) were
purchased from Shanghai Jiagan Biotechnology Co., LTD. Sex was
controlled by using only male animals to minimize variability in
hormone-related physiological responses. In addition, pregnant ICR
mice at embryonic days E12.5, E14.5, and E16.5 used for embryo col-
lection were also purchased from Shanghai Slake Laboratory Animal
Co., Ltd. All animal experimentswere performed in compliancewith the
Guidelines for the Care and Use of Laboratory Animals. The procedures
were approved by the Ethics Committee of Shanghai Pulmonary Hos-
pital, and all institutional and governmental regulations on animal
ethics were strictly followed. Mice were housed in individually venti-
lated cages under controlled conditions (12-h light/dark cycle, 22 ± 2 °C,
50 ± 10%relativehumidity)with free access to standardchowandwater.

In vitro construction and in vivo implantation of BioC
Chondrocyte extraction. Chondrocyteswereextracted according to a
previously described method7. Ear cartilage from 6-week-old New
Zealand rabbits was harvested under aseptic conditions. After
removing skin andfibrousmembranes, cartilagewasminced into 1mm
pieces and digested with 0.15% collagenase II for 24h. The resulting
suspension was filtered through a 70-µm strainer to isolate chon-
drocytes for culture.

Fabrication and in vitro culture of BioC. Chondrocytes were uni-
formly suspended with sterilized BP-Gel solution (12.5wt%), which was
filtered through 0.22 μm filters before use. Based on optimization
experiments aimed at reducing chondrocyte usage while maintaining
cartilage-forming capacity, the cell density was set at 4 × 106 cells/mL,
which is substantially lower than that used in traditional culture con-
ditions, to enable the formation of BioC. The chondrocyte-laden mix-
ture was incubated at 37 °C for 30min to complete the sol–gel
transition, and then the chondrocyte medium containing 1% ITS+
Liquid Medium Supplement (ITS+, Sigma) and chondrogenic growth
factors, including 50ng/mL IGF-1 (PeproTech) and 10 ng/mL TGF-β1
(PeproTech), was added for culture. The culturemediumwas changed
every other day.

In vivo implantation of BioC. After 4 weeks of in vitro culture, the
matured BioC constructs or BioC rings were harvested and thoroughly
rinsed with sterile PBS. For heterotopic evaluation, BioC samples were
implanted into subcutaneous pockets in the dorsal region of nude
mice or ICRmice to assess cartilagematuration, vascular invasion, and
immune compatibility. For orthotopic transplantation, BioC ringswere
assembled with IL-Gel to form a tubular structure and then implanted
into tracheal defect models in New Zealand rabbits. The implantation
sites were carefully sutured, and animals were monitored post-
operatively for survival, respiratory function, and potential complica-
tions. Tissues were harvested at predetermined time points for
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histological, biochemical, and IHC analyses to evaluate the structural
integrity, mechanical properties, and in vivo remodeling of BioC.

Construction of GelMA-chondrocyte composite and chon-
drocyte spheroids
Preparation of GelMA-chondrocyte composite. Chondrocytes were
uniformly mixed with GelMA solution (10wt%), which had been ster-
ilized by filtration through 0.22 μm filters. The cell density was set at
4 × 106 cells/mL, consistent with that used for BioC. Other procedures
for constructing the GelMA-chondrocyte composite were performed
similarly to those for BioC.

Formation of chondrocyte spheroids. For the generation of chon-
drocyte spheroids, agarose microwell molds were prepared in six-well
plates following the same approach as described in our previous
study7. Approximately 1 × 105 chondrocytes were seeded per well,
resulting in spheroids with an average diameter of 200 μm.

Construction and subcutaneous injection of IL-Gel
IL-4/13wasdissolved in BP-Gel (25wt%) at a concentration of 20μg/mL
to obtain IL-gel. The resulting IL-gel was subsequently sterilized by
filtration using 0.22 μm filters. Following sterilization, 0.2mL of IL-Gel
solution was subcutaneously injected into the dorsal region of ICR
mice to facilitate the formation of an in situ gel. The ICR mice were
euthanized via cervical dislocation at predetermined time points. The
dorsal skin at the injection sites was carefully incised, and residual gels
were photographed using a digital camera under standardized lighting
conditions. Subsequently, the surrounding tissues containing the
residual gels were harvested, fixed in 4% paraformaldehyde, and pro-
cessed for histological and IHC analyses.

Construction of in vitro macrophage co-culture models
Cell sources. Endothelial cells were obtained from the human umbi-
lical vein endothelial cell line PUMC-HUVEC-T1 (No. C01510C, Procell).
Macrophages were derived from the RAW 264.7 cell line (No. SCC-
211800, Servicebio). Primary chondrocytes and endothelial cells were
isolated from New Zealand white rabbits. All cells were maintained at
37 °C in a humidified atmosphere containing 5% CO₂.

Isolation and culture of rabbit tracheal epithelial cells. The epithe-
lial cells used for the ALI model were obtained from rabbit trachea, as
previously described. Briefly, tracheal tissueswere harvested following
euthanasia and washed three times with PBS. The trachea was incu-
bated at 37 °C for 30min with dispase (StemCell, Canada), after which
the mucosal layer was carefully separated and further digested over-
night. The digested suspensionwas filtered through a 70 μm filter. The
resulting epithelial cells were resuspended in epithelial culture med-
ium consisting of DMEM (Gibco) and F-12 (Gibco) supplemented with
10% FBS (Gibco), 5μM Y-27632 (Sigma), 10 ng/mL EGF (PeproTech),
5μg/mL insulin (Sigma), 0.1 nM cholera toxin (Sigma), 250ng/mL
amphotericin B (Solarbio), and 10μg/mL gentamycin (Gibco). Cells
were cultured in 3 cmdishes at 37 °C in a humidified incubator with 5%
CO₂, with medium changes three times per week. Epithelial cells were
expanded to the third passage before seeding.

Transwell co-culturemodel. As illustrated in Fig. 3f, the Transwell co-
culture system was used to investigate the interactions between
macrophages and chondrocytes, endothelial cells, and epithelial cells.
The Transwell setup facilitates the separation of cell types while per-
mitting the exchange of soluble factors, therebymimicking the in vivo
microenvironment. Specifically, macrophages were seeded in the
upper chamber of the Transwell system and embedded in various
matrices, while chondrocytes, endothelial cells, or epithelial cells were
seeded in the lower chamber. This setup allowed the investigation of
the effects of macrophage-secreted factors on these cell types.

Air-liquid interface (ALI) co-culture model. In addition to the
Transwell system, an ALI co-culture model was established to further
examine the influence of macrophage-derived soluble factors on the
differentiation and barrier function of epithelial cells (Fig. 3n). In this
setup, macrophages were embedded in various matrices and cultured
in the lower chamber, whereas epithelial cells were seeded on the
upper insert membrane and maintained under ALI conditions to pro-
mote epithelial differentiation.

Establishment of ALI epithelial culture. Third-passage epithelial cells
were seeded onto Matrigel (BD Biosciences)-coated Transwell and
cultured until confluence. The apical medium was then removed to
expose the cell layer to air, while the basal compartment was main-
tained with epithelial growth medium. This ALI culture promoted
epithelial stratification and mucociliary differentiation, enabling
functional assessment in the co-culture model.

Construction and in vivo implantation of BioC/IL-Gel composite
To investigate the role of IL-Gel in regulating the local microenviron-
ment and its effect on cartilage integration, various BioC composites
were constructed, as illustrated in Fig. 4a and Supplementary Fig. 11a.
Specifically, the experimental setup consisted of four groups: GelMA,
GelMA@Blk, BP-Gel, and BP@IL-Gel. Each composite was implanted
into the platysmamuscle of rabbits. Periodic sampling was performed
post-implantation to analyze the histological characteristics and inte-
gration efficiency of the cartilage.

Segmental tracheal reconstruction in a rabbit tracheal
defect model
First, multiple BioC rings that had been cultured in vitro for 4 weeks
were positioned over a silicone tube, and IL-Gel was poured into the
gaps between BioC rings to obtain a DTE trachea, as shown in Sup-
plementary Fig. 12a. Next, the platysmamuscle of rabbits was used to
wrap the DTE trachea. After 4 weeks of vascularization in rabbits, the
DTE trachea with a pedicled muscle flap was carefully stripped from
the surrounding tissues, and the vascular network was closely mon-
itored during the operation. After that, the silicone tube was
removed from the DTE trachea, and the resulting trachea was cut to
approximately 2 cm. After the construction of a segmental tracheal
defect model in rabbits. A 6-0 absorbable suture was used to ana-
stomose the detached native trachea with the trachea substitute.
After tracheal anastomosis, the rabbits were treated prophylactically
with penicillin for 7 days. The rabbits were sacrificed at pre-
determined time points, and the grafts were collected for further
analysis.

Morphological analyses and mechanical tests
Photographic andmorphologicalmeasurements. Photographs of all
harvested tracheal samples were taken under standardized conditions.
The widths and thicknesses of the samples were measured using a
Vernier caliper, while themass of each sample was determined with an
electronic balance.

Compression testing. The compressive strength of the recon-
structed trachea was evaluated using a biomechanical analyzer
(Instron-6800, Norwood, USA) equipped with a 25 N load sensor.
During compression testing, deformation was measured from the
onset of loading until 50% of the maximal deformation was reached.
The peak pressure within this range was recorded as the maximum
pressure value.

Tensile testing. For tensile strength assessment, samples were sub-
jected to uniaxial stretching until breakage. The tensile force recorded
at the point of rupturewas defined as themaximumsustainable tensile
force of the reconstructed trachea.
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Three-point bending testing. Flexural properties were assessed using
a three-point bending test. Samples were positioned on two support-
ing anvils, with the loading point centrally located between them. A
steadily increasing load was applied until either fracture occurred or
theflexural angleexceeded90°. Themaximum loadappliedduring the
test was recorded as the maximum bending force.

Histological and IF&IHC analysis
Tissue fixation and section preparation. Samples were fixed in 4%
paraformaldehyde for 24 h at room temperature, followed by a graded
ethanol series for dehydration. Tissues were then embedded in par-
affin and sectioned into 5-μm-thick slices using a microtome. The
prepared sections were mounted onto glass slides for subsequent
histological and IF analyses.

Histological staining. H&E staining was performed to evaluate overall
tissue morphology and cellular distribution. AB&NFR and SO&FG
staining were used to assess cartilage-specific ECM deposition, parti-
cularly glycosaminoglycans within the cartilage lacunae, with Fast
Green serving as a counterstain for non-cartilaginous structures. SR
staining was used to visualize collagen fibers. All stained sections were
observed under a light microscope, and representative images were
captured for comparison among groups.

IF and IHC staining. For antigen detection, tissue sections were
deparaffinized, rehydrated, and subjected to antigen retrieval in citrate
buffer (pH 6.0) at 95 °C for 15min. After cooling, nonspecific binding
was blocked with 5% bovine serum albumin (BSA) for 1 h at room
temperature. Sections were then incubated overnight at 4 °C with
specific primary antibodies (listed in Supplementary Table 4). For IF,
sections were washed and incubated with fluorophore-conjugated
secondary antibodies for 1 h at room temperature, counterstainedwith
DAPI to visualize nuclei, and mounted with antifade reagent. Fluores-
cence micrographs were captured using an SP8 confocal microscope
(Leica). For IHC, sections incubated with primary antibodies were
subsequently treated with HRP-conjugated secondary antibodies
(Abcam). Visualization was performed using diaminobenzidine (DAB)
as the chromogen, and nuclei were counterstained with hematoxylin.
Stained sections were observed under a bright-field microscope.

Quantitative analysis. Unless otherwise specified in the figure
legends, quantificationwasperformedby analyzing at least 5 randomly
selected fields per section using ImageJ software to calculate the per-
centage of positive staining or fluorescence intensity.

Biochemical and molecular biology analysis
Sample preparation. Harvested tissue samples were weighed to
determine wet weight, minced, and lyophilized for subsequent bio-
chemical and molecular biology analyses. Lyophilized tissues were
ground into fine powders and stored at −80 °C until further analysis.

DNA quantification. DNA content was measured using a total DNA
quantitative assay kit (TIANGEN) according to the manufacturer’s
instructions. Briefly, tissues/cells were digested in lysis buffer (protei-
nase K-based) at 56 °C until complete digestion, followed by brief
centrifugation to remove debris. DNA concentration and purity were
measured with a NanoDrop spectrophotometer (Thermo Fisher Sci-
entific) using A260 (with A260/A280 recorded for quality control).

GAG quantification. GAG content was determined by the dimethyl-
methylene blue (DMMB) method (Sigma), and concentrations were
calculated using a chondroitin sulfate standard curve.

Quantitative real-time PCR (qRT-PCR). Total RNA was extracted with
TRIzol reagent (Invitrogen), and cDNAwas synthesized using a reverse

transcription kit (Takara). qRT-PCR was performed with SYBR Green
PCR Master Mix (Takara) on a real-time PCR system. GAPDH served as
the internal reference gene, and relative expression levels were cal-
culated by the 2−ΔΔCt method. Primer sequences are provided in Sup-
plementary Table 5.

Westernblot (WB) analysis. Proteinswereextracted usingRIPAbuffer
containing protease inhibitors and quantified by BCA assay. Equal
protein amounts were separated by SDS-PAGE, transferred to PVDF
membranes, and blocked with 5% milk. Membranes were incubated
overnight at 4 °C with primary antibodies, followed by HRP-
conjugated secondary antibodies. Signals were detected with an ECL
system (Bio-Rad), and band intensities were analyzed using ImageJ
software.

Flow cytometry analysis
Cells were enzymatically digested and collected at a density of 1 × 105

cells per group, then resuspended in PBS containing 2% FBS and
transferred into 1.5mL Eppendorf tubes. To block nonspecific Fc
receptor binding, 200μLof Fc-Block reagentwas added and incubated
for 10min at 4 °C, followed by washing with buffer to terminate the
reaction. Subsequently, 2μL of DCFH-DA fluorescent probewas added
to each sample and incubated for 20min at 4 °C in the dark. After
incubation, cells were washed twice with PBS containing 2% FBS and
resuspended in 200μL buffer for detection. Flow cytometric analysis
was performed using a FACSVerse flow cytometer (BD Biosciences,
USA). The fluorescence intensity and percentage of positive cells were
determined by comparison with the blank control group using FlowJo
v10.6.2 software.

RNA sequencing and data analysis
Total RNA was extracted from tissue with TRIzol reagent (TaKaRa)
and subsequently depleted of rRNAs via Ribo-Zero rRNA Removal
Kits (Illumina) following the manufacturer’s instructions. The RNA
libraries were constructed from rRNA-depleted RNA using the Tru-
Seq Stranded Total RNA Library Prep Kit according to the manu-
facturer’s instructions. Libraries were controlled for quality and
quantified via the BioAnalyzer 2100 system (Agilent Technologies,
Inc.). Ten picometer libraries were denatured as single-stranded DNA
molecules, captured on Illumina flow cells, amplified in situ as clus-
ters, and sequenced for 150 cycles on an Illumina HiSeq Sequencer
according to the manufacturer’s instructions. Library preparation
and high-throughput sequencing were performed by CloudSeq Bio-
tech (Shanghai, China).

Statistical analysis
All statistical analyses were performed using GraphPad Prism 9.0. For
comparisons between two groups, the unpaired two-tailed Student’s
t-test was used. For comparisons among three or more groups, one-
way ANOVA with Tukey’s post hoc test was applied. In cases involving
two variables across multiple groups, two-way ANOVA followed by
Bonferroni correction was employed. The log-rank test used for
comparing Kaplan–Meier survival curves was performed as a two-
sided test. All data are expressed asmeans ± standard deviations (s.d.),
and p-values < 0.05 were considered statistically significant.

Ethical statement
All animal care, feeding, and research procedures were carried out
following the Guidelines for the Care and Use of Laboratory Animals
and were approved by the Ethics Committee of Shanghai Pulmonary
Hospital (No. K23-107Y).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. The raw RNA sequencing data generated in this study have
been deposited in the Gene Expression Omnibus (GEO) under acces-
sion number GSE309417. Source data are provided with this paper.
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