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Abstract

Background: Regeneration of damaged cartilage is challenging, and no reproducible regenerative therapies using mass-producible cell
products have been established. This study evaluated the cartilage regeneration capability and therapeutic scalability using cell sheets
derived from routinely available surgical waste cartilage tissues of young and adult patients, while also investigating the mechanisms that
define the characteristics of each cell type. Methods: We compared the viability, proliferation, and cell sheet characteristics of juvenile
cartilage-derived chondrocytes (JCCs) from patients with polydactyly (2.2± 1.6 years) and adult cartilage-derived chondrocytes (ACCs)
from patients with femoroacetabular impingement (FAI) (34.1 ± 10.6 years) in vitro. The in vivo cartilage regeneration capability of
each cell sheet was validated in a nude rat knee cartilage defect model using histological O’Driscoll score evaluation on Safranin-O-
stained tissues and immunohistochemistry. JCC sheets (n = 13) and ACC sheets (n = 8) were analyzed using established bulk RNA
sequencing pipelines for gene ontology (GO) analysis, gene set enrichment analysis (GSEA), and ingenuity pathway analysis (IPA).
Interferon gamma (IFN-γ) was applied to JCC sheet culture for confirmation of the interferon signaling involvement in cell proliferation,
cell sheet characteristics, and chondrogenic differentiation. Results: JCC demonstrated higher colony-forming ability and stable high
proliferation compared to ACC. Both JCC and ACC sheets formed positively stained hyaline cartilage for Safranin-O, type II collagen,
aggrecan, and human vimentin, while being negative for type I collagen, four weeks after rat transplantation. However, the regenerated
cartilage from ACC sheet transplantation was found to be thinner compared to that from JCC sheet transplantation. Comprehensive gene
analysis revealed significant activation of IFN signaling in the ACC sheets. Furthermore, the addition of exogenous IFN dramatically
reduced the proliferation and cartilage formation capability of JCC. Conclusions: JCC sheets exhibit high therapeutic scalability due to
their proliferation and cartilage regeneration capabilities presumably derived from sustained low IFN-γ activity. Consideration of the
donor age and tissue inflammatory status is essential for the cell source in allogeneic cell therapies. Given their sustainable sourcing from
routine surgical discards, JCCs present a commercially viable and scalable option for allogeneic regenerative therapy in cartilage repair.
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Introduction
Improved methods of cartilage repair are required to

address increasing patient needs complicated by the rec-
ognized lack of innate cartilage regenerative capacity [1].
Focal cartilage defects represent a growing and known
risk factor for early osteoarthritis [2,3]. Pain management
does not reverse cartilage tissue degeneration. Auto- and
allo- graft cartilage tissues have both been used clinically,
but limited graft tissue availability and donor tissue con-
gruity to the defect shape are unsolved issues [4,5]. Sev-
eral regenerative cell therapies using autologous cells, such
as chondrocytes and mesenchymal stromal cells, and re-
cently genetically modified pluripotent cells, are currently
in clinical trials [6–9]. Allogeneic cell sources are at-
tractive for commercially feasible off-the-shelf cell ther-
apy; regenerative therapies using reliable, mass-producible
cell products are being investigated. Among them, juve-
nile cartilage-derived chondrocytes represent a promising
cartilage-derived cell source that exhibit high proliferative
and differentiation capacities [10–12]. Interestingly, juve-
nile cartilage-derived chondrocytes are also reported to ex-
hibit immune-evasive properties [13].

Commercial poly(N-isopropylacrylamide)-grafted
temperature-responsive cell culture surfaces facilitate
fabrication and scaling of scaffold-free cell sheets of
confluently cultured cells [14–16]. Cell sheets retain their
endogenous extracellular matrix, facilitating transplant
to target tissue and organ sites with high efficiency, cell
survival and retention. Sheets of various cell types have
been autologously and allogenically applied to multiple
clinical indications in patients [17–22].

In cartilage repair, a small clinical cohort study uti-
lized autologous adult chondrocyte sheet transplantation
with concomitant reconstructive surgery to demonstrate
safety and clinical efficacy in regenerating hyaline carti-
lage [23]. Further, polydactyly-derived chondrocyte sheets
were compared to adult chondrocyte sheets fabricated from
adult tissue discards obtained from patients undergoing to-
tal knee arthroplasty (TKA), showing practical advantages
useful to future cartilage repair [24]. Safety and cartilage
regenerative efficacy of human juvenile chondrocyte sheets
were recently demonstrated in a rodent focal chondral de-
fect model [25] and further in a small cohort of human os-
teoarthritis patients [26]. Despite these interesting results,
direct comparisons of in vivo cartilage regenerative efficacy
for chondrocyte sheets derived from relatively young adult
and juvenile sources using identical sheet production meth-
ods have not been reported.

The current study addresses this knowledge gap by
comparing the cartilage regenerative potential and the scal-
ability of cell sheet production for two commonly available
sources of cartilage tissue that have been discarded from
surgical procedures: (1) juvenile cartilage-derived chon-
drocytes (JCCs) sourced from polydactyly removal surg-
eries and (2) adult cartilage-derived chondrocytes (ACCs)

sourced from the femoral head during femoroacetabular
impingement (FAI) repair surgeries. Cell sheet generated
from both JCCs and ACCs were evaluated in vitro and
in vivo using an established rat focal osteochondral defect
model [25]. Differentially activated signaling responses for
JCC versus ACC sheet cultures are described and attributed
to characteristics distinguishing scalable sheet production
based on cell growth, passaging, sheet properties and rodent
defect model regenerative efficacy. Assessment of such cell
sheet scalability comparisons will help validate further de-
velopment of efficacious cell-based therapeutics with po-
tential commercial viability in cartilage repair.

Materials and Methods
Cartilage Collection from Juvenile and Adult Human
Polydactyly Donors

Juvenile cartilage samples were obtained from the
phalanx and metacarpal bones of amputated polydactylous
digits (fingers and toes) from 16 patients aged 2.2 ± 1.6
years. These tissues were sharply excised with a scalpel and
immediately placed in saline after extraction. All partici-
pants were prospectively enrolled at Intermountain Primary
Children’s Hospital (Salt Lake City, UT, USA). For adult
donors, chondrocytes were extracted from non-traumatized
regions of the femoral heads of 14 patients diagnosed with
femoroacetabular impingement (average age 34.1 ± 10.6
years). Specific protocols for FAI tissue harvesting are de-
tailed elsewhere [27], and the cell isolation technique ap-
plied was consistent with that used for juvenile cartilage
samples.

Chondrocyte Isolation
Following previously established protocols [25,27],

fresh cartilage tissues from both juvenile and FAI donors
were immersed in saline, finely cut into fragments smaller
than 1 mm2 (surface area; collected tissues were flat,
so dimensions are expressed in mm2 rather than vol-
ume) using a scalpel, and digested with 5 mg/mL type I
collagenase (LS004197, Worthington Biochemical, Lake-
wood, NJ, USA) at 37 °C for 1.5 to 3.0 hours. The
resulting cell suspensions were filtered using a 100-µm
strainer, rinsed with saline, and subsequently suspended in
chondrocyte isolation medium (Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM-F12), 11320082,
ThermoFisher, Waltham, MA, USA), supplemented with
1 % antibiotic-antimycotic (15240062, ThermoFisher) and
20 % fetal bovine serum (FBS) (16000044, ThermoFisher).

Cell Culture
Chondrocytes isolated from juvenile polydactyly

donors (JCCs) and adult femoroacetabular impingement
donors (ACCs) were seeded onto polystyrene culture dishes
(229620, CELLTREAT, Pepperell, MA, USA) at a den-
sity of 5000–10,000 cells/cm2 in chondrocyte isolation
medium as previously described [25]. On day 4, during the
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first media change, this medium was replaced with chon-
drocyte culture medium supplemented with 100  µg/mL
of L-ascorbic acid phosphate magnesium salt n-hydrate
(013-12061, Fujifilm Wako Pure Chemical, Osaka, Japan).
Cells were subsequently passaged using this supplemented
medium throughout culture. Sub-confluent cells were har-
vested using TrypLE Select (12563011, ThermoFisher),
and cell counts were recorded. Expanded cells were cryop-
reserved at the end of primary passage (P0) using STEM-
CELLBANKERgoodmanufacturing practice (GMP) grade
solution (11924, Zenoaq, Fukushima, Japan). Thawed cells
were seeded at an initial density of 10,000 cells/cm2 and
subcultured every 3–5 days using the ascorbate-containing
chondrocyte culture medium.

Mycoplasma contamination, analysis performed by
third-party fee-for-service, was not detected in any of the
six primary cell lines (three JCC lines and three ACC
lines). The identity of these donor-derived chondrocytes
was confirmed by short tandem repeat (STR) profiling
performed by third-party fee-for-service, showing that all
lines were unique according to the STR database of the
Deutsche Sammlung von Mikroorganismen und Zellkul-
turen (DSMZ).

Chondrocyte Sheet Preparation
Both JCC and ACC sheets were prepared according

to previous JCC studies [24,25]. Briefly, cell sheets from
both juvenile JCC and adult ACC cells were prepared from
thawed passage 1 (P1) cells. Sub-confluent P1 cells were
collected with 1x TrypLE Select for 5 minutes, then seeded
at a density of 10,000 cells/cm2 on thermo-responsive cell
culture inserts (4.2 cm2) (CS3008, CellSeed, Tokyo, Japan).
Cells were cultured in ascorbic acid-containing chondro-
cyte culture media with medium change every 2–4 days.
After 2 weeks of culture, cell sheets formed spontaneously
and were harvested with forceps after room temperature in-
cubation as contiguous, robust single constructs. Support-
ing ring membranes were placed over cell sheets to measure
original cell sheet thickness before sheet contraction.

Cell Viability and Quantification of Chondrocyte Sheets
To prepare single-cell suspensions from adherent

chondrocyte sheets, cells were first incubated with Try-
pLE Select for 10–15 minutes, followed by treatment with
0.25 mg/mL collagenase P (11 213 857 001, Roche, Basel,
Switzerland) for 30–45 minutes. Cell counts were per-
formed using a hemocytometer, and viability was assessed
via exclusion of trypan blue dye (T8154, MilliporeSigma,
Burlington, MA, USA).

Colony Forming Assay
Colony forming assay was performed by modifying

previous reports [28–30]. One hundred primary isolated
chondrocytes were seeded into 100-mm diameter dishes
with chondrocyte isolation medium, then changed with

ascorbic acid-containing chondrocyte culture medium at
day 4, then replaced twice and maintained in culture for
16 days. Colonies were stained with crystal violet (C0775,
Sigma-Aldrich, St. Louis, MO, USA) and>50-cell clusters
were counted as a colony. Colony forming efficiency was
calculated as (counted number/seeded number × 100 (%)).

Surgical Procedures for Cartilage Defect Creation and
Chondrocyte Sheet Implantation

Rat surgeries and implantation of human-derived
chondrocyte sheets were performed as previously described
[25]. All animals were sacrificed using CO2 after a 4-week
study period.

Nude rats (RNU strain, 6–7 weeks old, both sexes;
Charles River Laboratories, Wilmington, MA, USA) were
acclimated in the animal facility for one week prior to
surgery. Anesthesia was administered using isoflurane in
combination with oxygen gas. A medial parapatellar inci-
sion was made on the right knee to expose the joint; the
patella was dislocated laterally, and a focal osteochondral
defect (2 mm diameter; 200–350 µm depth) was created on
the femoral patellar groove using an electric grinder, ensur-
ing no penetration into the bone marrow. The defect size
and depth were precisely controlled under a surgical stereo
zoom microscope (SZX10, Olympus, Tokyo, Japan).

JCC and ACC sheets prepared using temperature-
responsive cell culture inserts (described above) were
washed with saline, allowed to spontaneously contract to
flat sheets, then cut into halves with a razor. Single sheet
halves were transplanted to completely cover each surgi-
cal knee defect after defect creation. Cell sheets were held
within each defect for 30–60 minutes under patella place-
ment without suturing. Then each treated site was closed
with overlying muscle suturing and skin staples. All ani-
mals received buprenorphine for 2 days and carprofen for 3
days in compliance with Institutional Animal Care and Use
Committee (IACUC) protocols. Animals were sacrificed
by CO2 after 4 weeks, and knee joints harvested for fur-
ther histological evaluations per previously reported proto-
cols [25]. Experimental conditions and sample size: single
ACC sheet treatment (n = 5), bilayer ACC sheet treatment
(n = 6), single JCC sheet treatment (n = 6), defect only (n =
4). Animal numbers were determined using an alpha value
of 5 % and 80 % power using pilot study results. Human
cell sheets from 3 ACC donors and 2 JCC donors were ran-
domly allocated for transplantation. All animals used were
employed for analysis with no exclusion.

Histological Analysis

Harvested chondrocyte sheets were fixed in 4 %
paraformaldehyde for 30 minutes. Rat knee joint tis-
sues from defect models were similarly fixed in 4 %
paraformaldehyde for four days, followed by decalcifica-
tion using RapidCal Immuno (6089, BBC Biochemical,
Mount Vernon, WA, USA) for one day. Specimens were
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Fig. 1. Comparing culture scalability of juvenile and adult surgical discard-derived chondrocytes. (A) Available cell number per
tissue mass as a donor cell source. Graph was prepared using GraphPad Prism. (B) In vitro expansion of juvenile (JCC) and adult (ACC)
cartilage-derived chondrocytes. Juvenile cartilage-derived chondrocytes show rapid cell proliferation in primary culture. Scale bars: 200
µm. (C) Representative colony forming assay plate and quantification of colony forming efficiency (JCC: n = 8; ACC: n = 5 individual
donors). Bars: 1 cm. Graph was prepared with Microsoft Excel. (D) Phase contrast images of passage cultured chondrocytes. Scale
bars: 200 µm. (E) Population doubling time (PDT) of JCCs and ACCs. Data shown as mean and SD (JCC (blue): n = 15; ACC (red): n
= 12 individual donors).

embedded in paraffin blocks and sectioned transversely at
5 µm thickness using a microtome. Sections were deparaf-
finized by baking at 65 °C and sequential washes with xy-
lene and ethanol, then rehydrated via gradual ethanol re-
placement with distilled water.

Safranin-O staining was performed to visualize sul-
fated glycosaminoglycans. Samples were first treated with
Weigert’s Iron Hematoxylin (115973, MilliporeSigma) for
fiveminutes, followed by fiveminutes in 0.5 g/L Fast Green
FCF (F7258, MilliporeSigma), and finally five minutes in
0.1 % Safranin-O (TMS-009, MilliporeSigma). Micro-
scopic imaging was conducted using a BX41 microscope
(Olympus, Tokyo, Japan), and images were processed us-
ing AmScope software (v.10.11.2024, Irvine, CA, USA).

Histological evaluation of knee samples was con-
ducted by following previous reports employing modified

O’Driscoll scoring system regarding (I) nature of predomi-
nant tissue, (II) structural characteristics, (III) freedom from
cellular changes of degeneration, (IV) freedom from degen-
erative changes in adjacent cartilage, (V) subchondral bone,
and (VI) Safranin-O staining [31,32]. Safranin-O-stained
samples of rat knee samples were allocated to histologi-
cal assessment by multiple evaluators. Evaluators blindly
tested the histological samples. Neocartilage thickness was
measured by averaging 3 vertical lines across each defect
section, then average thickness and standard deviation was
calculated from n = 4–6 different knee samples.

Immunohistochemistry
Histological sections were rehydrated for antigen re-

trieval, using a method optimized to maintain tissue in-
tegrity in both rat knee and cell sheet samples. Protease
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Fig. 2. Comparisons of fabricated JCC and ACC sheets. (A) Phase contrast image of confluent JCCs (left) and ACCs (right) from
passage 2 at day 14 ready for cell sheet harvest by temperature reduction. Scale bar: 200 µm. (B) Macroscopic images of the harvested
sheet with supporting ring membrane. Scale bar: 5 mm. (C) Safranin-O staining examples of JCC and ACC sheets. Bars: 25 µm.
(D) Cell sheet thickness and total cell number in one cell sheet. Plots represent individual donor-derived cell sheets. ***p < 0.001 by
unpaired t-test (left) and Mann-Whitney test (right). (E) Comparison of theoretical numbers of ACC versus JCC cell sheets produced
from routine passage cultures. Numbers for passage 2 are shown as a current JCC clinical translational protocol setting. Data shown as
mean and SD (JCC: n = 14; ACC: n = 11 individual donors). Graphs of D and E were prepared using GraphPad Prism.
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Fig. 3. Comparison of in vivo JCC versus ACC cell sheet efficacy in nude rat focal chondral defect treatments. (A) Macroscopic
images of surgically created focal defects and Safranin-O, aggrecan (ACAN), type II collagen (COL2), type I collagen (COL1), and human
vimentin (VIM) staining at 4 weeks after cell sheet treatments. Bars: 200 µm. Dotted lines denote donor and host tissue interfaces with
no gaps. (B) Modified O’Driscoll scores for each condition. Data are shown as min. to max. whisker with data plots of individual
animals after averaging quantified values. **p < 0.01 with analysis of variance (ANOVA) and Tukey test. (C) Regenerated cartilage
thickness of each condition at 4 weeks. Data are shown as min. to max. whisker with data plots of individual animals after averaging
quantified values. *, **, ***, and ****p < 0.05, 0.01, 0.001, and 0.0001, respectively with ANOVA and Tukey test. Graphs B and C
were prepared using GraphPad Prism.

K (S3020, Agilent Technologies, Santa Clara, CA, USA)
was selected for retrieval to enhance staining for type II
collagen (COL2) and human vimentin (hVIM) in knee tis-
sue. Endogenous peroxidase activity was blocked with hy-
drogen peroxide (216763, MilliporeSigma). Blocking was
then carried out with 5 % donkey serum and 0.1 % Triton-
X in phosphate-buffered saline (PBS) for one hour at room
temperature.

Following blocking, tissue sections were incubated
overnight at 4 °C with primary antibodies. These included
polyclonal goat anti-type I collagen (COL1) (1:200, 1310-
01, SouthernBiotech, Birmingham, AL, USA), monoclonal
mouse anti-type II collagen (COL2) (1:200, 2B1.5, Ther-
moFisher), polyclonal goat anti-aggrecan (ACAN) (1:100,
AF1220, R&D Systems, Minneapolis, MN, USA), and
monoclonal rabbit anti-human vimentin (hVIM) (1:200,
SP20, Abcam, Cambridge, UK) [25,27,33,34]. Corre-
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sponding isotype controls—normal mouse IgG2a (X0943,
Agilent Technologies), normal goat IgG (NI02, Millipore-
Sigma), and normal rabbit IgG (X0903, Agilent)—were ap-
plied at the same concentrations as their respective primary
antibodies.

For detection, horseradish peroxidase (HRP)-
conjugated secondary antibodies were used: goat anti-
mouse (1:1000, 115-035-166, Jackson ImmunoResearch,
West Grove, PA, USA) for type II collagen, donkey anti-
goat (1:1000, 705-035-147, Jackson ImmunoResearch)
for type I collagen and aggrecan, and goat anti-rabbit
(1:1000, 111-035-144, Jackson ImmunoResearch) for
human vimentin. Visualization was achieved using Imm-
PACT DAB Peroxidase (HRP) Substrate (SK-4105, Vector
Laboratories, Burlingame, CA, USA). Brightfield images
were captured using a BX41 microscope (Olympus, Tokyo,
Japan) and processed with AmScope software. Detailed
listings of all primary and secondary antibodies are
available in Supplementary Tables 1 and 2 [25,27,33,34].

RNA-Seq and Analysis

RNA was extracted from harvested cell sheets using
RNeasy mini kit (74104, Qiagen, Hilden, Germany). After
RNA integrity and quantity was checked, a complementary
DNA (cDNA) library was constructed and used for pair-end
sequencing using NovaSeq 6000 (Illumina, San Diego, CA,
USA). Sequencing data were uploaded to the Galaxy web
platform, and a public server at https://usegalaxy.org was
used to analyze the data [35]. After trimming of Illumina-
specific sequences using Trimmomatic version 0.38 [36],
the sequence reads were aligned to the human genome ref-
erence sequence (hg38) using STAR version 2.7.5b [37].
Gene-level assignment was performed using featureCounts
version 1.6.4 [38]. Acquired data quality was checked us-
ing MultiQC [39] and confirmed to be high. The gene
expression matrix with raw gene counts was used for dif-
ferential gene expression analysis using DESeq2 version
1.22.1 [40]. Clustering analysis was performed with differ-
entially expressed 1554 genes of Padj<0.05, fold change>
Abs(2). Gene ontology (GO) analysis was performed using
the Metascape platform at https://metascape.org [41] with
the differentially expressed gene list of Padj <0.05, fold
change >2 or fold change <–2. Gene set enrichment anal-
ysis (GSEA) was performed by GSEA platform (version
4.3.2, Broad institute (https://www.gsea-msigdb.org)) [42]
on normalized counts of each sequenced sample. Pathway
analysis was performed using ingenuity pathway analysis
(IPA) (Qiagen) [43].

Interferon-γ Supplementation Culture

Based on our previous study using mesenchymal stro-
mal cells [44,45], a 0, 2.5, or 25 ng/mL recombinant inter-
feron gamma (IFN-γ) (I17001, Sigma-Aldrich) was added
to P2 passage culture (2000 cells/cm2) or cell sheet culture
(10,000 cells/cm2) for the entire 6 days or 14 days, respec-

tively. Media were refreshed every 2–4 days. Subsequent
chondrogenic pellet cultures were performed using single
cells isolated from passage culture at day 6 or cell sheets at
day 14.

Chondrogenic Differentiation Culture
Chondrogenic pellet culture was conducted following

established protocols from previous studies [25,46]. JCCs
and ACCs cultured until the end of passage 2, as well as
collagenase-isolated cells from JCC sheets, were suspended
in chondrocyte culture medium containing ascorbic acid. A
total of 2.5× 105 cells were placed into 15mL conical tubes
for pellet formation. The tubes were centrifuged at 500 ×g
for 10 minutes, and the cells were incubated at 37 °C with
5 % CO2 for 3 days to promote pellet development. After
this initial incubation, the samples were treated with chon-
drogenicmedium and transferred to a hypoxic incubator (37
°C, 5 % CO2, 5 % O2).

The chondrogenic medium used for pellet cul-
tures consisted of high glucose-DMEM supplemented
with the following components: 10 ng/mL transform-
ing growth factor beta-3 (TGF-β3, 100-36E, Pepro-
tech, Cranbury, NJ, USA), 20 ng/mL bone morphogenic
protein-6 (120-06, BMP-6, PeproTech), 1 % Insulin-
Transferrin-Selenium (41400045, ITS-G, ThermoFisher), 1
% penicillin-streptomycin (PS, 15140122, ThermoFisher),
1 % non-essential amino acids (11140050, NEAA, Ther-
moFisher), 100 nM dexamethasone (02194561-CF, MP
Biomedicals, Irvine, CA, USA), 1.25 mg/mL bovine serum
albumin (A2058, BSA, MilliporeSigma), 50 µg/mL L-
ascorbic acid phosphate magnesium salt n-hydrate (Fuji-
filmWako, 013-12061, Osaka, Japan), 40 µg/mL L-proline
(P5607, MilliporeSigma), and 5.35 µg/mL linoleic acid
(L1012, MilliporeSigma). The culture medium was re-
freshed twice per week over a period of 3 weeks [25,46].

Sulfated Glycosaminoglycan Quantification
Sulfated glycosaminoglycan (sGAG) content of dif-

ferentiation culture samples was quantified using a well-
established 1,9-dimethyl methylene blue (DMB) assay [47]
utilizing chondroitin sulfate (PHR1786,MilliporeSigma) as
a measurement standard. Each sample was mechanically
pulverized with a Teflon pestle in a microcentrifuge tube,
then digested for 24–48 hours in a buffered solution of pa-
pain from C. papaya (76216, MilliporeSigma). In a low-
light environment, 135µL ofDMBdye (341088,Millipore-
Sigma) was distributed into each well of a 96-well plate
along with a total volume of 40 µL of sample and papain
solution adjusted to be within range of the chondroitin sul-
fate standards which were added in increments of 5 µg/µL
from 0 to 35 µg/µL. The samples were scanned with a spec-
trometer (Cytation 3 image reader, BioTek, Winooski, VT,
USA) at 595 nm.
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Results
Juvenile Cartilage-Derived Chondrocytes Exhibit More
Rapid Cell Growth, Higher Colony Forming Efficiency,
and High Yield Compared to Adult Cartilage-Derived
Chondrocytes

Current cartilage therapies (e.g., autologous chon-
drocyte implantation, ACI) face major scalability hur-
dles. Polydactyly-sourced juvenile cartilage-derived chon-
drocytes (JCCs) were therefore compared to femoral head
adult FAI cartilage-derived chondrocytes (ACCs). Isolated
cell number per milligram of cartilage tissue significantly
declined with age, but no clear tendency is evident un-
der 4 years of age (Fig. 1A). Both cell types show sub-
strate adherence in primary cell culture, but ACC initiation
of cell division is slow, while JCCs demonstrate markedly
rapid, immediate proliferation (Fig. 1B). Colony forming
efficiency in primary culture was significantly higher in
JCCs compared to ACCs, suggesting higher growth po-
tential and scalability for JCCs compared to ACCs (Fig.
1C). Interestingly, colony sizes and morphologies were
heterogenous in both groups (Fig. 1C), but these colony
differences disappeared after passaging the cells (data not
shown), suggesting that dramatic clonal selections occur at
early passages. Morphological differences of both cultured
cell types became more evident as early as passage 2: The
majority of ACCs exhibit larger, elongated shapes consis-
tent with dedifferentiating chondrocytes compared to JCCs
(Fig. 1D). Both cell types exhibited sustained growth and
expansion potential (discontinued after 13 passages) with
JCCs demonstrating more consistent and rapid population
doubling rates through long-term passaging cultures (Fig.
1E).

In Vitro Evaluation of Juvenile Cartilage Derived
Chondrocyte Sheets

Both JCCs and ACCs cultured on temperature-
responsive cell culture inserts reached confluence by day 10
and maintained confluency for>4 days (Fig. 2A). This en-
abled consistent cell sheet harvest at day 14 of these cultures
(Fig. 2B). Viabilities of cells in both chondrocyte sheets
were very high (JCC sheets: 97.9 ± 1.3 %; ACC sheets:
97.2 ± 1.6 %). Freshly harvested, neither cell sheet stains
with Safranin-O, an indicator of sulfated glycosaminogly-
cans (Fig. 2C). Interestingly, harvested JCC sheet thick-
ness was twice that of ACC sheets (Fig. 2C,D) and total
cell number per ACC sheet was almost half compared to
JCC sheet (JCC sheet: 1.96± 0.55× 106 cells; ACC sheet:
0.97 ± 0.17 × 106 cells), suggesting that cell densities in
JCC and ACC sheets are comparable (Fig. 2D). Based on
these yields, the theoretical numbers of JCC/ACC sheets
able to be prepared from a single donor at a given passage
are shown in Fig. 2E by dividing the total cell yield from
each passage by the cell number of 42,000 required for a
single cell sheet preparation. Notably, sheet yield numbers
are 20 times higher in JCC sheets than ACC sheets at pas-

sage 2, which has been used in a recent clinical study, and
these differences increase through extended passaged cul-
ture. Cell surface markers for ACC sheet purity and phe-
notype show profiles with few impurities (Supplementary
Fig. 1), indicating that isolation and sheet culture processes
are free of problematic contaminants and retain essential
chondrocyte-specific traits.

In Vivo Evaluation of Regenerative Efficacy Using a
Rodent Defect Model

To assess the regenerative potential of cell sheets in
vivo, JCC and ACC sheets were implanted during the sur-
gical induction of focal chondral defects in athymic rats.
Four experimental groups were established: single-layer
ACC sheet, bilayer ACC sheets, single-layer JCC sheet,
and a defect-only negative control group. After 4 weeks,
the defect sites were examined using stereomicroscopy, fol-
lowed by histological analysis post-necropsy for compara-
tive evaluation. In the defect-only group, a depressed tissue
surface and fibrotic pannus were observed, indicating un-
successful spontaneous cartilage regeneration (Fig. 3A). In
contrast, all treatment groups showed neocartilage forma-
tion at the defect sites within 4 weeks (Fig. 3A). Safranin-
O staining revealed that the defect-only group lacked stain-
ing, while all treated groups exhibited thick, Safranin-O-
positive hyaline neocartilage (Fig. 3A). Notably, the in-
terface between the regenerated cartilage and adjacent na-
tive lateral cartilage was well-integrated in all transplanta-
tion groups (Fig. 3A). Modified O’Driscoll scores based on
Safranin-O-stained histological samples indicated substan-
tial cartilage regeneration in all treatment groups compared
to the defect-only group (Fig. 3B). Interestingly, the regen-
erated cartilage in the single JCC sheet group was approxi-
mately twice as thick as that in the single ACC sheet group
(Fig. 3C). No signs of tumorigenesis or abnormal tissue
formation were observed in any of the rats receiving cell
sheet transplants, supporting the safety of the procedure.

Immunohistochemical analysis was performed on har-
vested knee samples to evaluate the expression of cartilage-
specific matrix proteins aggrecan (ACAN) and type II col-
lagen (COL2), as well as type I collagen (COL1), a marker
of cartilage damage. In the defect-only group, pannus
tissue lacked ACAN and COL2 expression but showed
widespread COL1 expression (Fig. 3A). In contrast, neo-
cartilage from all treatment groups exhibited COL1 expres-
sion at the surface and elevated ACAN and COL2 expres-
sion within the neocartilage matrix (Fig. 3A). Human-
specific vimentin was detected in neocartilage regions of
all transplantation groups, but not in the defect-only group,
confirming that the regenerated tissue originated from the
transplanted human cell sheets (Fig. 3A).

Molecular Characteristics of JCC Sheets and ACC Sheets

To compare the transcriptome profiles of JCC ver-
sus ACC sheets, RNAseq data from 13 JCC and 8 ACC
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Fig. 4. Transcriptome analysis of chondrocyte sheets. (A) Hierarchical analysis of all JCC and ACC chondrocyte sheet samples; n =
8 ACC sheets; n = 13 JCC sheets. (B) Tables of GO analysis results showing the top 20 terms with the highest statistical significance.
Top: GO terms enriched in JCC sheets, Bottom: GO terms enriched in ACC sheets. (C) Representative gene sets enriched in each sheet
group. Left shows heparan sulfate glycosaminoglycan (HS-GAG) biosynthesis gene set and right shows the gene set for IFN-γ response.
(D) Interferon signaling pathway identified as the most significantly different pathway between JCC and ACC. Significantly different
pathway list can be found in Supplementary Fig. 4. Images were created with (A) Galaxy, (B) Metascape, (C) GSEA, and (D) ingenuity
pathway analysis. GO, gene ontology; IFN-γ, interferon gamma; GSEA, gene set enrichment analysis.
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Fig. 5. IFN-γ effects on both chondrocyte passaging and cell sheet culture. (A) IFN-γ effects on JCC passage cultures. Left: photos
of P2 JCC, with or without adding 2.5 ng/mL IFN-γ, or 25 ng/mL IFN-γ, at day 2 and day 6. Scale bars: 100 µm (both top and bottom).
Right: total cell number and cell viability at day 6. Rightmost: sGAG content after 21-day chondrogenic pellet culture of the IFN-γ-
treated cells. ***p < 0.001; ns, non-significant. (B) Left: confluent cell morphology at 2 weeks of culture (scale bars of top images:
100 µm) and cell sheet macroscopic images (scale intervals: 1 mm). Right: IFN-γ effects on cell sheet thickness and cell viability of
harvested cell sheets at day 14. Rightmost: chondrogenic pellet sGAG content from cells isolated from IFN-γ-treated cell sheets. ****p
< 0.0001; ns, non-significant with ANOVA and Tukey test. sGAG, sulfated glycosaminoglycan. Graphs were prepared using GraphPad
Prism.

sheets from individual donors were analyzed, and differ-
ential gene expression data were obtained. Unsupervised
hierarchical analysis shows two distinct data groupings be-
tween ACC and JCC sheets (Fig. 4A). Gene ontology (GO)
analysis profiles GOs related to matrix production and car-
tilage development were highly enriched in JCC sheets,
whereas ACC sheets showedmultiple inflammation-related
GOs (Fig. 4B, Supplementary Table 3). The most differ-
entially expressed genes are shown in Supplementary Fig.
2. Among several gene set enrichment analysis (GSEA)
results, the heparan sulfate and glycosaminoglycan biosyn-
thesis gene set was significantly enriched in the JCC sheet
group, whereas multiple interferon (IFN)-related gene sets
were significantly enriched in the ACC sheet group (Fig.
4C, Supplementary Fig. 3). Furthermore, ingenuity path-

way analysis (IPA) evidenced highest enrichment in IFN-γ
signaling between JCC and ACC sheet samples (Fig. 4D,
Supplementary Fig. 4). Taken together, interferon sig-
naling activation appears as the most significant molecular
signature distinguishing ACC from JCC sheets.

IFN-γ Signaling Hampers Chondrocyte Proliferative
Potential

To further examine the role of IFN signaling in scal-
ability of chondrocyte-based cell expansion for possible
product manufacturing, JCC in vitro cell growth and chon-
drogenic capacity were analyzed. Since RNAseq showed
no detection or very low sequence reads of IFN genes (IF-
NAs, IFNB1, IFNG, IFNK, and IFNW1, data not shown,
but available at Gene Expression Omnibus (https://www.
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ncbi.nlm.nih.gov/geo/)), involvement of endogenous IFNs
was considered negligible. Therefore, we tested exoge-
nous IFN effects on JCCs, rather than performing IFN-γ
inhibitory experiments on ACCs. JCCs cultured in IFN-γ-
supplemented media exhibit more elongated cell morphol-
ogy compared to control conditions (Fig. 5A). JCC cultures
with 2.5 ng/mL and 25 ng/mL IFN-γ similarly decrease
their cell growth rates. Interestingly, JCC growth rates
with IFN-γ are significantly slower than control cultures
without observable effects on cell viability at one week of
culture (Fig. 5A). Moreover, JCC cell sheet thickness at
harvest was significantly reduced with viability unchanged
by IFN-γ exposure (Fig. 5B). Sulfated glycosaminogly-
can content in JCC chondrogenic pellet cultures was not
significantly affected by extrinsic IFN-γ, both in passage
and cell sheet culture exposure prior to further chondro-
genic pellet culture (Fig. 5A,B). JCC pellet DNA did not
show any significant differences from IFN supplementa-
tion, likely because pellet culture conditions were dedicated
to chondrogenic differentiation with minimal proliferation
phase (Supplementary Fig. 5).

Discussion
Due to high grafting costs, variable efficacy and tis-

sue availability, current clinical demands for treating car-
tilage defects and osteoarthritis remain unsatisfied despite
available approaches [48,49]. Cartistem is currently the
only commercially available allogeneic and scalable prod-
uct based on mesenchymal stem/stromal cells (MSCs), and
it is approved for clinical use exclusively in Republic of Ko-
rea [50]. Our study assessed properties and the scalability
of juvenile and adult cartilage tissue-derived scaffold-free
cell sheets for cartilage repair and regeneration.

Juvenile cartilage cell sourcing gives rise to approxi-
mately 10 times more isolated cells compared to adult car-
tilage tissue (Fig. 1A), significantly impacting prospective
scalability. In addition, colony forming efficiency was no-
tably high (see Fig. 2C) compared to previously reported
various mesenchymal stem/stromal cells (MSCs) isolated
from bone marrow, adipose, or skin tissues [28,51–53].
This may be due to intrinsic heterogeneity of MSCs cul-
tured from these tissues [54]. Cells cultured in chondrocyte
culture medium from cartilage surgical discards may be
relatively homogenous in high numbers of colony-forming
cells. In fact, high cell purity was confirmed both in adult
(Supplementary Fig. 1) and juvenile cartilage-derived
chondrocytes [24,25]. Such homogeneity is beneficial for
tissue engineering quality control, but careful monitoring of
cell property and phenotypic changes during passaging is
required for scaled production. Also, this study employed
commonly available cartilage tissue harvests from differ-
ent anatomical areas. Chondrocyte characteristics unique
to different anatomical sources should be better stratified in
future studies using more patient samples in addition to pre-
vious reports about other anatomical cell sources [55,56].

Our previous study using adult cartilage-derived chon-
drocytes harvested from femoral heads revealed approxi-
mately 50 % of cells remain viable at tissue harvest and
cell isolation, but cultured cells exhibited high viability
and cell growth potential, likely due to clonal selection by
sub-culture [27]. This evidence suggests allogeneic util-
ity for adult chondrocyte sources. Other groups have also
reported that juvenile cartilage-derived chondrocytes from
polydactyly digits [11] and deceased patients’ knee car-
tilage [12] show higher proliferative capacity. Interest-
ingly, particulated juvenile cartilage tissue contains higher
ratios of proliferating cells compared to adult cartilage tis-
sues sources [57]. The current study using multiple JCC
and ACC donor samples demonstrates high viabilities of
cell sheets cultured from both sources, but JCCs exhibit
higher in vitro proliferation capacity (Fig. 1B–E). Given the
high number of sheets theoretically possible from passaging
(Fig. 2E), these cell types, especially JCCs, are attractive
for future off-the-shelf commercial scaling opportunities.

A prior study showed that cartilage formation poten-
tial from juvenile and adult cartilage-derived chondrocytes
is comparable in three-dimensional biomimetic hydrogels,
with chondrogenic genes upregulated in juvenile cartilage-
derived chondrocytes [58]. Other groups reported higher in
vitro differentiation potential in juvenile cartilage-derived
chondrocytes (i.e., glycosaminoglycan amounts and tissue
compression modulus) [11,12]. Moreover, in poly-L-lactic
acid (PLLA) scaffolds, rapidly proliferating cells can create
larger toluidine blue-stained tissue when encapsulated and
implanted in vivo [59]. In a previous study, adult cartilage-
derived cell sheets are prepared from total knee arthroplasty
(TKA) patient samples [24]. The TKA-derived chondro-
cyte sheets are prepared by coculture with synovial cells
that support chondrocyte growth. In addition, the TKA
sheets are triple-layered before transplantation, intending
to enhance cartilage regeneration. Our adolescent FAI pa-
tients’ femoral head-derived chondrocyte sheets showed
structurely mature hyaline cartilage in the rat transplanta-
tion model both from single and double-layered translants,
indicating high growth and regenerative potential in ado-
lescent cartilage sources. Using modified O’Driscoll scor-
ing system on histology samples and cell-source efficacy
stratification [60], we have for the first time demonstrated
the connection between specific in vitro properties and
thick neocartilage formation capacity in vivo by implant-
ing highly proliferative JCC sheets compared toACC sheets
without supporting biomaterials scaffolds and their associ-
ated confounding effects on chondrocyte expansion. These
observations, taken together, suggest that cartilage forma-
tion in vivo requires high proliferative traits of the implanted
cells with prerequisite chondrogenic potentials; JCCs fill
this need. Biomechanical features of resulting neocartilage
will be assessed in future studies.

Global gene expression comparisons between adult
and juvenile sources distinguished multiple GOs and path-
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ways including heparan sulfate glycosaminoglycan (HS-
GAG) and inflammatory signatures from ACC sheets (Fig.
4A–D). HS-GAG is responsible for controlling the intersti-
tial fluid pressure of articular cartilage and hence its com-
pressive stiffness and load-bearing properties. The elevated
HS-GAG signaling may have promoted deposition of the
extracellular matrix in the in vivo single JCC sheet trans-
plantation (Fig. 3A–C). Chondrocyte expression of major
IFNs in any RNAseq data from ACC and JCC sheets was
not detectable. In addition, STAT1, which is downstream
of IFN-γ, is known to be activated by other cytokine lig-
ands (e.g., epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), Interleukin-6 (IL-6), IL-27) [61].
We found no differential expression of these genes in cell
sheet samples, suggesting that ACC sheet IFN-γ signaling
is persistently activated from FAI-sourced hip tissue rather
than the chondrocyte culture procedure employed. IFN-γ
has been utilized for MSC priming for tissue regeneration
like fibrosis [44,54]. Exogenous IFN-γ hampered the pro-
liferation of JCCs (Fig. 5A) and limited maximal construct
thickness (Fig. 5B). Therefore, maintaining low IFN-γ sig-
naling can serve as a marker for production scalability in
chondrocyte-based products. Our data in chondrocytes in-
dicate the importance of context-dependent use of IFN-γ
considered for specific disease targets.

As ACC cartilage samples were obtained from pa-
tients with FAI, these cells may be affected by normal FAI-
involved local tissue site inflammation. In fact, some in-
flammatory signatures are reported in FAI patient bone tis-
sue samples [62]. Aging has also been associated with
chronic low-grade inflammation [63]. Therefore, future
studies using patient tissue sources should consider both
endogenous inflammatory activation and donor age prior
to tissue harvest for subsequent cell-based product manu-
facturing. Different IFN-γ concentrations in adult versus
juvenile joint fluids may be important to query for further
mechanistic understanding and as possible surrogate mark-
ers for donor cell quality in cartilage regeneration.

This study demonstrates the potential for commercial
scalability of cell sheet therapies using JCC sheets and ACC
sheets, with greater promise observed in JCCs. A previ-
ous study using the same immunodeficient rat xenotrans-
plantation model reported no evidence of heterotopic ossi-
fication or immune rejection over six months [25]. While
implementation of appropriate facility development, clin-
ical study design, and quality control protocols is essen-
tial for the successful dissemination of this therapy, large-
scale production is expected to significantly reduce man-
ufacturing costs. This is attributable not only to the long-
term cryopreservability of JCCs, which can be stored in liq-
uid nitrogen for several years without compromising viabil-
ity, but also to their high proliferative capacity combined
with redifferentiation potential. A clinical study investigat-
ing allogeneic JCC transplantation for knee cartilage repair
in humans reported functional improvement and safety at

one-year follow-up [26], and patients have remained under
catamnestic observation for over four years without major
adverse events (unpublished data). These findings support
the feasibility of scalable allogeneic cell sheet therapies as
a promising strategy for regenerative medicine. However,
potential risks remain, including the possibility of immune
sensitization in allogeneic settings, variability in donor cell
quality, and undesired tissue remodeling. Continued long-
term monitoring and rigorous regulatory oversight will be
critical to ensure safety and efficacy as clinical application
expands.

Limitations of the study: In the animal sheet transplan-
tation studies, we established that control and three sheet
transplant groups (i.e., one JCC sheet, one ACC sheet, and
two ACC sheets) would have similar total implanted cell
numbers based on cell counting of each cell sheet. While
the total cell number in each ACC sheets is approximately
half of the JCC sheet, the cell dose in the animal transplant
study cannot be controlled to be exactly the same. In ad-
dition, the role of activated IFN-γ signaling in ACCs with
low functionality should be further validated by targeting
downstreammolecules within ACCs or by comparison with
chondrocytes derived from healthy adult cartilage tissue.

Conclusions
Human JCCs exhibit distinct differences in both ex-

pansion cultures and cell sheet properties compared to
ACCs. Significantly, these differences are shown to cor-
relate with their respective in vivo cartilage regenerative re-
sponses in an athymic rat cartilage defect healing model.
Bulk RNAseq comparison reveals significantly differen-
tially expressed genes which reflect a gene ontology of in-
creased extracellular matrix synthesis and decreased IFN
pathway activation. Distinctions shown between JCC and
ACC cells and their sheet products represent important re-
generative screening value for JCCs in assessing utility
for cartilage regeneration translational use. Additionally,
the highly scalable JCC sheet strategy using banked poly-
dactyly cells produces attractive commercialization advan-
tages over ACC sources and their sheets, based on JCC pro-
liferative characteristics and cartilage regenerative proper-
ties for cell sheet-based cartilage regenerative applications.
Reliable cell source selection, chondrogenic capacity reten-
tion during expansion and banking, and sheet fabrication
are essential for consistent, economical large-scale clinical
translation to address unmet cartilage repair clinical needs.
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