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Background: Chondrocyte-based cell therapy to repair cartilage has been used for >25 years despite current limitations. This
work presents a new treatment option for cartilage lesions.

Hypothesis: High-quality hyaline cartilage microtissues called Cartibeads are capable of treating focal chondral lesions once im-
planted in the defect, by complete fusion of Cartibeads among themselves and their integration with the surrounding native car-
tilage and subchondral bone.

Study Design: Controlled laboratory study.

Methods: Cartibeads were first produced from human donors and characterized using histology (safranin O staining of glycos-
aminoglycan [GAG] and immunohistochemistry of collagen | and Il) and GAG dosage. Cartibeads from 6 Géttingen minipigs were
engineered and implanted in an autologous condition in the knee (4 or 5 lesions per knee). One group was followed up for 3
months and the other for 6 months. Feasibility and efficacy were measured using histological analysis and macroscopic and
microscopic scores.

Results: Cartibeads revealed hyaline features with strong staining of GAG and collagen Il. High GAG content was obtained:
24.6-pg/mg tissue (wet weight), 15.52-pug/mg tissue (dry weight), and 35 + 3-ug GAG/bead (mean + SD). Histological analysis
of Géttingen minipigs showed good integration of Cartibeads grafts at 3 and 6 months after implantation. The Bern Score of the
histological assay comparing grafted versus empty lesions was significant at 3 months (grafted, n = 10; nongrafted, n = 4; score,
3.3 and 5.3, respectively) and 6 months (grafted, n = 11; nongrafted, n = 3; score, 1.6 and 5.1).

Conclusion: We developed an innovative 3-step method allowing, for the first time, the use of fully dedifferentiated adult chon-
drocytes with a high number of cell passage (owing to the extensive amplification in culture). Cartibeads engineered from chon-
drocytes hold potential as an advanced therapy medicinal product for treating cartilage lesions with established efficacy.

Clinical Relevance: This successful preclinical study, combined with standardized manufacturing of Cartibeads according to
good manufacturing practice guidelines, led to the approval of first-in-human clinical trial by the ethics committee and local med-
ical authority. The generated data highlighted a promising therapy to treat cartilage lesions from a small amount of starting biopsy
specimen. With our innovative cell amplification technology, very large lesions can be treated, and older active patients can ben-
efit from it.

Keywords: autologous hyaline cartilage implantation; articular cartilage; dedifferentiation; hyaline cartilage tissue engineering
(3D); microtissues

Cartilage lesions constitute an essential part of musculo-

gggsﬁi\gqe;i?;g#gzrgnal of Sports Medicine skeletal health conditions, with a prevalence reaching 63%
DOL- ’10.(1 i'77 /03635465221138099 of the general population and 36% of athletes.?®?” The goals
© 2022 The Author(s) of treatment focus on immediate symptom alleviation,
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return to active life, and the durability of the treatment
results, all while slowing or stopping further damage.?’
Current treatment modalities for cartilage damage range
from conservative (nonoperative) to minimally invasive sur-
gery to joint replacement or fusion.?! To reduce pain and
inflammation, nonoperative management is offered with
medication and physical therapy. However, this does not
address the structural deficit of the missing cartilage in
the joint. Moreover, solid evidence of structural improve-
ment with such modalities remains missing.'?

Over the past 30 years, researchers have tried to re-
create the structural and biochemical features of hyaline
cartilage through tissue engineering and cell modula-
tion.®?! The objective is to offer a long-lasting repair of
the chondral defects. Indeed, the avascular and unener-
vated qualities of articular cartilage might be responsible
for its poor autorepair and healing. Additionally, this
makes it hard for most graft material to integrate with
the native cartilage and/or the subchondral bone. If left
untreated, cartilage injury can progress toward
osteoarthritis.

Despite being used for >25 years, chondrocyte-based cell
therapy to regenerate cartilage still has some limita-
tions.2>2? Chondrocytes represent a logical cell source for
cartilage regeneration. Indeed, only this cell type is involved
in the maintenance of the hyaline cartilage matrix, charac-
terized by the presence of glycosaminoglycan (GAG) and
type II collagen.®*! A major challenge is that adult chondro-
cytes tend to dedifferentiate into fibroblast-like cells in
monolayer culture, resulting in rapid loss of function usu-
ally occurring at the second or third cell passage.®?° Dedif-
ferentiated chondrocytes are characterized by the loss of
production of the main constituents of hyaline cartilage
(type II collagen and GAG). Instead, dedifferentiated chon-
drocytes produce type I collagen, present in fibrocartilage.
Fibrocartilage is biomechanically different from hyaline car-
tilage and is not considered an effective long-lasting tissue
because it leads to dysfunctional repair.'* Fibrocartilage is
also produced in the treatment by microfractures.??23
Another challenge for autologous chondrocyte-based cell
therapy is the difficulty to expand and differentiate cells
from elderly patients, limiting their use in this population.
Consequently, most clinical trials limit the inclusion to
patients aged <55 years.>*28

Cell-based therapies using autologous chondrocyte
implantation (ACI) are still indicated for cartilage lesions
>2 cm?. Currently, only 5 ACI-based therapies have been
approved for focal cartilage lesions®'*%: matrix-induced
ACI (MACT; Vericel),'*3% Spherox (Co.don),'**® Chondron
(Sewon Cellontech), Cartigrow (Regrow Bioscience),?* and
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Ortho-ACI (Orthocell). None of these products show high-
quality hyaline cartilage tissue before and after transplan-
tation. Chondron, Cartigrow, and Otho-ACI are not tissues
per se but chondrocytes in suspension combined or not
with scaffold for implantation. In phase 3 studies, Spherox
did not show superiority to microfracture®® unless low-
passage cells were used,'? and Vericel acknowledges that
there is no difference with microfracture based on mag-
netic resonance imaging data.?’

Long-term success in the treatment of cartilage lesions
requires implantation and integration of high-quality hya-
line transplant resembling native cartilage.?>®! In this
work, we describe an innovative method allowing extensive
culture of adult dedifferentiated human chondrocytes, from
donors >80 years old, used to generate cartilage microtis-
sues (Cartibeads). Cartibeads produce their own hyaline
extracellular matrix without the support of an external scaf-
fold, with biochemical composition close to that of native
articular cartilage.

We hypothesize that Cartibeads are capable of treating
focal chondral lesions once implanted in the defect by com-
plete fusion of Cartibeads among themselves and their
integration with the surrounding native cartilage and sub-
chondral bone. Moreover, given their size (diameter,
1.5-2 mm), Cartibeads can be grafted by minimally invasive
surgery or arthroscopy with a loading instrument adapted
to graft implantation (Chondrectom Kit; biovico.pl).

METHODS

Production of Cartibeads

Human cartilage samples were obtained from consenting
living donors (age, 18-80 years) after orthopaedic proce-
dures for various indications. The collected cartilage was
transferred to the laboratory in a sterile recipient in nor-
mal saline (NaCl 0.9%) at room temperature. Minipig car-
tilage samples were obtained during the harvest surgery
described here.

The cartilage (human or minipig) was sliced into small
pieces (1 mm) to facilitate the extraction of chondrocytes
by enzymatic digestion and then placed in rotation at
37°C overnight with collagenase type II (400 U/mLj;
Thermo Fisher). Once extracted, chondrocytes were cul-
tured in 2-dimensional (2D) monolayer culture (Figure 1).
All 2D cell cultures were conducted on extracellular
matrix—coated flasks (T25 cm?) and in atmospheric oxygen
conditions (21%) with 10% COs. At confluence, cells were
passaged in 1 T75-cm? flask (passage 1) and split later
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Figure 1. Production scheme of Cartibeads in 2- and 3-dimensional culture.

into 2 T75-cm? flasks (passage 2) to reach confluence. Cells
were expanded for 12 to 16 days in expansion medium
(Dulbecco’s modified Eagle medium [DMEM] with high
glucose; Gibco), 10% human serum (Sigma), 1 X L-gluta-
mine, 1X penicillin-streptomycin (10378016; Thermo
Fisher), 1 X nonessential amino acids (Gibco), 20-ng/mL
FGF2, 10-ng/mL. PDGF-BB, and 5-ng/mL TGF-B3 (Cell
Guidance).

After extensive expansion, chondrocytes were rediffer-
entiated for 7 days in redifferentiation medium (DMEM
with high glucose; Gibco), 10% human platelet lysate con-
taining a high concentration of PDGF (PDGF-BB, ~9 ng/
mL; PDGF-AB, ~35 ng/mL) and TGF-f1 (~140 ng/mL)
and a low concentration of FGF2 (<0.05 ng/mL; Sexton
Biotech), 1X L-glutamine, 1X penicillin-streptomycin
(10378016; Thermo Fisher), and 1 X nonessential amino
acid (Gibco). Chondrocytes used to generate Cartibeads
were cultured at passages 5 to 9.

In the 3-dimensional step, chondrocytes were collected
and aggregated in chondrogenic medium (DMEM with high
glucose), 1X ITS-X, 1X L-glutamine, 1X penicillin-
streptomycin (10378016; Thermo Fisher), 1 X nonessential
amino acid (11140050; Gibco), ascorbic acid (200 wM; Sigma),
40-ng/mL TGFB3, 40-ng/mL BMP2, and 40-ng/mL IGF (Cell
Guidance) to obtain 0.2 X 108 cells/well (1 Cartibeads per
well) in conical 96-well polypropylene plates (~20 x 10°
cells/plate). The 96-well plates were centrifugated 5 minutes
at 300g to allow cell aggregation and formation of Cartibeads
after 15 days in 3-dimensional culture (Figure 1).

The standard protocol method uses the same protocol,
mediums, culture conditions, and reagents of the Carti-
beads method except for step 2 (cell redifferentiation in
2D). In the standard protocol method, the expanded dedif-
ferentiated chondrocytes directly undergo the bead forma-
tion by aggregation in 96-well plates without being
redifferentiated.

GAG Quantification

GAG content was evaluated by the dimethylmethylene
blue assay (341088; Sigma). Chondroitin sulphate A
(C9819; Sigma) was used to generate 6 standards, with
concentrations ranging from 0 to 50 pg/mL. Chondroitin
sulphate C (C4384; Sigma) was used to generate a low

and high internal quality control: concentrations of 15
and 35 ug/mL, respectively. Cartibeads were digested
with proteinase K (1 mg/mL, V3021; Promega) in Tris-
HCI, 50 mM, and pH 8 (Sigma) for 15 *= 2 hours at 56°C.
The enzymatic digestion was stopped by incubation at
97°C for 15 minutes. The resulting sample was diluted
(1:5-1:10) in Tris-HCI, 50 mM, and pH 8 for the assay.
Finally, 100 pL of standards, internal quality controls,
and samples were read with a spectrophotometer in tripli-
cates (A = 525 nm) after 5-minute reaction with 1-mL dime-
thylmethylene blue assay solution.

Immunohistochemical Staining

For immunohistochemical staining of formalin-fixed
paraffin-embedded cartilage tissues and Cartibeads, the
paraffin blocks containing the samples were cut with the
microtome at 5 pm. The slides were dried overnight at
47°C. Slides were deparaffinated by xylol and rehydrated
by consecutive alcohol baths (concentrations, 100%, 95%,
and 70%). Two techniques of unmasking were used. For
native cartilage coming from minipigs, we used a 20-mg/mL
solution of hyaluronidase in 0.1M phosphate buffer, placed
on slides for 1 hour at 37°C. Slides were rinsed in
phosphate-buffered saline (PBS) twice for 5 minutes to remove
hyaluronidase. Cartibeads samples were immersed in a 0.01M
citrate buffer bath at pH 6, heated 3 times, 5 minutes each in
a microwave at 620 W, and cooled in an ice bath for 20
minutes. The slides were then rinsed in PBS for 5 minutes.
The primary antibodies were then used: collagen I (ab34710;
Abcam), collagen II (ab34712 [Abcam]; SAB4500366 [Sigmal),
and collagen X (ab49945; Abcam). Of note, the 2 type II colla-
gen antibodies showed similar results. The antibodies were
placed on different samples and diluted 1:100 in 0.3% Triton
X-100 in PBS for 1 hour. After rinsing for 5 minutes with
PBS, secondary antibodies were used: a biotin-conjugated
anti-mouse IgG (BA-2000; Vector Labs) and anti-rabbit IgG
(BA-1000; Vector Labs) and an avidin-biotin-peroxidase detec-
tion system with 3,3’-diaminobenzidine substrates (Vector
Labs). Samples were counterstained with pure-filtered hema-
toxylin. Dehydration was achieved by vigorous shaking of the
rack 10 to 20 times in alcohol baths (concentration, 95% and
100%), followed by a pure xylol bath until slide assembly
with Eukitt resin (batch A1113, KiNDO1500, Orsatec). A
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Nikon Eclipse C1 confocal microscope and a Nikon Eclipse
TE2000-E were used for imaging.

Safranin O Staining

Safranin O staining of cartilage spheres and native carti-
lage formalin-fixed paraffin-embedded samples was per-
formed to reveal GAGs on 5-pm paraffin slices. Slides
were deparaffinated by xylol and rehydrated by consecu-
tive alcohol bath (concentration, 100%, 95%, and 70%)
with a final 5-minute distilled water bath. Then, hema-
toxylin staining was used for nucleus counterstaining, fol-
lowed by a 5-minute wash with running hot water. Fast
Green (Sigma F7252) was used to stain the cytoplasm
and then washed out with acetic acid. The slides were
washed out immediately with distilled water. Safranin
0 0.1% in water bath (Sigma S2255) was applied for stain-
ing of GAGs for 2.5 minutes and then washed repeatedly
with distilled water. Dehydration was achieved by vigor-
ous shaking of the rack 10 to 20 times in alcohol baths
(concentration, 95% and 100%), followed by a xylol bath
until slide assembly with Eukitt resin (Batch A1113,
KiNDO1500).

Cell Viability of Cartibeads

Cartibeads samples were tested for viability using the red
fluorescent dye Zombie Aqua (423101; Biolegend), which is
an amine-reactive fluorescent dye that is nonpermeant to
living cells but permeant to cells with compromised mem-
branes, thus allowing assessment of live versus dead cells.
Three-dimensional samples were collected by the end of
step 3 and washed with PBS; then, Zombie dye diluted in
PBS (1:100) was added for 20 minutes. Samples were
kept in the dark for 1 hour. Samples were subsequently
cut with a cryostat microtome at 3 wm of thickness and
mounted on Superfrost Plus slides. Afterward, they were
fixed with formaldehyde 4% and treated with Hoechst
(Molecular Probe H3570; Thermo Fisher) diluted in PBS
(1:2000) for 10 minutes. Positive control for the assay
was achieved using Triton 10% (X100-100ML; Sigma) in
PBS for 1 hour at room temperature before the Zombie
dye step.

Biomechanical Measurements

Compression tests were performed with an MTS criterion
pull-push machine (model 42) equipped with a 1-N load
cell on cartilage beads ranging from 0.68 to 1.54 mm in
diameter and in native cartilage. Compression speed was
set at 0.01 m-s™! with a maximum load compression imposed
at 0.2 N to stay/keep as much as possible in the linear
regime of the cartilage; a maximum 20 beads were used
per test to increase the probed surface area. An original
holding system was custom-made to avoid sliding of the
beads and ensure an isotropic confined compression during
the test, which does not perfectly represent the in vivo situ-
ation. To put the beads at the bottom of the chamber and to
increase the contact surface with the piston, a first test per
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sample without measurement was performed. Compression
force as a function of displacement was measured as raw
data (once per sample). The stress-strain curve was then
calculated to estimate the Young modulus of the cartilage,
considering the slope of the data set in the linear regime,
divided by the surface area of the sample and the number
of the beads for normalization purposes. The calculation of
the Young modulus was made as follows: E = o/¢, where o
is the compression stress (kilopascal), E is the Young modu-
lus (kilopascal), and € is the strain (no unit) corresponding
to the normalized elongation.

Hematoxylin and Eosin Staining

Hematoxylin and eosin staining was performed with the
HEG600 de Ventana (Roche).

Implantation of Autologous Cartibeads in Minipig for
Efficacy Study

Animal procedures were approved by the Swiss Federal
Veterinary Office (GE/60/18).

Gottingen minipigs were chosen for their cartilage
maturity and for knee anatomy resembling that of
humans.'® Six adult female minipigs aged 19 to 22 months
(37-48 kg) were used in the study with a planned 5 lesions
per knee (planned, n = 30; achieved, n = 28). The animals
were anesthetized with sevoflurane and given a prophylac-
tic antibiotic intravenously (cefazolin, 2 g/kg) 30 minutes
before the incision. They were operated under complete
narcosis and extubated 5 minutes after skin closure. Skin
disinfection was repeated 3 times, and aseptic draping
was performed with dischargeable surgery drapes.

Harvest Surgery. Minipig cartilage samples (~30 mg)
were obtained from the lateral trochlear, harvested from
the right knees of the minipigs. A supralateral parapatel-
lar approach was chosen for the first operation. Cartilage
harvesting was performed at the superolateral border of
the lateral trochlear facet to prevent potential conflict
with later cartilage lesions during the second surgical
step. The cartilage biopsy specimens were put into expan-
sion medium for processing. A stepwise closure was per-
formed. No bandage was applied.

Minipig Cartibeads were produced as described in the
Methods section.

Cartibeads Implantation Surgery. Five to 6 weeks after
cartilage harvesting, the minipigs underwent the second
operation through a medial parapatellar tendon approach.
By this approach, 2 lesions on the medial and lateral femoral
trochlea each were created in all minipigs except 1, owing to
extent of the donor site. Full chondral lesions were made
each time, so the thickness varied among minipigs
(<1 mm). Lesions 6 mm in diameter were created by a small
curette and then filled completely by a single layer of 4 or 5
Cartibeads. For faster attachment, a thin layer of Tisseel
(Baxter) was added to each defect after the deposition of
the Cartibeads. A fifth lesion was created on the medial fem-
oral condyle, on a weightbearing zone, and filled with



AJSM Vol. 51, No. 1, 2023

Cartibeads in identical manner. In each animal, 1 lesion was
kept empty at a different location as a negative control. A
stepwise closure was performed. No bandage was applied.

Efficacy was based on the number of lesions (grafted, n
= 21; nongrafted, n = 7).

Rehabilitation. Full weightbearing was allowed as soon
as the narcosis was finished, with no restriction of any
activity.

Euthanasia. Three minipigs (Nos. 4-6) were sacrificed 3
months after the second operation, and the other 3 mini-
pigs (Nos. 1-3) were sacrificed at 6 months.

Joint Processing for Histology. The operated knee was
amputated, and the distal femur was put in formyl alde-
hyde solution for 2 days for histological analysis. Each
biopsy specimen containing the holes to be analyzed was
recut in the joint before being completely decalcified in
EDTA solution, dehydrated in alcohol solutions of increas-
ing concentration, and then cleared in xylene before
embedding in paraffin. The embedded sites were then lon-
gitudinally cut in the middle of the implantation site (5-pm
thickness) using a microtome. For each site, sections were
performed and proceeded to safranin O staining, hematox-
ylin and eosin, or immunohistochemistry analysis.

Scoring

Macroscopic and microscopic scores were graded by 2 inde-
pendent blinded examiners with the results reviewed by
a third person to calculate the score and perform the statis-
tical analysis.

Macroscopic Scoring: Goebel Reverse Score. The Goebel
Reverse Score!® consists of 5 major parameters (color of
repair tissue, presence of blood vessels in repair tissue,
surface of repair tissue, filling of the defect, degeneration
of the adjacent articular cartilage) and 25 items (5 items
for each major parameter with 0-4 points: 0 = best/excel-
lent cartilage, 4 = worst/empty lesion). A total number of
20 points is achieved for the worst possible result.

Microscopic Scoring: Bern Score. The Bern Score®’
accounts for uniformity and intensity of matrix staining,
cell density/extent of matrix produced, and cellular
morphologies.

Quantification and Statistical Analysis

Sample size and statistics for each experiment are pro-
vided in the Results section and/or figure legends. One-
way analysis of variance was used for the statistical anal-
yses (except when Student ¢ test was indicated), with P <
.05 considered significant.

Availability of Data and Materials

The composition of the Cartibeads cell culture mediums
described in the Methods are wunder patent
W02021028335. Moreover, raw data will be available
upon request.
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RESULTS

Human Cartibeads Characterization

Cartibeads from human donors were generated according
to a standardized protocol as described in the Methods sec-
tion. Different readouts were measured to characterize the
Cartibeads. Histological qualitative analyses of human
Cartibeads showed the presence of hyaline features with
a homogeneous distribution of safranin O-stained GAG
and strong immunodetection of type II collagen, whereas
type I collagen staining was faint (Figure 2). We were
able to engineer Cartibeads of high hyaline quality from
adult dedifferentiated chondrocytes cultured from donors
up to 80 years of age, including chondrocytes from patients
with osteoarthritis (see Appendix Table Al, available in
the online version of this article).

Quantitative analysis of Cartibeads revealed high GAG
content: 24.6-pg/mg tissue (wet weight) and 15.52-pg/mg
tissue (dry weight), which was independent of patient
age and osteoarthritic status of the joint (Figure 3A;
Appendix Table Al, available online). When compared
with the beads obtained by a standard culture protocol,
Cartibeads showed a significantly improved GAG content,
quantitatively and qualitatively (Figure 3B). Indeed, Carti-
beads showed 35 * 3—ug GAG/bead (mean = SD).

In cell therapy, the viability assessment of cellular com-
ponents of the transplanted material is essential. Thus, we
evaluated the proportion of viable cells within Cartibeads
in different conditions. Viability of the cells inside Carti-
beads was determined at the end of the culture cycle,
and a slight number of dead cells (2% at 20°C and 13% at
4°C) were detected at day 6, suggesting good survival of
the chondrocytes in the Cartibeads (Appendix Figure
Ala, available online). To characterize the biomechanical
properties of Cartibeads, we calculated the Young modu-
lus.2* The values obtained from 6 donors are in the range
of 60 to 358 Pa per Cartibead, which is very low in compar-
ison with native cartilage (~25 kPa) (Appendix Figure
A1lb). These values were expected as Cartibeads are imma-
ture neocartilage tissues.

Preclinical Efficacy Study In Vivo

To move toward clinical application, we performed a pre-
clinical efficacy study in adult Goéttingen minipigs. The
study interventions are detailed in the Methods section.
Briefly, we performed a first operation to harvest minipig
cartilage and then a second to create 4 or 5 lesions per
animal/right knee and to implant autologous Cartibeads
(Appendix Figure A2, a and c, available online). Before
implantation, the amount of GAG in the minipig
Cartibeads was quantified and ranged between 40 and
50 pg/bead on average (Appendix Figure A2b). Moreover,
we characterized minipig Cartibeads histologically.
Staining with safranin O showed the presence of GAG
(Appendix Figure A2d), with strong immunodetection of
collagen II, weak staining for collagen I, and the absence
of staining for collagen X (Appendix Figure A2e).
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Figure 2. Histological analysis of human Cartibeads from fixed samples. Representative images of safranin O staining of glycos-
aminoglycan (GAG; red, top panel) and strong immunodetection of type Il collagen (DAB staining, middle panel), characterizing
hyaline cartilage, and weak type | collagen detection (lower panel) of Cartibeads obtained from 3 independent donors. Chondro-
cytes were used at passage 5 to form Cartibeads. Scale bar: 200 and 500 pm for the Cartibeads and native cartilage, respec-
tively. Magnification of stained Cartibeads is provided for better assessment of cellular structure (dotted panel).
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Figure 3. Cartibeads glycosaminoglycan (GAG) content. (A) Biochemical quantification of GAG content in Cartibeads (..g/mg tis-
sue, wet weight) was determined with dimethylmethylene blue assay from 15 donors (black dots) and 3 native cartilage controls
(blue square). (B) GAG content of Cartibeads versus beads obtained by standard protocol shown quantitatively (GAG pg/bead)
and qualitatively (safranin O staining). Chondrocytes were used between passages 5 and 9. Values are presented as mean = SD.
*P < .05. **P < .001. Scale bar: 100 pm.
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The minipigs were followed for either 3 months (Figure
4) or 6 months (Figure 5). At 3 months after implantation,
we assessed the hyaline features of the created minipig
lesions by safranin O staining. A complete fusion of Carti-
beads and their integration within the surrounding native
cartilage and subchondral bone were observed in the
grafted lesions. We also observed the presence of fibrohya-
line cartilage in grafted lesions (Figure 4A, top panels) and
mainly fibrocartilage in the control lesions (Figure 4A, bot-
tom panels). The graft maintained hyaline quality as
shown by the intense detection of GAG by safranin O stain-
ing and the detection of collagen II associated with a weak
detection of collagen I and X (Figure 4, B through D).

Similar results were observed in the lesions at 6 months
after implantation (Figure 5, A through D). The lesions left
untreated showed the presence of fibrocartilage with
intense detection of collagen I and weak or absent collagen
IT staining (Figures 4B and 5B). Although we did not reach
significance for the Goebel Reverse Score, we found a trend
toward a significant difference (Figures 4E and 5E). How-
ever, we noted a significant difference in the quality of the
repaired tissue according to the Bern Score (Figures 4F
and 5F).

Additionally, the histological analyses revealed carti-
lage regeneration using the Cartibeads treatment. Indeed,
Cartibeads produced mature tissue characterized by an
organization in 3 layers, similar to that of native cartilage:
a surface zone with elongated cells, middle and deep zones
with mature round-shaped chondrocytes within lacuna,
and a columnar organization adjacent to the subchondral
bone (Figure 6A). These distinct layers were not observed
in the fibrocartilage organization from the control lesion
(Figure 6B). Collectively, the autologous Cartibeads proved
their efficacy in terms of engraftment in the lesions while
preserving their hyaline quality. They also proved to be
safe, as neither degeneration of the joint nor ectopic or
hypertrophic tissue formation was noted at macroscopic
inspection by 2 independent observers (Appendix Figure
A2c¢, available online).

DISCUSSION

In this work, we showed the hyaline-like features of Carti-
beads and their ability to repair knee cartilage lesions in
minipigs with preserved quality and good integration. To
date, available cartilage regeneration techniques have pro-
duced fibrocartilage or fibrohyaline cartilage with poor/
limited integrative capacities and higher friability.®*®
This is less than optimal, as fibrocartilage does not have
the same physical and biochemical properties as the native
articular cartilage and is less resistant to axial and shear
forces that the joint is subjected to; thus, it tends to delam-
inate within few years after implantation. However, MACI
showed favorable results in a recently published system-
atic review and meta-analysis by Grossman et al.'® The
authors concluded that all subscales were improved when
evaluated after 2 years and that MACI can be considered
an effective treatment option for symptomatic full-
thickness cartilage defects. However, these results are
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presented in the absence of long-term patient-reported out-
come measures, hence the need for longer follow-up
studies.

In this work, our cell culture protocol allowed the gener-
ation of Cartibeads with hyaline-like features, namely
a homogeneous distribution of safranin O-stained GAG,
strong detection of type II collagen, and faint type I colla-
gen staining. Quantitative detection of GAG showed that
Cartibeads contained 24.6-pg/mg tissue (wet weight).
While lower than native cartilage (=60-pug/mg tissue, wet
weight), this GAG content is higher than in previously
reported studies and was expected, as Cartibeads are
immature neocartilage tissues. Cartibeads showed
a mean 35 = 3—pg GAG/bead, which is 20-fold higher
than previous studies, suggesting that our method pro-
duced more hyaline cartilage and less fibrocartilage.?

The use of adult chondrocytes as a source of cells to
regenerate cartilage makes sense, as these cells should
retain their original features. However, chondrocyte dedif-
ferentiation usually occurs very rapidly in cell culture after
passage 2, and redifferentiation is not possible from mono-
layer cell cultures beyond passage 32°3° unless using fetal
or juvenile cartilage. This therefore requires a large
amount of starting material, and in autologous protocols
it implies high donor site morbidity. With our protocol,
we have succeeded in completely standardizing the method
of manufacturing Cartibeads regardless of patient age or
quality of the starting cartilage biopsy specimen, using as
little as 30 mg of harvest as compared with what is com-
mon (300 mg).®

Cartibeads are meant to treat focal chondral lesions by
filling the defect completely after implantation and inte-
grating with the surrounding tissue. After careful lesion
debridement without inducing damage to the subchondral
bone, Cartibeads are implanted, and the articular capsule
is anatomically closed to re-create a favorable biological
environment. Cartibeads then fuse to create homoge-
neous tissue. We hypothesize that cells on the surface
and inside the Cartibeads have the ability to migrate
and adhere to the subchondral bone and the native sur-
rounding cartilage through their receptors on the cell sur-
face. This is due to Cartibeads being a neocartilage tissue
that is not yet mature, which preserves the cells’ capacity
to integrate within the lesion while secreting extracellu-
lar matrix with hyaline quality. At 3 months, full integra-
tion of the graft is observed in the lesions and, at 6
months, reorganization of the tissue in 3 layers as in
the native cartilage.?® The autologous implantation of
Cartibeads in minipigs showed stable integration into
lesions associated with a positive evolution of the graft
toward cartilage tissue maturation, characterized by
organization in 3 layers. This maturation and reorganiza-
tion are shown between 3 and 6 months and supports the
potential as a reliable solution with a stable native-like
filling of the lesion and stabilization of the defect edges.
Moreover, the implant maintained hyaline quality, as
revealed by the intense detection of GAG and collagen II
and the weak presence of collagens I and X, resulting in
successful repair of cartilage damage at 6 months after
implantation.
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Figure 4. Integration of hyaline grafts in the knees of minipigs 3 months after implantation of autologous Cartibeads. (A) Safranin
O staining of glycosaminoglycan of the 4 representative graft lesions (top panel) and 2 empty lesions as control (bottom panel)
from the 3 minipigs. (B) Histological analysis of the best implanted lesion (left panel) and empty lesion (right panel) is shown,
and the sections were stained for collagen | (top panels) and Il (bottom panels). (C) Sections of the best implanted lesion stained
for collagen X. (D) Safranin O staining of glycosaminoglycan of the best grafted lesion. (E) Histogram shows the Goebel score of
the grafted and nongrafted lesions at 3 months. (F) Histogram shows the Bern score of the empty and grafted lesions at 3 months.
Values are presented as mean + SD. *P < .05. (A-D) The black arrowheads indicate the delimitation between native tissue and
the graft. The enlarged segments show the tissue remodeling at 3 months postimplantation. Scale bar: 1000 pum.
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Figure 5. Integration of hyaline grafts in the knees of minipigs 6 months after implantation of autologous Cartibeads. (A) Safranin
O staining of glycosaminoglycan of the 4 representative graft lesions (top panel) and 2 empty lesions as control (bottom panel)
from the 3 minipigs. (B) Histological analysis of the best implanted lesion (left panel) and empty lesion (right panel) is shown,
and the sections were stained for collagen | (top panels) and Il (bottom panels). (C) Sections of the best implanted lesion stained
for collagen X. (D) Safranin O staining of glycosaminoglycan of the best grafted lesion. (E) Histogram shows the Goebel score of
the grafted and nongrafted lesions at 6 months. (F) Histogram shows the Bern score of the empty and grafted lesions at 6 months.
Values are presented as mean = SD. **P < .05. (A through D) The black arrowheads indicate the delimitation between native
tissue and the graft. The enlarged segments show the tissue remodeling at 3 months postimplantation. Scale bar: 1000 pm.



246 Kutaish et al The American Journal of Sports Medicine

Middle zone Deep zone
P e e e m— g ————————
e ¥ 4 e TS

| b S A .
_.‘:J'I » % \ . 'l=| —JQ_
% .
\-nil\ a N @ T v )

Graft at 3 months

Graft at 3 months

Graft at 6 morins

Graft at 6 months
b <
oy I
L
red
N
----‘----
s Ipg———

-E b |
1 1
L = ‘
f | [ l
B
R R
é sz =
E 1
© mz - : Surface zone Middle zone Deep zone
(1] S S S S A
| et o e i
§ e | - [
8 fro—s ) T < redl) Hl i
g | fen—t ; :
il W e e e T N !

Figure 6. Histological analysis of the grafts and empty lesion at 3 and 6 months. (A) Hematoxylin and eosin (HE) staining of the
native cartilage (upper panel). Scale bar: 500 pm. The grafts at 3 months (middle) and 6 months (bottom) with magnifications show
the lateral integration. Scale bar: 500 wm and 200 wm in magnified cuts. sz, surface zone; mz, middle zone; dz, deep zone. Scale
bar: 50 um. Black arrowheads indicate the margins of the graft and native cartilage. (B) HE staining of the empty lesion at 6
months with magnifications showing the surface zone (sz), middle zone (mz), and deep zone (dz).

A significant improvement was observed in the histolog- improvement in the macroscopic Goebel Reverse Score,'®
ical scoring between lesions transplanted with Cartibeads we could not reach significance, most likely because of
and those left empty. Although we observed a trend toward the modest sampling of the empty lesions. In addition,
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lesions of 6 mm in diameter may not be sufficient to show
a significant advantage of Cartibeads at the macroscopic
level. These results are consistent with those of Ukai
et al,®® who demonstrated that distinguishing between
fibrocartilage and hyaline cartilage is difficult when using
only a macroscopic scoring system. Therefore, there is
a need for assessing the composition of regenerative tissue
by histological readout to meet the accurate definition of
the tissue.>°

The limitations of this study include the follow-up period,
which was only up to 6 months without long-term results,
and the sole use of empty lesions as a comparative, in addi-
tion to the published literature using similar therapies.
Moreover, the animal sample size was small, and each ani-
mal presented multiple chondral defects, which might affect
healing. This was not observed in this study since no degen-
eration of the joint was observed in animals at euthanasia.”
The number of animals is similar to what is seen in other
proof-of-concept studies.2>3%42 Last, no functional assess-
ment was performed on the repaired cartilage, but mechan-
ical loading was assumed comparable to the native cartilage
and contralateral knee since none of the animals showed
limping, pathological gait, or pain on the grimace scale dur-
ing the follow-up period. Another limitation of the study is
that, ideally, we should have had only empty lesions in con-
trol minipigs. However, this was not allowed by our local
ethics committee. To the best of our knowledge, the majority
of implanted Cartibeads stayed in the intended lesion, but
some may have detached and migrated to fill empty lesions.
This was observed in our pilot study in domestic pigs, where
most beads were seen in the lesions at 2 weeks after graft
but some had detached. We hypothesize that this can occur
because of the thin cartilage of the minipig knee (<1 mm)
and the impossibility of immobilizing the animals after
implantation of the Cartibeads.

The strength of the study is the use of multiple readouts
with qualitative and quantitative analysis by different col-
laborating research and surgical teams.

CONCLUSION

We showed the feasibility of autologous Cartibeads implan-
tation in a large animal model, supporting its potential for
durable cartilage repair. Cartibeads are the first high-
quality hyaline cartilage—engineered tissue from adult
dedifferentiated chondrocytes used after extensive culture
at high passage (up to passage 9) with integrative capacity
to the native environment. The possibility of using high-
passage chondrocytes makes it possible to bypass the use
of stem cells with their associated risks (poor redifferentia-
tion, tumor formation). Indeed, it is possible to obtain
a large quantity of cells thanks to our technology (without
the chondrocytes losing their original property of produc-
ing the hyaline matrix) and thus to treat large lesions. Col-
lectively, the Cartibeads represent a breakthrough in the
field of cartilage repair and have been approved by ethics
committee and local medical authority for a first-in-human
study using autologous cartilage implantation in patients
with focal cartilage lesions.
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