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Abstract: The current gold standard to treat large cartilage defects is autologous chondrocyte trans-
plantation (ACT). As a new surgical method of cartilage regeneration, minced cartilage implantation
(MCI) is increasingly coming into focus. The aim of this study is to investigate the influence of chon-
drogenesis between isolated and cultured chondrocytes compared to cartilage chips in a standardized
inflammation model with the proinflammatory cytokine TNF«. Articular chondrocytes from bovine
cartilage were cultured according to the ACT method to passage 3 and transferred to spheroid culture.
At the same time, cartilage was fragmented (<1 mm?) to produce cartilage chips. TNF« (20 ng/mL)
was supplemented to simulate an inflammatory process. TNF«x had a stronger influence on the
passaged chondrocytes compared to the non-passaged ones, affecting gene expression profiles differ-
ently between isolated chondrocytes and cartilage chips. MCI showed less susceptibility to TNFea,
with reduced IL-6 release and less impact on inflammation markers. Biochemical and histological
analyses supported these findings, showing a greater negative influence of TNFx on the passaged
pellet cultures compared to the unpassaged cells and MCI constructs. This study demonstrated
the negative influence of TNFx on chondrogenesis in a chondrocyte spheroid culture and cartilage
fragment model. Passaged chondrocytes are more sensitive to cytokine influences compared to
non-passaged cells and chondrons. This suggests that MCI may have superior regeneration potential
in osteoarthritic conditions compared to ACT. Further investigations are necessary for the translation
of these findings into clinical practice.

Keywords: autologous chondrocyte transplantation; minced cartilage implantation; inflammation
model; tumor necrosis factor o; musculoskeletal immunology

1. Introduction

Cartilage injuries are detected with increased frequency [1]. Articular cartilage has
a limited capacity for self-repair. When untreated, the risk of developing osteoarthritis is
highly increased [2]. Therefore, various cartilage regenerative techniques have been devel-
oped to treat symptomatic cartilage defects [3]. Autologous chondrocyte transplantation
(ACT) is the gold standard for the repair of large “traumatic” chondral defects (>2 cm?).
As a two-step surgical approach, cartilage is harvested from non-weight-bearing regions
and chondrocytes are isolated and expanded ex vivo. Finally, cells are seeded on a scaf-
fold (mACT) or transferred to a spheroid culture (spheroid technique) [4,5]. In a second
surgery, the transplant is implanted into the defect. ACT shows good clinical outcomes
(>10 years) and higher regenerate quality compared to alternative procedures, such as
microfracture [6-8]. Nevertheless, the complication rate increases over time, with a revision
rate of up to 30% in follow-up 8-11 years after surgery [8]. As a new technique, minced
cartilage implantation (MCI) has come into focus. MCI is performed autologously as a
single surgical procedure. Cartilage is harvested from the edge of the defect, minced into
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fragments (<1 mm?) and re-implanted with autologous platelet-rich plasma, fibrin glue or
membranes [9]. The mincing of cartilage activates chondrocytes to migrate, proliferate and
differentiate, which results in a hyaline-like neo-tissue [9]. Furthermore, a major advantage
of the MCI procedure is the intact functional unit of the chondrocyte and pericellular matrix,
which is called the “chondron”. This pericellular matrix plays an important role in preserv-
ing joint homeostasis [10,11]. The initial clinical studies show a promising outcome of MCI
at up to 2 years of follow-up [12-14] with limited evidence. Cartilage repair is performed
in a majority (60%) of degenerative, non-traumatic defects (data from the German Society
for Orthopaedics and Trauma cartilage registry) [15]. This disturbed joint homeostasis with
increased inflammation and catabolic processes contributes to a higher risk of treatment
failure [16]. The proinflammatory cytokine TNF« is well-known as a central factor of
osteoarthritic progression [2]. Persistent elevated levels of this cytokine lead to disturbed
joint homeostasis with increased inflammation and stimulation of catabolic processes [17].
The quality of cartilage regenerate is affected by biomechanical changes in the transplant
leading to increased stiffness and impaired contractile function [18]. To the best of our
knowledge, there is a lack of evidence on which cartilage repair technique results in the
best cartilage regenerate quality in osteoarthritic surroundings.

The aim of this study was to compare the influence of inflammation on transplant
maturation between MCI and ACT (spheroid technology) by supplementation of the
proinflammatory cytokine TNFa. Secondly, we aimed to analyze the effect of in vitro cell
expansion as a central part of the ACT procedure through the comparison of primary
non-passaged chondrocytes (P0) to passaged chondrocytes (P3).

2. Materials and Methods
2.1. Experimental Design

Articular cartilage was harvested from bovine fetlock joints (age 6-24 months); the
animals were euthanized by a local butcher for food production without the need for
ethical approval (Figure 1). The articular cartilage was fragmented using a scalpel (<1 mm?3)
according to the minced cartilage procedure. At the same time, articular chondrocytes were
isolated.
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Figure 1. Schematical overview of the experimental design. Bovine chondrocytes were extracted

from bovine fetlock joints, remained at passage 0 or expanded to passage 3 and transferred in 3D
spheroid culture for chondrogenic differentiation (spheroid diameter 500 um). Microscopy shows
the typical round-cell morphology of the chondrocyte (PO, non-passaged) and fibroblast shape of the
P3 chondrocytes. The MCI group was minced into pieces of <1 mm3. Cytokine supplementation
with TNFx was performed over a period of 14 days. Analyses included RT-PCR, biochemical and
histological evaluation.

For passage 0, no cell expansion was performed, and chondrocytes were directly
transferred into pellet culture. In a third group, chondrocytes were expanded to passage
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3 (5-8 population doublings). All samples underwent 1 week of culture. Subsequently,
supplementation of the proinflammatory cytokine TNFx (20 ng/mL) was performed
to simulate inflammation. The start of cytokine stimulation was defined as day 0 and
followed by a medium change three times per week. The experiment included four different
independent donors with technical triplicates for each analysis and was terminated after
two weeks.

2.2. Isolation and Culture of Minced Cartilage Samples

According to the minced cartilage procedure, the articular cartilage was minced using
a scalpel (blade No. 10) into pieces of <1 mm? in size [19]. The cartilage was pre-wetted
with phosphate-buffered saline solution (PBS) (Thermo Fisher Scientific, Waltham, MA,
USA) to avoid the tissue drying and losing weight. The cartilage pieces were equally
distributed in a 48-well plate (8 fragments per well) and suspended in 17 mg/mL fibrinogen
solution and 0.5 U/mL thrombin solution (Sigma-Aldrich, St. Louis, MO, USA) for 3-
dimensional clot formation. The samples were cultured in a chondropermissive medium
(1 mL/well) without growth factors, including DMEM, with 10% FBS, 60 pug/mL ascorbic
acid phosphate (Sigma-Aldrich), 40 ug/mL L-proline (Sigma-Aldrich), 1% non-essential
amino acids (Sigma-Aldrich), 1% e-aminocaproic acid (Sigma-Aldrich) and 0.2% Primocin
(InViVoGen, San Diego, CA, USA).

2.3. Isolation and Culture of Articular Chondrocytes

The cartilage fragments (<10 mm?>) were first digested with pronase for 90 min (0.1%;
Merck, Darmstadt, Germany), followed by digestion in 600 units/mL collagenase 2 (Wor-
thington, Lakewood, NJ, USA) for 14 h. For the passage 0 group, chondrocytes were
counted, transferred to 96 v-bottom non-adherent well plates (Greiner, Kremsmiinster,
Austria) and centrifuged at 500x g 10 min for pellet formation (250 x 10° cells per well).
Spheroids were cultured 1 week in free swelling conditions in a chondropermissive culture
medium without the addition of exogenous growth factors, including DMEM, with 10%
FBS, 60 ng/mL ascorbic acid phosphate (Sigma-Aldrich, St. Louis, MO, USA), 40 ug/mL
L-proline (Sigma-Aldrich), 1% nonessential amino acids (Gibco), 1% e-aminocaproic acid
(Sigma-Aldrich) and 1% Pen/Strep (Sigma-Aldrich).

For the passage 3 group, according to ACT procedure the extracted chondrocytes
were seeded at a density of 16.7 x 10° cells/cm? in Dulbecco’s modified Eagle medium
(high glucose) (Thermo Fisher Scientific, Waltham, MA, USA) and 10% fetal bovine serum
(FBS) (Bio & Sell, Feucht, Germany). Cells were passaged when 90% confluency was
reached. Pre-digestion was performed in 300 units/mL collagenase 2 (30 min) for cleavage
of trypsin-resistant extracellular components (e.g., collagens), followed by digestion with
0.05% trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA) (5-20 min, depending
on the passage with longer detaching time in early passages). Cells were seeded at the same
density. Medium change was repeated every second day with growth medium including
DMEM + 10% FBS. The cell expansion time from PO to P3 was, on average, 2 weeks.
The cells were transferred at passage 3 in a spheroid culture as previously described and
cultivated for 1 week in free swelling conditions in a chondropermissive culture medium.

2.4. Chondrocyte Inflammation Model

TNFo (R&D Systems, Minneapolis, MN, USA) was supplemented to induce inflam-
mation with a concentration of 20 ng/mL in a standardized model for better comparison
with previous studies [17,20]. TNFx was added to the medium six times over 14 days with
every medium change, and the medium was collected for further biochemical analysis.

2.5. Biochemical Analysis

All samples were digested for biochemical analysis in a proteinase K solution (0.5 mg/mL;
Roche, Basel, Switzerland) for 14 h. DNA was quantified by spectrofluorimetry with
Hoechst dye solution 33,528 (Applied Biosystems, Waltham, MA, USA) against the stan-
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dard calf thymus DNA (Sigma-Aldrich, St. Louis, MO, USA), as previously described [21].
Chondrocyte spheroids were analyzed for glycosaminoglycan (GAG) content by a 1,9-
dimethyl-methylene blue (DMMB; Sigma-Aldrich) dye binding assay. The standard was
bovine chondroitin sulfate (Sigma-Aldrich) [22]. The medium was analyzed for all the sep-
arate time points for its IL-6 concentration using a bovine IL-6 ELISA assay kit (Kingfisher
Biotech, St Paul, MN, USA).

2.6. RNA Extraction, Reverse Transcription and Gene Expression Analysis

A tissue-lyzer system (Qiagen, Hilden, Germany) was used for homogenization in
1 mL TRI reagent (Molecular Research Center, Cincinnati, OH, USA) for 10 min at 30 Hz.
RNA was extracted by a standardized precipitation method with bromochloropropane
(BCP, Sigma-Aldrich) in a volume ratio of 1:10 for phase separation, and RNA clean-up with
a tissue-specific column-based extraction kit (Qiagen). For cDNA synthesis, a reverse tran-
scription was performed with TagMan reverse transcription reagents (Applied Biosciences)
in 1 pg total RNA. The Tag-Man Real-Time PCR system (Applied Biosystems) analyzed
gene expression in the TagMan master mix and custom-made bovine primer and probes
(Applied Biosystems) for the specific anabolic markers collagen 2, aggrecan and COMP
(cartilage oligomeric protein), the dedifferentiation marker collagen 1, the catabolic markers
MMP-3, MMP-13 (matrix metalloproteinases 3 and 13) and the inflammation markers IL-6
and IL-8 (interleukin-6 and —8) were used. The primers and TagMan probes (Applied
Biosystems) were designed from GenBank and have been previously described [23,24]. The
18S ribosomal RNA was used as the housekeeping gene of eukaryotic cells, and gene ex-
pression was measured relative to the endogenous control. The threshold cycle (CT) values
were normalized to the mean CT values of 185 (ACT) and normalized to day 0 (AACT). The
relative mRNA expression was calculated with the 2-24CT method and normalized by the
natural logarithm to avoid skew deviations.

2.7. Histology and Immunohistochemistry

The spheroids and MCI samples were fixed in 70% methanol, followed by paraffin
fixation with a carousel tissue processor for 24 h including incubation in 70% ethanol, 96%
ethanol, 100% ethanol, xylene and paraffin. The paraffin-embedded samples were cut
by a microtome into 5 pm sections. Safranin O and Fast Green (Sigma-Aldrich) staining
was performed to evaluate cell morphology and extracellular matrix deposition. The
paraffin sections were stained with Weigert's Haematoxylin (Sigma-Aldrich) for 10 min,
followed by 0.02% Fast Green (Sigma-Alrich) in ultrapure (ddH,O) water for 6 min and
0.1% Safranin O for 10 min. Collagen type 1 and collagen type 2 immunohistochemistry was
performed with the Vectastain avidin-biotin-complex based (Vector Laboratories, Newark,
CA, USA) staining method, as previously described, with antibodies against collagen 1
(Arcis, Worrington, United Kingdom) or collagen 2 (DSHB, Iowa, IA, USA) and PBS as the
negative control, followed by a biotinylated IgG antibody, DAB (3-3 "-diaminobenzidine;
Vector Laboratories). Mayer hematoxylin (Sigma-Aldrich) was used to counterstain the
sections [20]. A semiquantitative analysis was performed for the Safranin O Fast Green
stain and the IHC of collagen 1 and 2 by pixel analysis with evaluation of the percentage of
stain against the background stain.

2.8. Statistics

Statistical analysis was performed with SPSS (v 24; IBM, Armonk, NY, USA). Normal
distribution was tested with the Kolmogorov-Smirnov test. All results did not show a
normal distribution. Therefore, the non-parametric Wilcoxon-Mann-Whitney test was
applied to test for significant differences among the defined groups as independent vari-
ables and analytical results as dependent groups. Statistical significance was defined at
p <0.05. Graphpad Prism 9 (Graphpad Software Inc., San Diego, CA, USA) was used for
graphical design.
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3. Results
3.1. Chondrogenic Differentiation Potential Is Not Affected in MCI Culture

The gene expression level of the chondrogenic differentiation marker collagen 2 was
significantly reduced by supplementation of TNF« in the P3 spheroid constructs compared
to the control (p = 0.003, Figure 2A). This effect was confirmed at the protein level by
immunohistochemical analysis. Collagen 2 synthesis in chondrocytes was strongly reduced
by TNF« (Figure 2B,C). The PO and MCI samples did not indicate any influence of TNFx
on collagen 2 expression. A slight decrease in collagen 2 retention caused by cytokine
treatment could be detected for PO in the semiquantitative analysis (p = 0.038). Gene
expression did not show significant differences between P3 and the other groups.
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Figure 2. (A) Gene expression analysis of collagen 2 of spheroids (P0 and P3) and cartilage fragments
(MCI) in an inflammation model with TNF«. Results from four independent donors and three
technical replicates are normalized to 18S as internal control, transformed by natural logarithm
and visualized in box plots. (B) Immunohistochemical staining of chondrocyte spheroid constructs
and cartilage fragments for collagen 2. Negative controls are shown in Supplementary Figure S1A.
(C) Semi-quantitative analysis of stain intensity of collagen 2 compared to background stain hema-
toxylin and eosin. * p < 0.05, ** p < 0.01, *** p < 0.001. PO, non-passaged chondrocytes; P3, chondrocyte
passage 3; MCI, minced cartilage; TNFa, tumor necrosis factor o.

The relative synthesis of glycosaminoglycans (GAGs) was significantly reduced by
the supplementation of TNF« in PO spheroids over 14 days of culture (p = 0.029; Figure 3).
In the qualitative analysis, the Safranin O Fast Green staining demonstrated a high proteo-
glycan loss in the TNFo-treated PO constructs compared to the control. The P3 spheroids
showed a low content of proteoglycans, indicating dedifferentiation without significant
differences between cytokine stimulation and the control. The MCI constructs showed a
characteristic structure of hyaline cartilage with an extracellular matrix with high amounts
of proteoglycans, as seen by the intense red staining of the histological section. The MCI
samples did not show any effects by the supplementation of TNF«.
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Figure 3. (A) Biochemical quantification of GAG samples relative to DNA (ug/pg) and day 0
from four independent donors and three technical replicates. (B) Safranin O Fast Green staining
of chondrocyte spheroid constructs and cartilage fragments in an inflammation model with TNF«.
(C) Semi-quantitative analysis of stain intensity of Safranin O compared to background stain Fast
Green. * p < 0.05, ** p < 0.001. PO, non-passaged chondrocytes; P3, chondrocyte passage 3; MCI,
minced cartilage; TNF«, tumor necrosis factor .

On the gene expression level, the anabolic marker PRG-4 was significantly higher in the
PO control spheroids compared to in the P3 (p = 0.037; Figure 4) and MCI (p = 0.017) samples.
There was no specific effect of the proinflammatory cytokine TNFo. The expression of
the proteoglycan aggrecan was significantly reduced by supplementation of TNF« in the
PO spheroids (p = 0.002) and P3 constructs (p = 0.026) compared to the control. Cytokine
treatment did not affect the gene expression of aggrecan in the MCI samples.
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Figure 4. Gene expression analysis of the proteoglycans (A) proteoglycan-4 (PRG-4) and (B) aggrecan
in spheroids and cartilage fragments in an inflammation model with TNF« from four independent
donors and three technical replicates. Results are normalized to 185 as internal control, transformed
by natural logarithm and visualized in box plots. * p < 0.05, ** p < 0.01.
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3.2. Collagen 1 Synthesis Is Not Influenced by TNFa in MCI Samples

The gene expression level of collagen 1 was significantly higher in the PO control
samples compared to the samples treated with TNF« (p < 0.001; Figure 5), which resulted in
lower synthesis at the protein level, which is evident by immunohistochemistry. The gene
expression of collagen 1 was significantly lower in the P3 chondrocytes compared to the PO
chondrocytes in the presence and absence of TNF« (p < 0.001). The collagen 1 content in
IHC was lower in the P3 and MCI constructs compared to day 0. At the gene expression
level, differences between the control and cytokine stimulation did not reach significance
for these groups at day 14, which can be a reason for the late time point. Reduced staining of
collagen 1 due to the supplementation of TNFx was detected in the immunohistochemical
assessment of the P3 spheroids, which was significant in the semi-quantitative analysis
(p = 0.003; Figure 5C).
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Figure 5. (A) Gene expression analysis for collagen 1 of chondrocyte spheroids and cartilage fragments
in an inflammation model with TNF« from four independent donors and three technical replicates.
Results are normalized to 18S as internal control, transformed by natural logarithm and visualized
in box plots. (B) Immunohistochemical staining of chondrocyte spheroid constructs and cartilage
fragments for collagen 1. Negative controls are shown in Supplementary Figure S1B. (C) Semi-
quantitative analysis of stain intensity of collagen 1 compared to background stain hematoxylin and
eosin. * p < 0.05, ** p < 0.01, ** p < 0.001. PO, non-passaged chondrocytes; P3, chondrocyte passage 3;
MCI, minced cartilage; TNF«, tumor necrosis factor «.

3.3. MMPs Show Different TNFa-Induced Patterns in ACT and MCI Transplants

The gene expression of the catabolic markers MMP-3 and MMP-13, as important en-
zymes of extracellular matrix cleavage, were generally upregulated by the supplementation
of TNFo. For MMP-3, gene expression was upregulated compared to the control in the P3
spheroids (p = 0.002; Figure 6) and the MCI constructs (p < 0.001).
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Figure 6. Gene expression analysis of (A) matrix metalloproteinases MMP-3 and (B) MMP-13 of
chondrocyte spheroids and cartilage fragments in an inflammation model with TNF« from four
independent donors and three technical replicates. Results are normalized to 18S as internal control,
transformed by natural logarithm and visualized in box plots. * p < 0.05, ** p < 0.01, *** p < 0.001.
PO, non-passaged chondrocytes; P3, chondrocyte passage 3; MCI, minced cartilage; TNF«, tumor
necrosis factor o.

The highest expression was detected in the P3 chondrocytes and was significantly
higher compared to MCI (p = 0.031). The MMP-3 expression of the PO spheroids did not
result in significant differences between the control and the TNFx-supplemented groups.
For MMP-13, the gene expression of the controls in the P3 chondrocyte spheroids was
significantly lower compared to PO (p = 0.001) and MCI (p < 0.001). Supplementation
of the proinflammatory cytokine TNFo resulted in increased MMP-13 expression in the
P3 chondrocyte spheroids compared to the control (p < 0.001), but not in the PO and
MCI samples.

3.4. ACT Constructs Are More Sensitive to TNFa-Induced Inflammation Compared to MCI Grafts

The inflammatory response was evaluated by a gene expression analysis of the proin-
flammatory cytokines IL-6 and IL-8 and a quantitative protein analysis of IL-6. TNFo
stimulation of the P3 chondrocyte spheroids and MCI constructs resulted in upregulation
of IL-6 compared to the control (P3 TNFx vs. control, p = 0.022; MCI TNF« vs. control,
p = 0.003; Figure 7A). The elevation was significantly higher in the chondrocytes of the P3
spheroids compared to the chondrocytes in the MCI samples (p = 0.002). Furthermore, the
gene expression of IL-6 in the untreated control was lower in the MCI (p = 0.002) and PO
chondrocytes (p = 0.012) compared to the P3 spheroid culture. IL-8 expression was stim-
ulated in chondrocytes of the P3 spheroid constructs in the presence of TNFa (p = 0.001).
At the same time, gene expression of the P3 control chondrocytes was lower compared to
that of the PO (p = 0.001) and MCI (p < 0.001) constructs. The PO and MCI constructs did
not show any TNFa-related effect on the gene expression of IL-8. In terms of the protein
level, IL-6 release into the medium showed a dynamic change over the 14 days, with
peak levels at day 4, with the highest concentrations in the TNFa-stimulated P3 spheroids
(>40 ng/mL). The peak concentrations were five times higher for the P3 spheroids than
for the PO spheroids. The cumulative analysis indicated the significantly enhanced release
of IL-6 for the PO (p = 0.01) and P3 spheroids (p < 0.001) by the supplementation of TNFo
compared to the control. The P3 chondrocyte stimulation by TNFo was significantly higher
compared to that of the PO spheroids (p = 0.004) and MCI samples (p < 0.001).
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Figure 7. Gene expression analysis of (A) IL-6 and (B) IL-8. Results are normalized to 18S as internal
control, transformed by natural logarithm and visualized in box plots. (C) Dynamic evaluation of IL-6
release (ng) at indicated time points (days). (D) Cumulative quantification of IL-6 per DNA (ng/ug)
relative to day 0. * p < 0.05, ** p < 0.01, *** p < 0.001. PO, non-passaged chondrocytes; P3, chondrocyte
passage 3; MCI, minced cartilage; TNFc, tumor necrosis factor . Analysis was performed from four
independent donors and three technical replicates.

4. Discussion
4.1. Key Findings

This study compared, for the first time, the differential effects on chondrocytes between
the MCI and ACT spheroid techniques in an inflammation model with the proinflammatory
cytokine TNF«x over 14 days of culture. The TNF« stimulation of passaged chondrocytes
according to the ACT procedure resulted in the upregulation of catabolic makers and down-
regulation of anabolic markers in gene expression analysis and the loss of proteoglycans
and collagen 2 at the protein level. Inflammation was enhanced by upregulation of the
cytokines IL-6 and IL-8. These effects were significantly lower in the MCI culture and
spheroid culture of the PO chondrocytes. Consequently, the ACT spheroid constructs were
more sensitive to the TNFa stimulus compared to MCI, an effect that is enhanced by the cell
expansion process. The results showed a high reproducibility between four independent
donors.

4.2. MCI Counteracts Anti-Catabolic and Catabolic Effects of TNF«

Symptomatic cartilage defects are treated with cartilage repair methods according
to defect size [25]. Data from the German Society of Orthopaedics and Trauma registry
uncovered that ACT was often performed in osteoarthritic surroundings [15]. In these
conditions, inflammation is stimulated by proinflammatory cytokines, such as TNFa. Per-
sistent inflammation affects the transplant quality and increases the risk of treatment failure,
pain and progression of osteoarthritis [16]. Previous studies demonstrated that TNFa is a
suppressor of extracellular matrix synthesis, resulting in reduced proteoglycan and collagen
production [20,26]. In our experiment, matrix synthesis was affected in PO and P3 spheroids,
with the strongest effects in the culture of expanded chondrocytes. The ECM synthesis of
the MCI constructs was not influenced by TNFax. MMPs are catabolic markers indicating
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cartilage degradation and are typically increased in osteoarthritic surroundings [27]. In
this study, MMP-3 and MMP-13 were stimulated by TNFo.. MMP-3 activity was increased
in the P3 spheroids and MCI culture, but not in the PO spheroids. Nevertheless, MMP-3
activity was also reported as a sign of ectopic cartilage formation [28]. For MMP-13, there
was only a stimulative effect in the P3 spheroid culture.

4.3. Pericellular Matrix as Key of Chondrogenic Potential

The extracellular matrix contains the pericellular matrix (PCM), territorial and intert-
erritorial zone. Chondrocytes are embedded in the pericellular matrix, which contains
a complex network of proteoglycans, collagen 6, other collagens and non-collagenous
proteins. The functional unit of the PCM and the chondrocytes is called the chondron. The
PCM plays a major role in metabolic activity and homeostasis [29]. The advantage of MCI
is the minimal manipulation of cartilage without the need for an ex vivo cell culture. The
chondral structure is therefore not affected by the mincing procedure. Previous studies
demonstrated that the PCM modulates anabolic and catabolic processes. Vonk et al. com-
pared goat chondrons with isolated chondrocytes in an in vitro culture over 25 days in
alginate beads [11]. Preservation of the PCM resulted in higher collagen 2 expression, cross-
linked collagen 2 in Western blot analysis and an increased amount of proteoglycans. Hing
et al. reported that the PCM provides a barrier when exposed to changes in osmolarity [30].
This integrity of the chondral structure may also contribute to the lower TNF« influence
on the MCI samples that was seen in our study. As a result, the inflammatory stimulus
was counteracted with equal IL-6 levels at the protein level and no upregulation of IL-8
expression in the MCI constructs compared to the control.

4.4. Mincing Procedure as Factor of Chondrocyte Activation

The central mechanism of MCl is the activation of chondrocytes by cutting the cartilage
into small pieces. Albrecht et al. first described an induction of cartilage regeneration in a
rabbit model by proliferation and differentiation of cartilage fragments [31]. With a sharp
instrument (scalpel, mincing device) the vitality of the chondrocytes is not affected [32,33].
For biological activity, it is important to cut the cartilage into the smallest size (<1 mm?) to
form a paste-like appearance [9,34]. In our study, the induced biological activation of the
chondrocytes was not different between the control group and the group that underwent
TNF« stimulation, which is a sign of counteraction of the cytokine stimulus. The underlying
mechanisms of chondrocyte activation have not been clearly analyzed previously. This
would be essential to prove the advantage of MCI over other approaches.

In the MCI technique, cartilage fragments are embedded in autologous or allogenic
fibrin glue for better adhesion and tissue integration [35]. In autologous fibrin sealants,
chondrocytes show a higher proliferation, migration and differentiation potential due to
included growth factors. In our model, there was no significant effect on chondrocyte
differentiation and ECM production by the use of fibrin sealant.

4.5. Cell Expansion Process in ACT Increases the Sensitivity to Inflammatory Stimuli

In autologous chondrocyte implantation, a two-step surgical approach with a cost-
extensive culture process is necessary. In this procedure, chondrocytes are expanded up to
passage 3 to expand the number of cells. Nevertheless, cell culture results in a rapid dedif-
ferentiation of the chondrocytes. Wang et al. [36] compared PO and P3 chondrocytes in an
in vitro culture model with a knee-specific bioreactor. Primary chondrocytes demonstrated
the strongest chondrogenic gene expression profile and the most intense extracellular
matrix deposition. This is in line with our findings.

4.6. Limitations and Outlook

This study focused on the comparison of MCI and ACT transplants (P3), and an
unpassaged spheroid culture (P0), in an inflammation model over 14 days of culture. A
longer culture was not performed, which is a limitation of the in vivo situation. Further-
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more, there was no mechanical stimulation, which would be the normal situation in in vivo
surroundings. For higher standardization, a bovine model was selected, which shows a
high reproducibility of the results between the different donors. For clinical translation, the
described effects need to be confirmed in humans. For ACT approaches, it is necessary to
isolate chondrocytes for expansion before re-implanting them into the lesion site with a
well-defined minimal cell density. In contrast to that, it is unclear how many chondrons
are necessary to sufficiently treat chondral lesions. What about osteochondral lesions, i.e.,
lesions that reach the bone? How do these chondrons react to biological signals from this
area? Does this limit the application of the MCI approach to certain types of lesions? Fur-
ther preclinical and clinical studies are necessary to compare the influence of inflammation
on cartilage transplants of different cartilage repair methods, including Minced Cartilage
Implantation and Autologous Chondrocyte Implantation.

5. Conclusions

This study demonstrated that passaged chondrocytes according to ACT are more
sensitive to cytokine influences on key ECM components compared to MCI constructs.
Nevertheless, MMPs and proinflammatory cytokines were affected by TNF« in different
patterns when comparing MCI and ACT. This results in decreased ECM production, in-
creased degradation and stimulation of inflammation. A major mechanism of increased
sensitivity to external cytokine stimulation is the cell expansion process of the ACT tech-
nique. Consequently, the regeneration potential of cartilage fragments in MCI may be
superior to the expanded chondrocytes of ACT in osteoarthritic clinical contexts. Further
investigations are necessary for the translation of these findings into clinical practice.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cells13060546/s1, Figure S1: Negative controls for immunohistochemical
staining of chondrocyte spheroid constructs and cartilage fragments for collagen 2 and 1.

Author Contributions: Conceptualization, R.O. and F.A.S.; methodology, R.O., GM.S. and FA.S,;
formal analysis, R.O., L.G.,S.S., A.C.S., C.B.,, D.C.W,, GM.S. and FA.S; investigation, R.O., L.G. and
F.AS.; writing—original draft preparation, R.O. and FA.S.; writing—review and editing, all authors.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Deutsche Arthrosehilfe e.V., the BONFOR-Forschungskommission
der Medizinischen Fakultdt Bonn and the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy—EXC2151—390873048.

Institutional Review Board Statement: Ethical review and approval were not required for this study
because the calves were euthanized for food production. The fetlock joints were waste material.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: We are thankful to Werner Masson and the histology platform of the Excellence
Cluster ImmunoSensation? for excellent technical support.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1. Flanigan, D.C.; Harris, ].D.; Trinh, T.Q.; Siston, R.A.; Brophy, R.H. Prevalence of chondral defects in athletes’ knees: A systematic
review. Med. Sci. Sports Exerc. 2010, 42, 1795-1801. [CrossRef] [PubMed]

2. Haseeb, A.; Haqqi, T.M. Immunopathogenesis of osteoarthritis. Clin. Immunol. 2013, 146, 185-196. [CrossRef] [PubMed]

3. Dekker, M.T.; Aman, Z.S.; DePhillipo, N.N.; Dickens, J.F.; Anz, A.W.; LaPrade, R.F. Chondral Lesions of the Knee: An Evidence-
Based Approach. J. Bone Jt. Surg. Am. 2021, 103, 629-645. [CrossRef] [PubMed]

4. Niemeyer, P; Albrecht, D.; Andereya, S.; Angele, P; Ateschrang, A.; Aurich, M.; Baumann, M.; Bosch, U.; Erggelet, C.; Fickert, S.;
et al. Autologous chondrocyte implantation (ACI) for cartilage defects of the knee: A guideline by the working group “Clinical
Tissue Regeneration” of the German Society of Orthopaedics and Trauma (DGOU). Knee 2016, 23, 426-435. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cells13060546/s1
https://www.mdpi.com/article/10.3390/cells13060546/s1
https://doi.org/10.1249/MSS.0b013e3181d9eea0
https://www.ncbi.nlm.nih.gov/pubmed/20216470
https://doi.org/10.1016/j.clim.2012.12.011
https://www.ncbi.nlm.nih.gov/pubmed/23360836
https://doi.org/10.2106/JBJS.20.01161
https://www.ncbi.nlm.nih.gov/pubmed/33470591
https://doi.org/10.1016/j.knee.2016.02.001
https://www.ncbi.nlm.nih.gov/pubmed/26947215

Cells 2024, 13, 546 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Niemeyer, P; Laute, V.; Zinser, W.; John, T.; Becher, C.; Diehl, P.; Kolombe, T; Fay, ].; Siebold, R.; Fickert, S. Safety and efficacy of
matrix-associated autologous chondrocyte implantation with spheroid technology is independent of spheroid dose after 4 years.
Knee Surg. Sports Traumatol. Arthrosc. 2020, 28, 1130-1143. [CrossRef] [PubMed]

Pareek, A.; Carey, ].L.; Reardon, PJ.; Peterson, L.; Stuart, M.]J.; Krych, A.]. Long-Term Outcomes after Autologous Chondrocyte
Implantation: A Systematic Review at Mean Follow-Up of 11.4 Years. Cartilage 2016, 7, 298-308. [CrossRef] [PubMed]

Riboh, J.C.; Cvetanovich, G.L.; Cole, B.].; Yanke, A.B. Comparative efficacy of cartilage repair procedures in the knee: A network
meta-analysis. Knee Surg. Sports Traumatol. Arthrosc. 2017, 25, 3786-3799. [CrossRef]

Barié, A.; Kruck, P; Sorbi, R.; Rehnitz, C.; Oberle, D.; Walker, T.; Zeifang, F.; Moradi, B. Prospective Long-term Follow-up of
Autologous Chondrocyte Implantation With Periosteum Versus Matrix-Associated Autologous Chondrocyte Implantation: A
Randomized Clinical Trial. Am. J. Sports Med. 2020, 48, 2230-2241. [CrossRef]

Salzmann, G.M.; Ossendorff, R.; Gilat, R.; Cole, B.]. Autologous Minced Cartilage Implantation for Treatment of Chondral and
Osteochondral Lesions in the Knee Joint: An Overview. Cartilage 2020, 13, 11245-1136S. [CrossRef]

Vonk, L.A.; Windt TS de Kragten, A.H.; Beekhuizen, M.; Mastbergen, S.C.; Dhert, W.].; Lafeber, EP.J.G.; Creemers, L.B.; Saris,
D.B.FE. Enhanced cell-induced articular cartilage regeneration by chondrons; the influence of joint damage and harvest site.
Osteoarthr. Cartil. 2014, 22, 1910-1917. [CrossRef]

Vonk, L.A.; Doulabi, B.Z.; Huang, C.; Helder, M.N.; Everts, V.; Bank, R.A. Preservation of the chondrocyte’s pericellular matrix
improves cell-induced cartilage formation. J. Cell Biochem. 2010, 110, 260-271. [CrossRef] [PubMed]

Frodl, A.; Siegel, M.; Fuchs, A.; Wagner, EC.; Schmal, H.; Izadpanah, K.; Yilmaz, T. Minced Cartilage Is a One-Step Cartilage
Repair Procedure for Small Defects in the Knee-A Systematic-Review and Meta-Analysis. . Pers. Med. 2022, 12, 1923. [CrossRef]
[PubMed]

Massen, EK.; Inauen, C.R.; Harder, L.P; Runer, A.; Preiss, S.; Salzmann, G.M. One-Step Autologous Minced Cartilage Procedure
for the Treatment of Knee Joint Chondral and Osteochondral Lesions: A Series of 27 Patients With 2-Year Follow-up. Orthop. ].
Sports Med. 2019, 7, 2325967119853773. [CrossRef] [PubMed]

Wodzig, M.H.; Peters, M.].; Emanuel, K.S.; van Hugten, P.P.; Wijnen, W.; Jutten, L.M.; Boymans, T.A.; Loeffen, D.V.; Emans,
PJ. Minced Autologous Chondral Fragments with Fibrin Glue as a Simple Promising One-Step Cartilage Repair Procedure: A
Clinical and MRI Study at 12-Month Follow-Up. Cartilage 2022, 13, 19-31. [CrossRef] [PubMed]

Niemeyer, P. Cartilage repair surgery for full-thickness defects of the knee in Germany: Indications and epidemiological data from
the German Cartilage Registry (KnorpelRegister DGOU). Arch. Orthop. Trauma Surg. 2016, 136, 891-897. [CrossRef] [PubMed]
Angele, P; Fritz, J.; Albrecht, D.; Koh, J.; Zellner, J. Defect type, localization and marker gene expression determines early adverse
events of matrix-associated autologous chondrocyte implantation. Injury 2015, 46 (Suppl. 4), S2-S9. [CrossRef] [PubMed]
Kunisch, E.; Kinne, RW.; Alsalameh, R.J.; Alsalameh, S. Pro-inflammatory IL-1beta and/or TNF-alpha up-regulate matrix
metalloproteases-1 and -3 mRNA in chondrocyte subpopulations potentially pathogenic in osteoarthritis: In situ hybridization
studies on a single cell level. Int. ]. Rheum. Dis. 2016, 19, 557-566. [CrossRef] [PubMed]

Chen, C; Xie, J.; Rajappa, R.; Deng, L.; Fredberg, J.; Yang, L. Interleukin-1p and tumor necrosis factor-« increase stiffness and
impair contractile function of articular chondrocytes. Acta Biochim. Biophys. Sin. 2015, 47, 121-129. [CrossRef]

Salzmann, G.M.; Calek, A.-K.; Preiss, S. Second-Generation Autologous Minced Cartilage Repair Technique. Arthrosc. Tech. 2017,
6, €127—-e131. [CrossRef]

Ossendorff, R.; Grad, S.; Stoddart, M.].; Alini, M.; Schmal, H.; Stidkamp, N.; Salzmann, G.M. Autologous Chondrocyte
Implantation in Osteoarthritic Surroundings: TNF« and Its Inhibition by Adalimumab in a Knee-Specific Bioreactor. Am. . Sports
Med. 2018, 46, 431-440. [CrossRef]

Labarca, C.; Paigen, K. A simple, rapid, and sensitive DNA assay procedure. Anal. Biochem. 1980, 102, 344-352. [CrossRef]
Farndale, R W,; Sayers, C.A.; Barrett, A.J. A direct spectrophotometric microassay for sulfated glycosaminoglycans in cartilage
cultures. Connect. Tissue Res. 1982, 9, 247-248. [CrossRef] [PubMed]

Grad, S.; Gogolewski, S.; Alini, M.; Wimmer, M.A. Effects of simple and complex motion patterns on gene expression of
chondrocytes seeded in 3D scaffolds. Tissue Eng. 2006, 12, 3171-3179. [CrossRef]

Du, J.; Pfannkuche, J.-J.; Lang, G.; Hdckel, S.; Creemers, L.B.; Alini, M.; Grad, S.; Li, Z. Proinflammatory intervertebral disc cell
and organ culture models induced by tumor necrosis factor alpha. JOR Spine 2020, 3, e1104. [CrossRef] [PubMed]

Niemeyer, P; Albrecht, D.; Aurich, M.; Becher, C.; Behrens, P; Bichmann, P.; Bode, G.; Brucker, P; Erggelet, C.; Ezechieli, M.; et al.
Empfehlungen der AG Klinische Geweberegeneration zur Behandlung von Knorpelschdden am Kniegelenk. Z. Orthop. Unfall
2022, 161, 57-64. [CrossRef]

Saklatvala, J. Tumour necrosis factor alpha stimulates resorption and inhibits synthesis of proteoglycan in cartilage. Nature 1986,
322,547-549. [CrossRef] [PubMed]

Pelletier, J.P.; Caron, J.P,; Evans, C.; Robbins, P.D.; Georgescu, H.I,; Jovanovic, D.; Fernandes, J.C.; Martel-Pelletier, J. In vivo
suppression of early experimental osteoarthritis by interleukin-1 receptor antagonist using gene therapy. Arthritis Rheum. 1997,
40, 1012-1019. [CrossRef]

Pelttari, K.; Lorenz, H.; Boeuf, S.; Templin, M.E; Bischel, O.; Goetzke, K.; Hsu, H.-Y.; Steck, E.; Richter, W. Secretion of matrix
metalloproteinase 3 by expanded articular chondrocytes as a predictor of ectopic cartilage formation capacity in vivo. Arthritis
Rheum. 2008, 58, 467-474. [CrossRef]


https://doi.org/10.1007/s00167-019-05786-8
https://www.ncbi.nlm.nih.gov/pubmed/31897548
https://doi.org/10.1177/1947603516630786
https://www.ncbi.nlm.nih.gov/pubmed/27688838
https://doi.org/10.1007/s00167-016-4300-1
https://doi.org/10.1177/0363546520928337
https://doi.org/10.1177/1947603520942952
https://doi.org/10.1016/j.joca.2014.08.005
https://doi.org/10.1002/jcb.22533
https://www.ncbi.nlm.nih.gov/pubmed/20213765
https://doi.org/10.3390/jpm12111923
https://www.ncbi.nlm.nih.gov/pubmed/36422099
https://doi.org/10.1177/2325967119853773
https://www.ncbi.nlm.nih.gov/pubmed/31223628
https://doi.org/10.1177/19476035221126343
https://www.ncbi.nlm.nih.gov/pubmed/36305343
https://doi.org/10.1007/s00402-016-2453-5
https://www.ncbi.nlm.nih.gov/pubmed/27062375
https://doi.org/10.1016/S0020-1383(15)30012-7
https://www.ncbi.nlm.nih.gov/pubmed/26542862
https://doi.org/10.1111/1756-185X.12431
https://www.ncbi.nlm.nih.gov/pubmed/25291965
https://doi.org/10.1093/abbs/gmu116
https://doi.org/10.1016/j.eats.2016.09.011
https://doi.org/10.1177/0363546517737497
https://doi.org/10.1016/0003-2697(80)90165-7
https://doi.org/10.3109/03008208209160269
https://www.ncbi.nlm.nih.gov/pubmed/6215207
https://doi.org/10.1089/ten.2006.12.3171
https://doi.org/10.1002/jsp2.1104
https://www.ncbi.nlm.nih.gov/pubmed/33015577
https://doi.org/10.1055/a-1663-6807
https://doi.org/10.1038/322547a0
https://www.ncbi.nlm.nih.gov/pubmed/3736671
https://doi.org/10.1002/art.1780400604
https://doi.org/10.1002/art.23302

Cells 2024, 13, 546 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

Shah, S.S.; Mithoefer, K. Scientific Developments and Clinical Applications Utilizing Chondrons and Chondrocytes with Matrix
for Cartilage Repair. Cartilage 2020, 13, 11955-1205S. [CrossRef]

Hing, W.A.; Sherwin, A.F; Poole, C.A. The influence of the pericellular microenvironment on the chondrocyte response to osmotic
challenge. Osteoarthr. Cartil. 2002, 10, 297-307. [CrossRef]

Albrecht, F; Roessner, A.; Zimmermann, E. Closure of osteochondral lesions using chondral fragments and fibrin adhesive. Arch.
Orthop. Trauma. Surg. 1983, 101, 213-217. [CrossRef]

Levinson, C.; Cavalli, E.; Sindi, D.M.; Kessel, B.; Zenobi-Wong, M.; Preiss, S.; Salzmann, G.; Neidenbach, P. Chondrocytes From
Device-Minced Articular Cartilage Show Potent Outgrowth Into Fibrin and Collagen Hydrogels. Orthop. ]. Sports Med. 2019, 7,
2325967119867618. [CrossRef]

Evuarherhe, A.; Condron, N.B.; Knapik, D.M.; Haunschild, E.D.; Gilat, R.; Huddleston, H.P.,; Kaiser, ].T.; Parvaresh, K.C,;
Wagner, K.R.; Chubinskaya, S.; et al. Effect of Mechanical Mincing on Minimally Manipulated Articular Cartilage for Surgical
Transplantation. Am. J. Sports Med. 2022, 50, 2515-2525. [CrossRef]

Bonasia, D.E.; Marmotti, A.; Mattia, S.; Cosentino, A.; Spolaore, S.; Governale, G.; Castoldi, F.; Rossi, R. The Degree of Chondral
Fragmentation Affects Extracellular Matrix Production in Cartilage Autograft Implantation: An In Vitro Study. Arthroscopy 2015,
31, 2335-2341. [CrossRef]

Schneider, S.; Ossendorff, R.; Holz, J.; Salzmann, G.M. Arthroscopic Minced Cartilage Implantation (MCI): A Technical Note.
Arthrosc. Tech. 2021, 10, €97—e101. [CrossRef]

Darling, E.M.; Athanasiou, K.A. Rapid phenotypic changes in passaged articular chondrocyte subpopulations. J. Orthop. Res.
2005, 23, 425-432. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/1947603520968884
https://doi.org/10.1053/joca.2002.0517
https://doi.org/10.1007/BF00436773
https://doi.org/10.1177/2325967119867618
https://doi.org/10.1177/03635465221101004
https://doi.org/10.1016/j.arthro.2015.06.025
https://doi.org/10.1016/j.eats.2020.09.015
https://doi.org/10.1016/j.orthres.2004.08.008
https://www.ncbi.nlm.nih.gov/pubmed/15734258

	Introduction 
	Materials and Methods 
	Experimental Design 
	Isolation and Culture of Minced Cartilage Samples 
	Isolation and Culture of Articular Chondrocytes 
	Chondrocyte Inflammation Model 
	Biochemical Analysis 
	RNA Extraction, Reverse Transcription and Gene Expression Analysis 
	Histology and Immunohistochemistry 
	Statistics 

	Results 
	Chondrogenic Differentiation Potential Is Not Affected in MCI Culture 
	Collagen 1 Synthesis Is Not Influenced by TNF in MCI Samples 
	MMPs Show Different TNF-Induced Patterns in ACT and MCI Transplants 
	ACT Constructs Are More Sensitive to TNF-Induced Inflammation Compared to MCI Grafts 

	Discussion 
	Key Findings 
	MCI Counteracts Anti-Catabolic and Catabolic Effects of TNF 
	Pericellular Matrix as Key of Chondrogenic Potential 
	Mincing Procedure as Factor of Chondrocyte Activation 
	Cell Expansion Process in ACT Increases the Sensitivity to Inflammatory Stimuli 
	Limitations and Outlook 

	Conclusions 
	References

