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ABSTRACT

Objective: The cartilage-bone interface, including the zone of calcified cartilage (ZCC), is a thin layer of
calcified tissue with a low cell number, thus making it technically challenging to study. The aim of this study
was to develop methods to selectively study the ZCC for gene expression analysis and transcriptomic
studies.
Design: We set-up a method to isolate ZCC explants comprising the ZCC and a thin layer of subchondral bone
from human osteochondral tissue (n=4 patients) for tissue culture. The cellular response to a pro-inflammatory
cytokine cocktail or TGF-81 (72 h) was compared to unstimulated explants. Full-thickness non-calcified carti-
lage (NCC) was used as control group. Next, we have set-up an optical coherence tomography (OCT)-guided 3D-
laser microtomy to isolate the calcified ZCC and used FLASH-seq technology (n=4 patients) to characterize the
cells in the ZCC compared to donor-matched deep zone of non-calcified cartilage (ANCC).
Results: The culture model revealed metabolically active cells in ZCC explants that responded to in-
flammatory cytokines and to TGF-RB1. The responses were clearly different from the responses of NCC. With
3D-laser microtomy we isolated sufficient RNA from fresh human ZCC. ZCC had similar expression of car-
tilage-associated genes, lower expression of angiogenesis-related genes, and higher expression of SOST
compared to dNCC.
Conclusion: The ZCC explant model holds promise to decipher the role of the cartilage-bone interface in
disease progression. OCT-guided 3D-laser microtomy and FLASH-seq are innovative technologies over-
coming the limitation of standard approaches to phenotypically characterize chondrocytes in the thin ZCC
layer and in other calcified tissues.
© 2026 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Tissue interfaces integrate two types of tissues resulting in gra-
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dients in mechanical properties, microstructure and matrix com-
position [1]. Specialized cells residing in interface tissues have a key
role in controlling tissue homeostasis in health and in disease. The
zone of calcified cartilage (ZCC) is the interface between articular
cartilage and bone. Pathologic changes in the ZCC associated with
osteoarthritis (OA) are identified histologically. These changes in-
volve alterations in tissue integrity and duplication of the tidemark
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[2,3], the expansion of this zone [4-6], and the invasion of blood
vessels [7,8]. However, due to its thin nature and calcified matrix, the
ZCC is often overlooked in the characterization and investigation of
OA and it is yet not clear if and how the ZCC responds or contributes
to the onset of disease and to pathological changes.

One challenge when studying the ZCC is the selective isolation of
this layer for analysis. In the osteochondral unit, the tidemark re-
presents the transition of the non-calcified articular cartilage to the
ZCC [9-12]. However, the tidemark in the native and fresh tissue is
invisible, thus making it practically impossible to visually dissect the
ZCC from the adjacent non-calcified articular cartilage without
sample processing and staining. The cement line, visible in routine
histological staining, marks the transition of the ZCC to the sub-
chondral bone plate, but manually cutting the calcified layers spe-
cifically is challenging [ 13]. Optical Coherence Tomography (OCT) is a
promising technology to distinguish between tissues based on the
optical density and scattering properties of two tissues, including
interfacial tissues. OCT imaging uses near-infrared light to obtain
depth-resolved structural information of the tissue. Backscattered
light from the sample interferes with a reference light of a known
optical path length and generates reflectivity profiles [14].

Characterizing interfacial tissues that are a combination of both
soft and a hard tissue, require the use of analytical methodologies
compatible with both tissue properties. In contrast to soft tissues,
decalcification procedures are usually required to process hard tis-
sues, for example when using laser capture microdissection to col-
lect cells and/or extracellular matrix from a defined region on a
tissue section [15,16]. However, fixation, embedding and dec-
alcification reduces RNA quality and yield, thus making these ap-
proaches not compatible with transcriptomic studies for the very
thin ZCC with a low cell count [17,18].

The aim of this study is to develop methods to enable gene ex-
pression and transcriptomic studies of the human ZCC. Our first
approach was to set-up an explant culture model to study the ex vivo
response of the cells in the ZCC to factors associated with in-
flammation (IL-1B+TNF-a+IFN-y) and chondrocyte hypertrophy in
OA (TGF-p). After demonstrating the sensitivity of the cells in the
ZCC to the two stimuli, we set-up a workflow using an OCT-guided
3D-laser microtome to cut the ZCC from non-decalcified os-
teochondral tissue, enabling us to selectively isolate RNA from the
ZCC only. The OCT-guided 3D-laser microtome uses a focused high-
frequency laser pulse allowing the precise and contact-free cutting
of the selected region from a three-dimensional tissue block of non-
decalcified hard tissue [19,20]. Since the ZCC layer contains a low
number of cells [21,22], we then use the FLASH-seq technology to
successfully sequence the low-input RNA harvested from the laser
cut ZCC. The proof-of concept data of the methodological tools es-
tablished in the two studies show their potential to shed light into
the cellular response and the transcriptomic phenotype of the
chondrocytes residing in the ZCC in future studies.

Materials and methods
Osteochondral tissue harvest

To develop the ex vivo ZCC explant model and to set-up the
workflow to isolate and RNA-seq the cells in the ZCC, we harvested
osteochondral tissue from eight OA patients (n=4 for explants, n=4
for laser cutting, patient details in Table S1) undergoing total knee
replacement surgery (MEC-2021-0595) according to the guidelines
of the Medical Ethical Committee of Erasmus MC. The osteochondral
tissue was harvested from the macroscopically intact area of the
posterior condyles of distal femurs (Table S1), the area being more
intact compared to the proximal tibial plateau [23]. The more intact
distal femurs were chosen to reduce disease- and load-related

variations in the analysis of the ZCC. Moreover, the large area of the
distal femurs allowed the harvesting of a higher yield of tissue.

Ex vivo model of the cartilage-bone interface

To study the response of cells in the cartilage-bone interface to
stimuli ex vivo, we set-up a ZCC explant model. Non-calcified carti-
lage (NCC) and subchondral bone were cut off from osteochondral
tissue (n=4, age between 58 and 77, Fig. 1B, Table S1) and en-
zymatically digested for complete removal of the NCC (details in
supplementary methods). Histological staining and pCT imaging
were used to confirm the removal of NCC (details in supplementary).
We compared the response of the ZCC explants to donor-matched
full thickness NCC explants. The NCC explants were kept overnight in
DMEM LG (Gibco) supplemented with 10% FCS (Sigma-Aldrich) and
antibiotics (gentamycin: 50 pg/ml, amphotericin B: 1.5 pg/ml, Gibco),
washed with saline and transferred into well plates. Explants were
cultured in basic media (DMEM low glucose (LG), 1% ITS* (Corning),
antibiotics) for six days and stimulated for three days with a pro-
inflammatory cytokine cocktail (IL-18, TNF-a and IFN-y, 1 ng/ml
each) or with TGF-1 (10 ng/ml, recombinant human, R&D Systems)
in basic media. After 72h of explant stimulation samples were
harvested and nitric oxide (NO) and ALP released into the culture
media was measured.

Gene expression analysis

Tissues of the explant cultures were snap frozen, pulverized
(Mikro-Dismembrator, B. Braun Biotech International GmbH),
homogenized with RNA STAT-60 (Gentaur) and mixed with chloro-
form for phase separation. Total RNA was isolated using EconoSpin
mini columns (Epoch Life Science) in combination with buffers from
RNeasy Micro Kit (Qiagen). RNA was quantified, transcribed into
¢DNA and quantitative polymerase chain reaction was done using a
standard protocol (primer sequence and PCR details in supplemen-
tary tables). The best keeper index (BKI) was calculated from the C;
values of the reference genes (GAPDH, UBC and HPRT) to correct the
C; values of the selected genes of each respective sample. Samples
with no Ct value and samples with a C>36 were considered un-
detectable and set to 40 for further calculation. Relative gene ex-
pression was calculated using 2"t method and average values of
biological replicates were plotted.

Statistical analysis of the explant culture

Replicate values were averaged and all data was plotted and
statistical analyses performed using GraphPad Prism (Version,
10.4.1). Differences between groups were determined using either
paired t-test or repeated measures ANOVA with matched samples
and Dunnett’s multiple comparison test. Matched sample Friedman
test with Dunn’s multiple comparison test was used for non-para-
metric data. A p-value of p <0.05 was considered significant.

Histological processing and staining

Samples were fixed (4% formalin, Carl Roth), decalcified (10%
EDTA), paraffin embedded and sectioned. Safranin-O staining (de-
tails in supplementary methods) was used to visulaize the ZCC.
Immuno-histochemical staining for sclerostin and collagen type Il
(details in supplementary methods) were used to verify FLASH-seq
results.
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Osteoarthritis and Cartilage

Development of the ex vivo model of the zone of calcified cartilage (ZCC). (A) Schematic illustration of the tissue harvest and the isolation of the
ZCC explants and the full-thickness non-calcified cartilage (NCC) explants from human osteochondral tissue. (B) Safranin-O staining of ZCC
explants before (native) and after mild enzymatic treatment to remove remaining non calcified cartilage left on the ZCC explants after manual
dissection. The tidemark appears as red line-like structure in the safranin-O positive area before digestion and is no longer visible after digestion.
The area of the ZCC is marked with black arrows. Scale bar 100 um. (C) gRT-PCR gene expression data of ZCC and NCC explants cultured in
control media (day 10). The best keeper index (BKI) was calculated from the reference genes GAPDH, HPRT and UBC. Paired t-test of n=4
donors, each dot represents the average of n=1-3 samples per donor and explant group. A p-value of p <0.05 was considered significant. Box
plot (min. to max.) with line at mean. 95% Cl COL2A1 [29.84-124.60]; COL10A1 [-2.99-0.13]; ACAN [5.20-17.10]; ALPL [-1.34-0.05]; SPP1
[-174.20-27.52]; RUNX2 [-0.21-0.10]; COL1A7 [-96.03-6.98]; RANKL [-0.02-3.62¢e-5].
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OCT-guided 3D-laser microtomy

To enable the characterization of the transcriptome of the cells
residing in the ZCC, we used a combination of two innovative
technologies, the OCT-guided 3D-laser microtomy and the RNA
FLASH-seq analysis. Fresh osteochondral tissue was harvested as
described before. In the laboratory, osteochondral tissue was cut
(cube size 1 cm?, n= 4, age between 60 and 86, Table S1) and stored
in RNAlater® at 4°C (Ambion, Biocompare) to preserve the RNA of the
fresh tissue blocks. Tissue cubes were trimmed with a diamond saw
(Secotom-15, Struers) to prepare a plane surface and placed in a
custom-made acrylic ring. OCT imaging of the laser microtome
(TissueSurgeon, LLS ROWIAK LaserLabSolutions GmbH) was used to
identify the area of interest, the ZCC. After 3D-laser cutting the area
of interest (cutting depth: 80 um, cutting energy: 180 nJ), the cut
tissue was collected in Trizol (QIAzol, QIAGEN) on ice, snap frozen
and stored at -80°C till RNA was isolated. The respective deep zone
of the non-calcified cartilage (dNCC) tissue were laser cut accord-
ingly as comparative controls.

RNA-sequencing

RNA isolation of laser cut ZCC and dNCC was done by phase se-
paration using chloroform. RNA was precipitated in isopropanol,
washed with Ethanol (75%), dissolved in RNAse free water and stored
at -80°C. The FLASH-seq bulk workflow [24,25], a modified version
of the FLASH-seq single cell method (details in supplementary
methods), was used to prepare transcriptome libraries from total
RNA (laser cut samples: ZCC, dNCC, Explant cultures: interface and
cartilage +/-TGF-p1), followed by tagmentation of 400 pg of cDNA.
Sequencing was performed on the NextSeq 2000 (Illumina) with
50 bp paired-end reads. Data was analyzed using a Snakemake pi-
peline (v 6.11.0) and adapters were trimmed with Cutadapt (v 3.6)
[26,27]. Reads were aligned to GRCh38 using STAR (v 2.7.9a) and
gene expression matrix was generated with STARsolo [28,29].

Bioinformatic analysis and statistics

Raw counts and metadata were loaded into R (v4.3.1) using
Matrix(v1.6-5) and readr (v2.1-5) packages. Standard DESeq2
(v1.40.2) analysis was performed using a model including donor,
tissue type or treatment as covariates depending on the experi-
mental set up. Normalization using variance-stabilizing transfor-
mation was applied and principal component analysis (PCA) plots
generated to assess sample variance. Differential expression (DE)
analysis was performed and genes with unadjusted p-value <0.05
and log?2 fold changes > 0.5 were considered differentially expressed.
The unfiltered list of genes was ranked by their Wald statistic and
the entire list was used for input for Gene Ontology (GO) gene set
enrichment analysis using clusterProfiler package (v4.8.3).
Significantly enriched pathways were identified based on
Normalized Enrichment Scores (NES). All data was visualized using
ggplot2 (v3.5.1).

Results

We developed a ZCC explant model using macroscopically intact
tissue of the posterior part of the distal femurs of four OA patients
(Fig. 1A, Table S1). The ZCC explants were composed of the ZCC with
a thin layer of the adjacent subchondral bone and the NCC was re-
moved as confirmed by puCT imaging (Figure S1). The area of the
attached subchondral bone varied with the waviness of the cement
line and showed an overall similar thickness to the ZCC. Histological
staining confirmed the removal of residues of bone marrow in the
trabecular space and the removal of the bone lining cells. The

adjacent deep layer of the NCCwas removed after the enzymatic
treatment with the tidemark defining the upper boundary of the ZCC
interface explants (Fig. 1B).

We then assessed the expression of selected genes associated
with chondrocytes and hypertrophy by qPCR. We compared the gene
expression of the cells residing in the ZCC explants to the donor-
matched NCC explants without the ZCC (Fig. 1C). ZCC explants
showed a higher relative expression of COL10A1, COL1A1, RANKL and
SPP1 compared to NCC cultured in control media and a strong trend
for RANKL. COL2A1 and ACAN were less expressed in the ZCC explants
compared to the NCC explants when cultured in control media. ALPL
was expressed in ZCC explants, but not detected in the NCC explants.

The cells residing in the ZCC explants responded with clear dif-
ferences between the stimuli to which they were exposed (Fig. 2A).
The ZCC and NCC explants both responded with an increase in IL6
after stimulation with the cytokine mix compared to the respective
control sample. MMP13 was expressed by the explants stimulated
with cytokines whereas no or very low expression was detected in
the control groups. The cytokine treatment lowered the expression
of SPP1 in ZCC explants, while the NCC explants responded with a
decrease in RUNX2 (Figure S2) and no change in the expression of
SPP1. NCC explants responded with a decrease in ACAN and COL2A1
upon cytokine stimulation. ZCC explants did not show a response in
ACAN and COL2A1. The cytokine cocktail did not change COL1A],
COL10A1, or ALPL in NCC nor ZCC explants.

ZCC explants responded to the addition of TGF-p1 with an in-
crease in COL10A1 compared to the respective control explants,
whereas the TGF-p1 stimulation did not change COL10A1 expression
in NCC explants (Fig. 2A). ZCC and NCC explants showed a similar
trend for all other genes with no change in the expression of COL2A1,
ACAN, COL1A1, SPP1, ALP, MMP13, and SPP1 in response to TGF-p1
compared to the respective control groups. To evaluate the use of
FLASH-seq for bulk analysis of these samples (Figure S3), we ana-
lyzed the TGF-p1 samples with this methodology. The FLASH-seq
bulk results showed a similar trend (Figure S4-S6) in comparison to
the qPCR data. Additionally, we quantified the release of NO and ALP
released to the culture media. The TGF-1 stimulated NCC explants
showed an increase in NO compared to the control group. ALP was
not released from any of the explants (Fig. 2B). The qPCR and FLASH-
seq data demonstrated that the cells residing in the ZCC explants
respond to stimuli associated with OA.

Next, we set-up a workflow to isolate the ZCC from fresh human
osteochondral tissue (Fig. 3A) and to run FLASH-seq bulk analysis. ZCC
enriched and donor-matched deep zone of the non-calcified articular
cartilage (dNCC) were isolated using an OCT-guided 3D-laser mi-
crotomy from human tissue samples that were not decalcified (Fig. 3A).
The dNCC controls were used to reduce confounders in the data ana-
lysis resulting from the heterogeneity of chondrocyte sub-populations
in the different zones. OCT imaging integrated into the 3D-laser mi-
crotome was used to identify the ZCC in osteochondral tissue (Fig. 3B).
2D OCT images before and after the laser cutting (laser cut area high-
lighted in red) allowed the verification of location of the planar cut
(Fig. 3C). The safranin-O-stained sections showed the successful laser
cutting and isolation of the ZCC leaving an empty space in the area of
the ZCC (Fig. 3D). Further histological staining and OARSI scores of the
laser cut tissue indicate first signs of proteoglycan loss and tidemark
duplication (Figure S7).

We successfully sequenced RNA from the two laser-cut tissue
types (ZCC and dNCC). The high number of detected features (genes)
and the sequencing depths across all samples (Fig. 4A) suggested a
good coverage of the transcriptome. The PCA plots showed a high
similarity between dNCC and ZCC. Within PC2 a separation of the
two tissue types with some overlap of the two tissue types can be
seen (Fig. 4B). We identified 484 genes that were higher expressed
and 434 genes that were lower expressed in the 3D-laser cut ZCC
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Response of explants of the zone of calcified cartilage (ZCC) and full thickness non-calcified cartilage explants (NCC) to the osteoarthritic
associated factors, a pro-inflammatory cytokine cocktail (CK: TNF-a, INF-y, IL-18, 1 ng/ml each) or TGF-p1 (TGF, 10 ng/ml). ZCC and NCC
explants were stimulated for 72 h. (A) qRT-PCR gene expression of ZCC and NCC explants in response to the CK treatment and TGF treatment is
expressed relative to the best keeper index (BKI), a set of three reference genes GAPDH, HPRT and UBC. The main responding genes in the CK
treatment were MMP13 and IL6 while COL10A1 was the most responsive genes in the TGF stimulated explants. (B) Release of alkaline
phosphatase (ALP) and nitric oxide (NO) of NCC and ZCC explants into the media supernatant. Repeated measures ANOVA of donor-matched
samples with Dunnett’s multiple comparison test (gene expression except MMP13 cartilage explants), repeated measures ANOVA of donor-
matched with Sidak’s multiple comparison test samples (NO release cartilage and interface explants, ALP release interface explants) and
Friedman test with Dunn’s multiple comparison test (MMP13 cartilage explants, ALPL interface explants, ALP release cartilage explants). n=4
donors, each dot presents the average data of n=1-3 samples per donor and treatment). A p-value of p <0.05 was considered significant. Box
plot (min. to max.) with line at mean. 95% CI [95% CI CK vs CTRL / 95% CI TGF vs CTRL]. ZCC: COL10A1 [-3.28-0.35 / 0.71-9.60]; ACAN
[-1.06-0.07 / -0.80-0.26]; SPP1 [-181.00 to —-10.71 / -81.47-16.53]; MMP13 [1.29-3.34 / -0.76e-6-0,14e-3]; RUNX2 [-0.18 to —-0.02 /
—0.14-0.18e-2]; COL1A1 [-99.47-5.675 / —43.90-104.00]; RANKL [-0.05-0.02 / —0.07-0,73e-3]; IL6 [94.72-142.80 / —0.10-0.23]. NCC: COL2A1
[-128.05 to -15,56 / -93.83-15.66]; COL710A17 [-0.14-0.15 / —0,05 to 0,07]; ACAN [-17.89 to -3.38 / -16.33-0.17]; ALPL [-0.12e-3-0, 51e-3 /
—0.11e-2-0, 40e-3]; SPP1 [-13.44-3.89 / —10.71-1.24]; RUNX2 [-0.01 to —-0.91e-6 / —-0.01-0.01]; COL1A1 [-3.61-1.704 / -3892 to 9839]; RANKL
[-0.01-0.21e-2 / —0.01-0.03]; /L6 [6.11-60.90 / —0.53-0.33]; MMP13: rank sum difference [5.50 / —1.00]; NO release [-0.01-0.01 / 0.15-0.25].

compared to the dNCC (Fig. 5A). A heatmap of the top 50 DE genes is
provided in the supplementary (Figure S8). Similar to the finding in
the explant culture model, COL2A1, ACAN and SOX9 were differen-
tially expressed between the two tissues, in the differential ex-
pression analysis between ZCC and dNCC. Interestingly, the
hypertrophy-associated genes (COL10A1, ALPL, SPP1) were not dif-
ferentially expressed comparing ZCC and dNCC (Fig. 5B).

The GO term pathway analysis comparing the NES resulted in six
pathways that were positively regulated and 14 pathways that were
negatively regulated in the ZCC compared to the dNCC (Fig. 5C,
Figure S9). MHC class II associated GO Terms were among the top
positively regulated pathways in the ZCC compared to dNCC. Path-
ways related to mRNA splicing, ribosome, and metabolic process
were among the negative regulated pathways in the ZCC compared
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Establishment of the workflow to isolate the zone of calcified cartilage (ZCC) from human osteochondral tissue and RNA bulk sequencing
analysis. (A) Human osteochondral tissue blocks were harvested from distal femurs. (B) Schematic drawing of the 3D-laser cutting principle and
a representative 3D-optical coherence tomography (OCT) image of the osteochondral cross section. 3D-OCT images were used to select the
region of interest in non-calcified cartilage deep layer (ANCC) and the ZCC indicated with yellow rectangles. (C) 2D-OCT images of the os-
teochondral tissue before and after laser cutting. White arrows in the 2D-OCT image after cutting point at the planar cut. (D) Safranin-O stained
tissue section to confirm the successful laser cutting of the ZCC (black dashed line). Scale bar 500 pm.
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Bulk RNA FLASH-seq results of the zone of calcified cartilage (ZCC) and the adjacent deep zone non-calcified articular cartilage (ANCC). (A) The
RNA isolated from the two laser-cut tissue types (ZCC and dNCC) from at least one replicate of each of the four donors was successfully
sequenced with a good coverage of the transcriptome. RNA quality of the laser cut tissue is displayed by total counts versus number of genes
(features). (B) PCA plot of top two principal components (PC) showed a high similarity between the dNCC and ZCC. n=4 donors.

to dNCC. The GO term “regulation of cell migration involved in
sprouting angiogenesis” was negatively regulated in the ZCC com-
pared to dNCC. Among others, VEGFA and ANXA1 are two genes of
this pathway with a higher gene count in the dNCC compared to the
ZCC. These data indicate that chondrocytes in the ZCC have a phe-
notype similar to the chondrocytes in the dNCC, albeit with a clear
difference in the expression of angiogenic factors.

To validate that we have isolated specifically the ZCC, the RNA-
seq data did not show the expression of osteocyte-associated genes
(Figure S10). Moreover, one of the highest differentially expressed
genes between ZCC and dNCC was SOST, the gene coding for scler-
ostin (Fig. 5A). Immunohistochemical staining for sclerostin and
collagen type II confirmed the RNA-seq data. Chondrocytes in the
ZCC and subchondral bone were positively stained for sclerostin. The
articular cartilage including the ZCC were positively stained for
collagen type II (Fig. 6). The workflow of the two technologies has
shown its potential in isolating cells from a specific zone within the
osteochondral unit, in this case the till now largely neglected ZCC.
This spatially resolved analytical approach offers the possibility to
study the role of the cells in the ZCC in health and in disease.

Discussion

The dense mineralized ZCC comprises only 3-8% of the total ar-
ticular cartilage volume [30] with an average thickness ranging be-
tween 75 and 250 pm in humans [3,22]. The number of cells in the
ZCC is low (30-70 cells per mm2) compared to the chondrocyte
density in NCC (120-530 cells per mm2) [21,22]. Cells residing in the
ZCC are often described as having a hypertrophic phenotype [11,31]
and might possibly play a role in OA disease progression. However,
the role of the cartilage-bone interface in OA onset and OA pro-
gression, specifically the ZCC, at a cellular level remains under-
studied. The main reasons are the challenges related to analysis of
this calcified, low cell density tissue. In this study, we have estab-
lished an ex vivo explant model of the ZCC. Additionally, we have set-
up a workflow allowing the selective isolation of the ZCC and we
used the FLASH-seq technology to analyse the low amount of RNA

isolated from this tissue. These technologies provided a proof-of-
principle approach that will generate new hypotheses on the role of
the ZCC in OA.

The ex vivo human ZCC explant model allows the study of the
response of cells residing in this zone to stimuli associated with OA
such as TGF-p or pro-inflammatory cytokines. Investigations on the
role of the cartilage-bone interface in the pathogenesis of OA are
scarce. To our knowledge, the data of the ZCC explant model are the
first results in literature showing that the chondrocytes residing in
the ZCC are sensitive to external stimuli ex vivo. Chondrocytes in the
ZCC explants responded to external stimuli associated with OA dis-
ease, thus indicating that the cells in this layer are metabolically
active and potentially play a role in OA disease. The ZCC explants and
the NCC explants showed a tissue specific response to the two OA-
associated stimuli. Chondrocytes from OA patients respond to TGF-p
stimuli with an increase in COL10A1 and can undergo calcification in
vitro, whereas TGF-p does not activate healthy articular chondrocytes
to become collagen type X expressing cells [32-36]. Our data suggest
that the cell population in the ZCC explants are more susceptible to
TGF-p than chondrocytes in NCC explants. Moreover, our data sug-
gests that cells in ZCC and NCC explants respond with an increase in
collagen type X, similarly to hypertrophic OA chondrocytes.

A limitation of this model is that it does not purely consist of ZCC,
since the explants contain a small layer of the adjacent subchondral
bone plate. Although the number of bone cells is relatively small, we
cannot exclude their influence on the results. In future studies, the
OCT-guided 3D-laser dissection of the ZCC might be used for more
specific information on cells from ZCC explants exclusively. Another
limitation of our set-up is that we used intact tissue from the less
loadbearing posterior part of the femur condyles. The explant iso-
lation and ex vivo culture might have affected the gene expression of
the cells in the ZCC. In future studies, the response of ZCC explants
from the load-bearing areas of the femur or the tibia, also including
explants from patients with different severity of OA could be used.

Our model opens new possibilities to increase our knowledge of
the soft-hard tissue interface, and particularly the ZCC, in OA. This ex
vivo model is affordable and has the potential to be used as a
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Donor-matched (paired) expression profile comparison of the chondrocytes in the zone of calcified cartilage (ZCC) and the deep zone of non-
calcified articular cartilage (dNCC) using the FLASH-seq bulk analysis. (A) Differential expression (DE) analysis comparing the ZCC to dNCC
(Purple: lower expressed in ZCC vs dNCC, orange: higher expressed in ZCC vs dNCC, grey: no significant differences). SOST (log2FC =+ IfcSE of
8.31+1.72, p<0.0001) was the highest differentially expressed gene in ZCC vs dNCC while ANGPTL4 (log2FC + IfcSE of -6.08 +1.42,
p <0.0001) was the highest differentially expressed gene in dNCC vs ZCC. (B) DE of selected cartilage-associated genes (ACAN p=0.041,
COL2A1 p=0.011, SOX9 p=0.040) and hypertrophy-associated genes (COL10A7 p=0.841, ALPL p=0.661, SPP1 p=0.406) comparing dNCC and
ZCC. (C) Gene ontology (GO) pathway analysis of the ZCC compared to dNCC. n=4 donors, donor-matched paired analysis. A p-value of

p <0.05 was considered significant. The gene count data of the RNA-seq analysis is available open access on Dataverse.

Sclerostin

Collagen type |l

500 um 500 ym
Isotype control SESEEE_—_—_— Isotype control
# ____________________ # ___________
______ » # . #
500 um _500pym 500 pm _500pm _

Representative immunohistochemical stainings (sclerostin and collagen type Il) of osteochondral tissue (donor 3) used for the 3D-laser mi-

crotomy and RNA FLASH-seq analysis. Overview image of the osteochondral unit and zoom in into the deep zone of the non-calcified cartilage,
zone of calcified cartilage (ZCC) and subchondral bone. Respective isotype controls for each antibody are shown for the zoom in images. The
purple staining indicates a positive antibody staining. Dashed lines indicate the tidemark and the cement line. # indicates a reference point in all

images. Arrows point on sclerostin positive stained cells in the ZCC. * indicates the ZCC in the collagen type Il staining.

medium to high throughput platform, allowing for the study of
cellular response to various stimuli and pharmacological treatments
in an ex vivo setting. The model can be used to study the response of
the cartilage-bone interface from patients with varying OA severity
and might help to develop interventions to inhibit disease progres-
sion and including healthy interfaces would be possible when
transferring the model to other species.

OCT-imaging-guided 3D-laser microtomy and FLASH-seq bulk
sequencing are two innovative technologies overcoming the limita-
tion of standard approaches to laser cut the thin interfacial ZCC layer
followed by sequencing low input RNA. The OCT-imaging of the laser
microtome allows the discrimination between cartilage, ZCC and
bone tissue. Moreover, the OCT-guided 3D-laser microtome does not
require tissue processing (e.g. paraffin embedding or decalcification)
known to lower gene expression and RNA quality [17,18]. The use of
the FLASH-seq technology, a single cell RNA-sequencing method
with high sensitivity and specificity [25,37], overcame the challenge
in the analysis of the low amount of RNA that can be harvested from
the thin ZCC [3,22,30]. The limited access to these devices and

technologies, mainly restricted to specialized core-facilities, and the
high costs to process and analyse the samples are the main lim-
itation.

Since this is the first-time gene expression data, specifically on
cells enriched from the ZCC, extensive comparison of our data with
literature is not possible. Our data suggest a similarity of the cell
phenotype between chondrocytes in the dNCC and ZCC. During
cartilage maturation, the deep zone cartilage mineralizes and forms
the ZCC upon skeletal maturity, explaining the similarity of the two
chondrocyte subpopulations [38,39]. The RNA-seq data on the ZCC
revealed no differential expression of ACAN in the ZCC compared to
the dNCC control tissue, while ACAN was lower in the ZCC explants
compared to NCC explants used in the culture model. The choice of
control tissues, full-thickness NCC in the explant cultures and dNCC
in the 3D-laser microtome approach, might explain this difference.
Moreover, in vitro cultured deep zone chondrocytes express lower
levels of ACAN compared to chondrocytes isolated from the super-
ficial zone (passage 0) of human articular cartilage [40,41]. Inter-
estingly, cells in the ZCC expressed a low level of COL10A1 and
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COL10A1 was not differentially expressed between ZCC and dNCC.
Hypertrophic chondrocytes in the ZCC showed a high COL2A1 and
ACAN gene count, that have not been reported to be specific for
hypertrophic and collagen type X expressing chondrocytes in growth
plate cartilage [42,43].

Despite the similarities between ZCC and dNCC, these chon-
drocytes showed a clear differences in SOST expression and angio-
genesis sprouting-associated gene expression (e.g. VEGFA, ANXA1),
thus being candidate genes to differentiate between the two chon-
drocyte sub-populations. Sclerostin is a negative regulator of bone
growth and it inhibits canonical WNT signalling, suggesting a pro-
tective effect to prevent the matrix from transitioning towards bone
at this interface [44-46]. Chondrocytes in mineralized cartilage and
hypertrophic chondrocytes in OA can express SOST, thus its expres-
sion is not limited to osteocytes [47-49]. The GO terms related to
angiogenesis indicate an increased likeliness of invasion of blood
vessels in the avascular cartilage dNCC compared to the ZCC during
OA, one of the pathological changes in the osteochondral unit [7,8].
Moreover, it has been shown that healthy articular cartilage also
releases pro-angiogenic factors [50].

The ZCC explant model, the workflow to selectively isolate the
ZCC and the first RNA-seq data of the ZCC are tools to get a more
complete picture of the ZCC in follow-up studies. The methodolo-
gical approach can also be translated to other calcified tissues. The
initial biological data obtained from the methodological approach to
study the ZCC showed similarities and differences between the ZCC
and dNCC. Additional validation of the proof-of-concept data and a
more in-depth analysis of the ZCC in future studies with a larger
sample size is recommended to reveal the novel insights on this
layer that is barely studied until now. Tissues harvested from the
load-bearing area of the proximal tibia as well as a comparison of
different OA severity and sex-differences can be studied in follow-up
experiments.

Most importantly, both methodological approaches, the explant
culture model and the OCT-guided 3D-laser microtome on non-
decalcified tissues, can be combined to investigate hypothesis and
research questions generated from our proof-of-concept data. Using
these techniques in future studies will generate new biological in-
sights into the phenotype of the hypertrophic chondrocytes residing
in the ZCC and its contribution to the development of OA.
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