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Pig meniscus single-cell sequencing reveals highly active red zone
chondrocyte populations involved in stemness maintenance and
vascularization development
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Abstract: Meniscus injuries are widespread and the available treatments do not offer enough healing potential. Here, we provide
critical support for using pigs as a biological model for meniscal degeneration and the development of cutting-edge therapies in
orthopedics. We present a single-cell transcriptome atlas of the meniscus, consisting of cell clusters corresponding to four major
cell types: chondrocytes, endothelial cells, smooth muscle cells, and immune cells. Five distinct chondrocyte subclusters (CHO—
CH4) were annotated, of which only one was widespread in both the red and white zones, indicating a major difference in the
cellular makeup of the zones. Subclusters distinct to the white zone appear responsible for cartilage-specific matrix deposition
and protection against adverse microenvironmental factors, while those in the red zone exhibit characteristics of mesenchymal stem
cells and are more likely to proliferate and migrate. Additionally, they induce remodeling actions in other chondrocyte subclusters
and promote the proliferation and maturation of endothelial cells, inducing healing and vascularization processes. Considering
that they have substantial remodeling capabilities, these subclusters should be of great interest for tissue engineering studies. We
also show that the cellular makeup of the pig meniscus is comparable to that of humans, which supports the use of pigs as a
model in orthopedic therapy development.
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1 Introduction and degree of microvascularization: the outermost red
zone, which is rich in blood vessels; the innermost

The meniscus is a fibrocartilaginous tissue essen- ~ white zone with a low blood supply; and the interme-

tial for knee joint stress distribution and stability. The  diate red-white zone. The meniscus has a minimal abil-
structure of the meniscus is divided into three zones ity to repair and is prone to damage due to the transfer
based on its extracellular matrix (ECM) composition  of heavy loads and shear forces in the knee (Rai and
McNulty, 2017). Meniscus injuries in the outer zone

54 Jakub Dalibor RYBKA, jrybka@amu.edu.pl are more likely to heal, but those in the internal white
Jakub Dalibor RYBKA, https://orcid.org/0000-0002-9633-9900 zone often result in irreversible damage (Makrls et al.,
Monika MANKOWSKA, https://orcid.org/0009-0004-4585-2263 2011). Alth h . d ial 1
Monika STEFANSKA, https:/orcid.org/0000-0001-9885-7288 ). Although suturing and partial or complete men-

iscectomy are still the most prevalent methods of treat-
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injury. The long-term success rate of meniscal repair is
only 23.1%, as shown by a meta-analysis published in
2012 (Andersson-Molina et al., 2002; Nepple et al.,
2012; Beaufils et al., 2017; Doral et al., 2018). These
data suggest that novel therapies should focus on avoid-
ing surgery while maintaining the mechanical charac-
teristics of the meniscus. Therefore, developing treat-
ment strategies like tissue engineering (TE) and xeno-
transplantation will considerably benefit meniscus repair.

Domestic pigs (Sus scrofa domesticus), being
physiologically and anatomically similar to humans,
have already proven to be a valuable model in study-
ing human diseases and testing new treatments and
medical devices (Lunney et al., 2021). The field of or-
thopedic research is no exception, as pig models have
been widely used for health conditions such as juve-
nile osteochondritis dissecans, meniscal degeneration,
and post-traumatic OA (Goetz et al., 2015; Téth et al.,
2019; Fang et al., 2020). Xenotransplantation between
pigs and humans, particularly involving the transplan-
tation of bones and cartilage-like structures, has already
emerged as a promising area of research (Sommaggio
et al., 2016; Bracey et al., 2019). TE uses a range of
cell types and organic scaffolds originating from pigs
for facilitating tissue repair, three-dimensional (3D)
regeneration and recapitulation of meniscus functions
after severe trauma (Kwon et al., 2019; Semba et al.,
2020). This means that pigs could become a solution
for the constant shortage of organ donors and lack of
efficient treatment methods, by offering high tissue
availability and genetic engineering capabilities. Al-
though both pig-based TE and xenotransplantation
offer the chance to restore an organ’s physiological
function, an in-depth understanding of its genetics is
necessary for the highest level of performance. While
there are challenges that must be addressed, ongoing
exploration of pig omics data aims to improve our un-
derstanding of the degree of biological similarity and
difference between humans and pigs. Using single-cell
sequencing of porcine menisci, we attempted to fill a
knowledge gap, thereby opening new possibilities for
advanced orthopedic treatments.

For this purpose, we chose single-cell RNA se-
quencing (scRNA-seq) technology, which has emerged
as the cutting-edge method for exposing the diversity
and complexity of individual cellular transcriptomes.
Moreover, it reveals the hierarchical architecture of
many cell types and their roles within highly organized

tissues and organs (Jovic et al., 2022). The 10x Geno-
mics Gene Expression microfluidic approach, which
involves the production of microdroplets, each com-
prising a single cell, reverse transcription mixture, and
a gel bead coupled with oligo sequences, enables deep
investigation of single-cell transcriptomes. The oligos
are designed to catch polyA transcripts, tag them with
a cell-identifying barcode and a unique messenger RNA
(mRNA) ID (for further quantitative investigation),
and ultimately allow the production of libraries com-
patible with long- and short-read sequencing platforms.
In contrast to bulk next-generation sequencing (NGS)
approaches, this cutting-edge technology not only al-
lows cell type identification but also enables the uncov-
ering of regulatory connections between genes and mon-
itoring of developmental trajectories of various cellu-
lar lineages.

Only one publication using a single-cell tran-
scriptome sequencing approach focused on zonal char-
acterization has presented the entire spectrum of cell
populations that constitute the human meniscus (Fu
et al., 2022). To the best of our knowledge, no data on
pig meniscus cell composition are currently available.
In this study, scRNA-seq was performed to define and
juxtapose cell populations that occur in specific zones of
the pig meniscus. Comparisons of annotated cell types
with those reported in human studies are discussed.

2 Results

2.1 scRNA-seq of pig menisci revealing the presence
of seven cell clusters and high similarity between the
medial and lateral menisci

Porcine menisci, including lateral and medial re-
gions, were retrieved from a single pig. Each meniscus
was divided into red and white zones for single-cell
sequencing, resulting in the construction of the very first
cell transcriptome atlas for this tissue in pigs (Fig. la).
The cell type composition was compared across these
two anatomically divergent menisci and between zones
with variable degrees of vascularity. All samples achi-
eved a satisfactory percentage of living cells (ranging
from 85% to 100%), enabling the generation of a re-
liable dataset. The sequencing data underwent a qual-
ity control procedure, excluding cells with more than
8% of mitochondrial transcripts and less than 200
genes detected in each cell (nFeatures RNA), as they
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Fig. 1 Single-cell RNA sequencing (scRNA-seq) analysis of pig menisci revealing distinct cell types and zonal distribution.
(a) Sample preparation scheme (created with BioRender.com). (b) The uniform manifold approximation and projection
(UMAP) plot of identified clusters corresponding to cell types. CH: chondrocyte; EC: endothelial cell; MC: macrophage;
Mono: monocyte; PEC: proliferating endothelial cell; SM: smooth muscle cell; Tc: T-cell. (¢) Cluster proportions in each
analyzed sample and in the medial and lateral menisci. RL: red zone, lateral meniscus; WL: white zone, lateral meniscus;
WM: white zone, medial meniscus; RM: red zone, medial meniscus. (d) Expression of the six top marker genes per identified

non-immune cell cluster.

indicated apoptotic or lysed cells and empty droplets.
Eventually, a dataset of 26 928 high-quality cells was
used for cluster identification and cell type annotation
(Table S1). Of these cells, 14 233 originated from the
medial meniscus, and 12 695 from the lateral meniscus.
When categorized by zonal distribution, 12 168 cells
came from the red regions and 14 760 from the white
regions.

Seven cell clusters corresponding to four major
cell types were identified and visualized on a uniform
manifold approximation and projection (UMAP) plot
(Fig. 1b). Cell clusters were annotated based on the

highly expressed marker genes (Kozhemyakina et al.,
2015) (Table S2). We distinguished a cluster of chon-
drocytes expressing collagens (collagen type I al chain
(COLI1A41), COL2A41, COLI11AI), aggrecan (ACAN),
decorin (DCN), and sex-determining region Y (SRY)-
box transcription factor 9 (SOX9), a transcription fac-
tor involved in chondrocyte differentiation and main-
tenance of the chondrocytic phenotype (Akiyama et al.,
2002; Gelse, 2003; Lefebvre and Dvir-Ginzberg, 2017;
Li et al., 2018) (Fig. 1d). Chondrocyte clusters consti-
tuted almost 75% of the meniscus cells, making them
the majority in each analyzed sample (Fig. 1c). The
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characteristics of specific chondrocytic subclusters are
presented below. The next most abundant cell type
(9.3%) comprised two clusters of endothelial cells (ECs),
identified based on the expression of canonical mark-
ers, platelet and EC adhesion molecule 1 (PECAMI)
and plasmalemma vesicle-associated protein (PLVAP)
(Privratsky and Newman, 2014; Guo et al., 2016)
(Fig. 1d). Within this group, a small subpopulation of
proliferating ECs (PECs) was identified. Besides mark-
ers typical for ECs, this cluster expressed genes in-
volved in cell proliferation (topoisomerase lla (TOP2A4))
and mitosis such as structural maintenance of chromo-
somes 4 (SMC4) and kinesin family member 11 (KIF11)
responsible for chromatin condensation and spindle
formation during mitosis, respectively (Rapley et al.,
2008; Ali and Abd Hamid, 2016; Thadani et al., 2018)
(Table S2). EC populations, along with another iden-
tified cell type, smooth muscle cells (SMs, accounting
for 8.3%) expressing a-smooth muscle actin-2 (AC7A42)
and myosin light chain 9 (MYL9), are derived from
blood vessels (Sun J et al., 2020; Xu et al., 2022). The
last identified group of three clusters belonged to im-
mune cells, representing about 7.5% of the meniscus
population, and most likely comprised macrophage
(MC, cluster of differentiation 68" (CD68")), T-cell (Tc,
C-C motif chemokine ligand 5" (CCL5")), and mono-
cyte (Mono, human leukocyte antigen D-related o
(HLA-DRA")) (Cajander et al., 2016; Chistiakov et al.,
2017; Korbecki et al., 2020) (Table S2).

We then compared the distribution of cell clus-
ters in the medial and lateral menisci. This compari-
son was conducted due to previously documented vari-
ability between these two menisci in terms of suscepti-
bility and prevalence of injuries, as well as clinical
outcomes after treatment. All the identified clusters
were observed in both menisci (Fig. 1¢), and the cells
within them exhibited similar expression profiles and
cell-type specific markers (Krych et al., 2020). The
high similarity of the two types of menisci was con-
firmed through analysis of variance (ANOVA), which
showed no statistically significant difference in cluster
frequencies at P=0.05. The analysis showed no sig-
nificant divergences in either cell type composition or
frequencies between the medial and lateral menisci.
Therefore, we chose to combine data from the sScRNA-
seq of the same zones originating from the medial and
lateral menisci in the following integrative analysis
of cells within zones.

2.2 Zonal comparison of cell type composition
confirming a divergent cellular makeup

To further explore the intricate nature of the por-
cine meniscus, we compared two distinct zones, the red
zone and the white zone, that are known to be anatom-
ically different. This difference is largely due to the
level of vascularization and divergent ECM composi-
tion resulting in different healing capacities (Heckmann
et al., 2006; Makris et al., 2011). Firstly, we visualized
the distribution of cells using UMAP plots (Fig. 2a)
and examined the percentage of clusters in each zone,
followed by statistical analysis. All the annotated clus-
ters were present in both zones, yet their distribution
differed significantly. The main factor contributing to
this significant discrepancy was the degree of vascu-
larization. In the red zone, about 33% of cells were
annotated to clusters forming blood vessels, with 17%
being endothelial cells (EC+PEC) and another 16%
marked as SMs. In contrast, of cells originating from
the white zone, only 2.8% were identified as ECs and
1.9% as SMs. This indicates the presence of only trace
vascularity in the white zone, but not its complete ab-
sence, which is in accordance with results from Gene
Ontology (GO) analysis showing pathways related to
vasculature development. Consequently, the distribu-
tion of immune cells also varied greatly, ranging from
1.06% in the white zone to 15.40% in the red zone.

The remaining cell types predominantly consisted
of chondrocyte clusters, which made up 51.5% in the
red zone and over 94.0% in the white zone. Further-
more, the expression patterns of certain genes encoding
ECM components showed distinct differences. Of par-
ticular relevance to the functional biology of carti-
lage-like tissue is the production of collagens. As an-
ticipated, chondrocytes in the white zone exhibited el-
evated levels of COL2A1 expression, while COLIAI
was more abundant in chondrocytes from the red zone.
Additionally, genes encoding proteoglycans character-
istic of meniscus tissue showed zone-specific expres-
sion patterns. Among them, cartilage oligomeric ma-
trix protein (COMP) and versican core protein (VCAN)
were strongly expressed in the red zone, while ACAN
appeared to be more characteristic of the white zone
(Fig. 3c). Furthermore, a differential analysis of cells
forming this chondrocyte cluster revealed striking vari-
ation in gene expression patterns, indicating their in-
volvement in distinct metabolic pathways (Fig. 2b,
Tables S3 and S4). A pathway enrichment Venn
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Fig. 2 Meniscus zones’ differential transcriptional signature reflecting their regenerative potential. (a) The uniform manifold
approximation and projection (UMAP) plots comparing clusters in meniscus zones chondrocyte (CH), endothelial cell
(EC), proliferating endothelial cell (PEC), smooth muscle cell (SM), monocyte (Mono), T-cell (Tc), and macrophage (MC).
(b) UMAP plot of chondrocyte cluster showing different contributions of zonal chondrocytes. (c) Venn diagram showing
overlap between Gene Ontology (GO) terms upregulated in chondrocytes originating from white and red zones. (d) Dot plot
showing genes involved in GO:1901342 regulation of the vasculature system. (e) Dot plot showing genes involved in GO:
0001501 skeletal system development. RL: red zone, lateral meniscus; RM: red zone, medial meniscus; WL: white zone,

lateral meniscus; WM: white zone, medial meniscus.

diagram constructed for differentially expressed genes
(P_val_adj<0.02) showed that the zones shared as few
as 109 pathways (Fig. 2c¢).

In chondrocytes from the red zone, significant
gene enrichment was observed in metabolic pathways
associated with developmental processes, cell motility
and adhesion, and ECM organization. Proliferation,
immune system control, and the formation of blood
vessels also appeared to be critical aspects of red zone
chondrocyte biology (Fig. 2d). Hence, we consider that

these cells exhibit a high rate of metabolism, signifi-
cant proliferative capacity, and tissue healing ability.
In contrast, chondrocytes specific to the white zone
showed gene enrichment related to chondrocyte dif-
ferentiation, ECM organization, and bone development
(Fig. 2e). Of particular importance are SOX5 and SOX6,
which control the late stages of chondrocyte differen-
tiation and have a positive effect on their proliferation
and cartilage matrix formation, and SOX9, which is ac-
tivated in the early stages of pre-chondrocyte formation



680 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2025 26(7):675-693

(Smits et al., 2001). The abundance of transcripts of
collagen IX, which plays a crucial role in connecting
collagen fibers and proteoglycans to provide mechan-
ical strength, further indicates the structural role of
white chondrocytes and their propensity to develop
cartilage tissue (Yan et al., 2009). Additionally, these
cells are closer to their final developmental stage and
show signs of declining metabolic activity, as expected
in meniscus tissue.

2.3 Zonal heterogeneity of chondrocytes in divergent
function and healing capabilities

Due to the above-mentioned discrepancies, an add-
itional investigation of the large cell cluster expressing

chondrocyte-specific molecular markers was conducted
to better discriminate among cell populations. As a
result, five subclusters were identified (CHO—CH4,
Fig. 3a) with distinct frequencies in the white and red
zone samples (Fig. 3b). The subclusters were analyzed
based on the identification of highly expressed genes
(Fig. 3c, Table S5). Remarkably, according to the Venn
diagram showing the top 500 highly expressed genes
for each subcluster, not many genes were shared by sub-
clusters (Fig. 3d). Of those highly expressed genes,
none are present in all subclusters, and the total per-
centage of genes shared by three or four clusters is
about 3%. This suggests significant functional differ-
entiation of subclusters.

(a) Red zone White zone (b) 1.00
0.75
5
= CHO
g 050 L
o =] HcHs
CH1 o McCH4
& 0.25
o
< -
= 0.00
UMAP 1
© s
ey 1 0] 0408
4
VCAN ‘ 1 -
>
Q@
6
COMP 2 o
3 o
6 <
COL2A1 ] | ) ‘ ‘ ’ w
? 6
e A E I g
[ ] white zone
CH4 CH3 CH2 CH1 CHO
e
(&) CH4 0000000000000 O . Percerétexpressed (%)
CH3 000000000000000 © o0 -0 - ;?g
CH2 |+ 0@@0 000 o i % amils @0
Average expression
CH1 o 0@@®@@® 000 -0 - oo . - .IEJ
CHo 0000000 -0 - ¢ - o - . - .. -1
NN TOZIT I RNSANNDIPSLOYAYN
NRRERERIE L acld KR
CEDD30=IYdPTH LS <
5“80°ow 25 @ °3 3

Fig. 3 Differences of meniscus chondrocyte subclusters between distinct zones. (a) The uniform manifold approximation and
projection (UMAP) plots comparing chondrocyte subsets (CH0—CH4) in meniscus red and white zones. (b) Chondrocyte
subset proportion in the red and white zones. (¢) Expression of chondrocyte subcluster marker genes in the white and red
zones. (d) Venn diagram showing the overlap of 500 genes with the highest expression in chondrocyte subsets. (e) Dot plot
showing selected genes with the highest expression within the chondrocyte subset.



Subcluster CHO exhibited expression of genes in-
volved in osteogenesis and chondrocyte ossification.
Among those, exclusively expressed genes were: osteo-
modulin (OMD), which positively regulates osteogen-
esis; osteoglycin (OGN), which enhances bone forma-
tion; and asporin (4SPN), which is a negative regula-
tor of chondrogenesis involved in collagen biomineral-
ization (Eyre and Weis, 2013; Tagliaferri et al., 2015;
Xu et al., 2015; Rajagopal et al., 2016; Nakamura et al.,
2017; Lin et al., 2021). Additionally, genes involved
in the negative regulation of vasculature development
pathways were enriched, including serpin family F
member 1 (SERPINF), secreted protein acidic and rich
in cysteine (SPARC), and thrombospondin 4 (THBS4).
This expression profile suggests that the detected sub-
cluster has an osteophytic phenotype. However, osteo-
phytes are not only osteo-cartilaginous outgrowths in
osteoarthritic joints: they are also considered transient
repair tissue derived from precursor cells (Gelse et al.,
2003). The top differentiating gene for this subcluster,
angiopoietin-like 7 (ANGPTL7), has been linked to
chondrocyte differentiation, endochondral ossification,
and tissue remodeling (Nishiyama et al., 2021; Takano
et al., 2021). Therefore, based on pathway analysis, we
expect that this subcluster plays an important role in
the meniscus remodeling process, which likely results
from mechanical stimuli (Hashimoto et al., 2002). Con-
sequently, we believe that referring to the subcluster
“CHO” as osteophytic is inadequate since it implies that
the cells are a step toward bone formation. Instead, we
believe that this subcluster reflects the cells’ ability to
respond to increasing mechanical pressure. Another dis-
tinctive gene expressed in this cell group is the proapop-
totic gene pigment epithelial-derived factor (PEDF),
suggesting a transient phenotype of chondrocyte-like
cells vulnerable to terminal differentiation and cell
death. The presence of these cells in both the red and
white zones indicates that this may represent the last
stage of chondrocyte differentiation in the meniscus
tissue.

In the white zone, subcluster CH1, the second most
frequent subcluster, predominantly expressed genes en-
coding ECM proteins. Among them, collagens such as
COL2A41, COL9A1, and COL11A1, proteoglycans such
as ACAN and SNORC, and the ECM stabilizing protein
hyaluronan and proteoglycan link protein 1 (HAPLNI)
were highly expressed. Due to the elevated expression
of genes associated with maintaining stemness (SCRG/)
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and differentiation status (S/0041), as well as activa-
tion of multiple pathways associated with development
and morphogenesis, this population appears to have
recently undergone differentiation. The elevated expres-
sion of epidermal growth factor-containing fibulin-like
extracellular matrix protein 1 (EFEMPI), a gene re-
sponsible for ECM integrity maintenance and traffick-
ing, and vitronectin (VIT), involved in matrix assem-
bly and cell proliferation, indicates that this subcluster
is undergoing constant remodeling (de Vega et al., 2009;
Zhang and Marmorstein, 2010; Wilson et al., 2012).
Analysis also showed clear enrichment in chondrocyte
differentiation and cartilage development pathways as
well as in genes responsible for collagen synthesis,
modification, degradation, and assembly of collagen
fibrils and other multimeric structures. Since this pro-
file closely resembles what is believed to be the ca-
nonical cartilage chondrocyte transcriptome, the most
likely function of subcluster CH1 is matrix deposition
(Fig. 3e).

The third most common subcluster of cells, CH2,
was rich in gene transcripts connected to stress response,
inflammation, and tissue remodeling. Overexpression
of the growth arrest and DNA damage-inducible 45
(GADDA45) gene family, implicated in response to cell
injury and stress, suggests stressful environmental
growth conditions and the presence of DNA-damaging
agents (Salvador et al., 2013). The presence of several
cytoprotective gene transcripts such as clusterin (CLU,
with anti-apoptotic, anti-inflammatory, and antioxidant
properties), superoxide dismutase 2 (SOD2, coding for
superoxide dismutase), ceruloplasmin (CP, a metallo-
protein involved in the peroxidation of transferrin), and
metallothionein 1A (MT1A4, an oxidative stress-response
gene protecting against hydroxyl free radicals), as well
as the abundance of gene transcripts connected to
inflammatory response (nuclear factor-kB-inhibitor
o (NFKBIA)), post-traumatic cartilage destruction (low
back pain (LBP)), or inflammation processes and tis-
sue remodeling (chitinase 3-like protein (CHI3L1)),
suggests a suboptimal meniscal microenvironment for
cells (Duprez et al., 2012; Koike et al., 2015; Drecourt
et al., 2018; Tarquini et al., 2020; Zhao et al., 2020;
Ungsudechachai et al., 2021; Won et al., 2021; Zhang
et al., 2021). However, the overexpression of secreted
phosphoprotein 1 (SPP1, a matrix remodeling marker
noted in the meniscus model of post-traumatic OA),
Hermansky-Pudlak syndrome 5 (HPS5, a regulator of
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lysosome synthesis and vesicular trafficking), coiled-coil
domain containing 80 (CCDC80, a promoter of cell ad-
hesion and matrix assembly), thrombospondin (THBS,
an adhesive glycoprotein induced in sites of tissue
damage or active remodeling that mediates cell-to-cell
and cell-to-matrix interactions as an adaptive stress re-
sponse), and matrix Gla-protein (MGP, a powerful in-
hibitor of cartilage mineralization) indicates that the
cells are remodeling in response to these stressful condi-
tions (Yagami et al., 1999; Gautam et al., 2004; Manabe
et al., 2008; Lynch et al., 2012; Salazar-Noratto et al.,
2019). Additionally, the abundance of gene transcripts,
such as Fos proto-oncogene, AP-1 transcription factor
subunit (FOS) and cellular communication network
factor 2 (CCN2), and pathways involved in cell prolif-
eration and differentiation, suggests that these cells can
handle stressful growth conditions quite well and are
unlikely to follow apoptotic pathways (Giiller et al.,
2008; Takigawa, 2013). In summary, these cells exhibit
anti-oxidative and anti-inflammatory properties against
stressful growth conditions within the meniscus, and in
response, they remodel the ECM and clear the micro-
environment to ensure the survival of neighboring
cells. Therefore, they may serve as protectors to other
chondrocytes.

Cells forming subcluster CH3, which constitute
most of the red zone, express genes with divergent
functions, involved in stem cell modulation, matrix re-
modeling, and inflammatory responses simultaneously.
Several gene transcripts connected to stem cell regula-
tion, including cellular retinoic acid binding protein
1 (CRABPI) and insulin-like growth factor-binding
protein-2 (/GFBP2), known to modulate stem cell be-
havior by suppressing cell proliferation and sensitiz-
ing them to growth factors, were highly expressed
(Fisher et al., 2005; Lin et al., 2017). Similarly, secreted
frizzled protein 2 (SFRP2) and tenascin C (TNC), pro-
teins characteristic of mesenchymal stem cells (MSCs),
exhibited elevated expression levels in this subcluster.
Both proteins enhance MSC survival rates, regulate
differentiation, and enhance therapeutic efficacy when
exposed to unfavorable factors (Alfaro et al., 2008;
Rodrigues et al., 2013). Other intensively transcribed
genes identified in this subcluster are important for
matrix organization. For example, matrix metallopep-
tidase 2 (MMP2), typical of the red zone, is involved
in vascular remodeling and angiogenesis within the
meniscus due to its degrading potential toward ACAN

and collagens (Fuller et al., 2012). A disintegrin and
metalloproteinase (ADAM) metallopeptidase with
thrombospondin type 1 motif 1 (ADAMTS]1), inter-
acting with MMP?2 in several pathways, is a hypoxia-
induced disintegrin and metalloproteinase, promoting
cell proliferation and migration. Lumican (LUM) is a
collagen-binding proteoglycan responsible for biome-
chanical strength in connective tissues (Chakravarti,
2002). Taken together, these genes suggest a predicted
pattern characteristic of vascularized, mechanically du-
rable tissue with the ability to differentiate. Overex-
pression of anti-inflammatory genes is a well-known
phenomenon specific to MSCs. On one hand, the re-
modeling and healing process is facilitated by the pro-
duction of anti-inflammatory agents that enable the re-
cruitment of other MSCs to the site of injury. On the
other hand, MSCs, by modifying immune cells, foster
a microenvironment favorable to the healing process
(Liu et al., 2018). Genes identified in a highly expressed
set specific to cluster CH3 included antiviral interferon-
stimulated gene 12 (ISG12) and ISG15, antimicrobial
chemokines (C-X-C motif chemokine ligand 2 (CXCL?2)
and CXCLI4), a gene involved in allergic inflamma-
tion (periostin (POSTN)), and a gene responsible for
immune cell infiltration (Abelson tyrosine-protein ki-
nase 2 (ABL2)) (Hara and Tanegashima, 2012; Izuhara
et al., 2014; Wang et al., 2021; Li et al., 2022). Consid-
ering the aforementioned, we predict that the CH3 pop-
ulation would closely resemble the phenotype of MSCs
while also displaying certain chondrocytic characteris-
tics, allowing us to refer to them as chondrocyte pro-
genitor cells. Due to their immunomodulatory and ma-
trix remodeling properties, these cells are of great in-
terest in TE and the management of meniscus injuries.

The smallest subcluster, CH4, expresses many
genes involved in the breakdown of the ECM, as well as
those implicated in cell migration and proliferation.
Genes such as apolipoprotein E (APOE), responsible for
clearing lipoproteins, LUM, which induces matrix deg-
radation, and serpin family E member 2 (SERPINE?),
which regulates metalloproteinases, are implicated in
catabolic pathways (Santoro et al., 2015; Barreto et al.,
2020; Zhou et al., 2022). Versican, a key ECM com-
ponent involved in cell migration and proliferation due
to its matrix-loosening and hydrating capabilities, is en-
coded by the highly expressed VCAN gene. Versican is a
hygroscopic proteoglycan that interacts with other ECM
components, affecting their assembly and remodeling.



The meniscus has an exceptional ability to resist com-
pressive and tensile stresses caused by loading, thanks
to its binding with hyaluronan (Rahmani et al., 2006).
Syndecan-2 (SDC?2) and gelsolin (GSN), two additional
abundant gene transcripts in this subcluster, are linked
to cell migration and proliferation. Additionally, this
subcluster has high quantities of various collagen tran-
scripts that code for collagen IV, which forms a base-
ment membrane, collagen V, which plays a key role in
the healing process, and collagen VI, an ECM orga-
nizer (Theocharidis and Connelly, 2019). Based on this
transcriptional profile, the cells forming this subclus-
ter are expected to be remodeling cells. This remod-
eling behavior might be connected to vascular system
development, since multiple pathways involved in an-
giogenesis have been identified for this subcluster (e.g.,
G0:0001525, GO:0045765, and GO:0045766).

2.4 Single-cell trajectory analysis of chondrocyte
subclusters revealing the two distinct cell fates
associated with zonal composition

To study the differentiation of chondrocytes, we
used the computational approach of trajectory analysis

(@)
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using the Monocle3 R package. We chose a chondro-
cyte subcluster CH3 as the starting point for our tra-
jectory, based on the numerous proliferation-associated
GO terms (e.g., GO:0008284 and GO:0042127) allo-
cated for this subcluster and expression of a group of
genes identified as MSC/progenitor cell markers, in-
cluding: CD34, a marker gene present in many progen-
itor cell types indicative for stem cell activity; CD248,
an MSC marker and negative regulator of bone forma-
tion; thymus cell antigen 1 (7HYI), a surface marker
for synovial MSCs exhibiting increased differentiation
potential for chondrocytes (Naylor et al., 2012; Sidney
et al., 2014) (Fig. 4c). A trajectory representing the
two distinct cell fates (1 and 2), matching to the zonal
distribution of chondrocyte subclusters, was estab-
lished (Figs. 4a and 4b). Cell fate 1 is in line with the
white zone’s usual development into the classical, ma-
trix-depositing chondrocyte (CH1) expressing COL?2
and showing increased levels of ACAN (Fig. 4c). The
CH4 cells, found only in the red zone and intimately
associated with the development of vasculature, occupy
fate 2, which denotes the opposing termini of the pseu-
dotime trajectory (Fig. 4b). These findings align with
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Fig. 4 Single-cell trajectory analysis of chondrocyte subclusters revealing the two distinct cell fates associated with zonal
composition. (a) The uniform manifold approximation and projection (UMAP) plot showing possible cell fates of the CH3
subset (defined as a root-noodle). (b) UMAP plot showing six subsets defined based on the pseudotrajectory analysis with
defined cell fates. (c) UMAP plots showing the expression of selected genes (collagen type I al (COLI1AI), collagen type 11
01 (COL2A41), and thymus cell antigen 1 (THY1)) on pseudotrajectory plot.
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the meniscus’s zonality, emphasizing the need to con-
sider diverse composition when conducting studies on
meniscus regeneration and treatment strategies.

2.5 Cellular interactions revealing the significant
stimulatory activity of chondrocytes toward other
cells and the proangiogenic and remodeling char-
acteristics of red-zone chondrocytes

Cell—cell interactions of the cell clusters and sub-
clusters were explored based on ligand—receptor ex-
pression. We adapted the human ligand—receptor data-
base CellChatDB to match all pig ligand—receptor pairs
for each cell type based on gene homology. Overall,
signaling pattern analysis indicated higher activity in
red zone chondrocytes compared to white zone chon-
drocytes (Fig. 5a). Chondrocytes residing in both zones
were interacting with cells forming blood vessels (SMs,
PECs, and weakly with ECs) and with cells identified
as MCs. Interestingly, monocytes are intensively stimu-
lated by red zone chondrocytes but not white zone
ones. Most contributing was the CD44 receptor, re-
sponsible for the induction of M2-like polarity of MCs
involved in wound healing and tissue repair (Kim et al.,
2019) (Fig. 5b).

Another interesting observation was that menis-
cus chondrocytes are prone to send signals and affect
other cell types, while receiving hardly any (Fig. 5c).
The most abundant networks are collagen, thrombos-
pondin (THBS), and fibronectin 1 (FNT) (Fig. 6). Colla-
gens are most likely inducing anti-apoptotic effects and
enhancing proliferation via CD44 receptor expressed
on immune and vasculature-associated cells (Wu et al.,
2019). The THBS signaling network is associated with
proliferation, vascularization, and healing processes.
Particularly interesting is the THBS4-CD47 pattern ob-
served between chondrocyte-PEC in both zones (Liao
et al., 2022). THBS4 is known to be expressed by cells
in response to increased mechanical load, and CD47 ac-
tivation induces proliferation in stem cells (Kaneshige
et al., 2022). Other highly active signaling patterns
pointing toward chondrocyte stimulation of PECs are
COMP-CD47 and FN1-(integrin aV (ITGAV)-+integrin
B1 (ITGB1)). COMP-CDA47 has already been reported
in bone marrow as an important hematopoietic pro-
genitor of cell expansion, while FN1 action on integ-
rins has been reported as inducing epithelial to mes-
enchymal cell transition (Ding et al., 2017; Wen
et al., 2022). The presence of these patterns indicates

chondrocyte involvement in stemness maintenance and
PEC proliferation stimulation, induced by mechanical
stimuli.

When chondrocyte subclusters are considered, in-
coming and outgoing signaling patterns confirm the
dual functional characteristics and pseudotime fate of
chondrocytes forming red (CH3 and CH4) and white
(CH1, CH2) zones (Figs. 7a and 7b). Subcluster CHO,
widespread in both zones and recognized as showing
signs of tissue remodeling toward ossification, ex-
presses collagen signaling networks, stimulating SM,
MC, Mono, PEC, and CH4 via CD44 (Fig. 7). Add-
itionally, two patterns between CHO and PEC, de-
scribed above, were observed: THBS4-CD47 and
COMP-CD47. Conversely, CHO seems to be activated
by CH3 and CH4 through periostin, which is recog-
nized for delivering signals through interactions with
integrins, crucial for tissue development and remodel-
ing during wound healing (Ontsuka et al., 2012). Sub-
clusters CH1 and CH2, residing mostly in the white
zone, show profiles similar to those of outgoing signals
of CHO, but with weaker interaction strength, while
incoming signaling profiles show CH1 stimulation with
several ligands (mostly neural cell adhesion molecule
(NCAM), junction adhesion molecule (JAM), and mid-
kine (MK) from PEC, and pleiotrophin (PTN) from
other chondrocytes) and close to zero incoming sig-
nals for CH2 (Fig. 7¢). The most pronounced outgo-
ing signaling patterns in CH1 and CH2 concern the
SPP1 ligand, encoding osteopontin, highly expressed
in osteoarthritic cartilage and chondrocytes exhibiting
aging characteristics (Qu et al., 2023). Chondrocytes
identified as pro-genitory (CH3) appear to interact
strongly with CH4 but only weakly with other chon-
drocyte subclusters (Fig. 7¢). Numerous networks
of CH3 and CH4 were observed, including collagen,
FNI1, PTN, and ANGPTL4 (Fig. 7¢c). PTN is expressed
in sites of early vascular development in healing
wounds and is associated with an angiogenic pheno-
type (Christman et al., 2005), while ANGPTL4 pro-
motes cartilage matrix remodeling by inhibiting the
expression of collagen type 1l and ACAN and by up-
regulating the level of certain MMPs (Mathieu et al.,
2014). Adding enhancement of proliferation induced
by collagens and fibronectin activatory action in wound
repair, a clear picture of CH4 activation by CH3 to-
ward meniscus remodeling, vascularization, and heal-
ing can be drawn (Tao et al., 2018). CH3 also appears
to enhance PEC via THBS, COL, and FN1 ligands.
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Fig. 5 Cell—cell interactions of the cell clusters explored based on the ligand—receptor expression. (a) Circle plots of the
interaction weights/strengths of ligand—receptor pairs for all cell types in white (left panel) and red (right panel) zones.
String thickness represents the weight. CH: chondrocyte; EC: endothelial cell; MC: macrophage; Mono: monocyte;
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chondrocytes and other cell types in white (left panel) and red (right panel) zones. (¢) Heatmaps depicting the outgoing
and incoming signaling patterns with regard to zones. Color range represents the relative strength of interaction.

Interestingly, PECs are sending NCAM signals to CH3,
most likely preventing hypertrophic differentiation dur-
ing chondrogenic differentiation of these MSC-like cells
and preventing OA pathogenesis. CH3 cells are also

stimulated by platelet-derived growth factor (PDGF)
expressed by SMs, which is known to be a potent stim-
ulator of cell proliferation as well as cartilage forma-
tion (Schmidt et al., 2006).
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Despite being the smallest subcluster, CH4 remodel-
ing chondrocytes appear to have the highest number
and strength of interactions (Fig. 7a). They display a
pattern of incoming and outgoing signaling that is com-
parable to CH3, but with certain advancements, such
as the stimulation of monocytes and the expression of
laminins that interact with other cell types (Fig. 7b).
Recent findings suggest that laminins expressed by
cartilage progenitor cells promote chondrogenesis and
provide a favorable microenvironment for its regener-
ation (Sun et al., 2017). Patterns identified in our da-
taset showed CH4 chondrocytes signaling toward PEC
and EC via laminin ligands, which are known to di-
rect the differentiation of endothelial progenitor cells
toward mature ECs (Yap et al., 2019). The pattern re-
sponsible for CH4—Mono interaction, CXCL12/C-X-C
motif chemokine receptor 4 (CXCR4) is also involved
in vascularization and regeneration processes, namely
monocyte polarization toward M2 macrophages,
vascular formation, and cell proliferation and migra-
tion (Fang et al., 2022). Additionally, activation of
CXCR4 is known to increase expression of matrix

metalloproteinases, resulting in collagen destruction
and tissue remodeling (Mousavi, 2020).

3 Discussion

Seven cell clusters corresponding to four major
cell types were identified based on the expression
of marker genes: chondrocyte expressing collagens,
ACAN, and positive for SOX9; EC expressing PECAM *
and PLVAP"; PEC expressing TOP2A4", SMC4", and
KIFII"; SM expressing ACTA2" and MYL9"; and im-
mune cells, most likely MC expressing CD68", Tc ex-
pressing CCL5", and Mono expressing HLA-DRA".

While the frequencies of these clusters differed
significantly when comparing zones, the analysis of
medial and lateral menisci revealed no qualitative or
quantitative differences in cell type distribution and cell
transcriptional profiles. This led to the conclusion that
the variable prevalence and treatment outcomes ob-
served between medial and lateral meniscus injuries
are most likely due to the higher forces acting on the
medial side of the knee (Halder et al., 2012). Epidemi-
ological studies support this hypothesis, indicating that
medial meniscus tears are more common in older pa-
tients with elevated body mass index (BMI) and suf-
fering from a range of degenerative knee conditions,
whereas lateral meniscus injuries more frequently
concern young male patients with no history of OA or
similar conditions and are often connected to ligament
injury, suggesting that those tears are sport-related
(Mitchell et al., 2016; Thein et al., 2017). It is not sur-
prising, therefore, that lateral meniscus tears heal more
efficiently and require fewer total or partial meniscec-
tomy surgeries, even though there is no specific genetic
component that can be added (Krych et al., 2020).

It was discovered that the chondrocyte cluster in-
teracts quite actively with other types of meniscal cells.
It is surprising how many outgoing signaling patterns
have been discovered, but very few incoming signal-
ing patterns have been observed, leading to the con-
clusion that chondrocytes act as stimulators rather
than stimulated cells. All the cell types identified in
the meniscus, particularly PECs, are impacted by chon-
drocytes. They promote proliferation, stemness main-
tenance, and matrix remodeling, which results in in-
creased vascularization and further tissue repair. Thor-
ough investigation of the chondrocyte-like cluster
revealed the presence of five subclusters (CHO—CH4).
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Fig. 7 Cell—cell interactions of the chondrocyte subclusters explored based on the ligand—receptor expression. (a) Circle
plot of the interaction weights/strengths of ligand—receptor pairs for all cell types. String thickness represents the weight.
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Only CHO was abundant in both of the regions under
study. Subclusters CH1 and CH2, which are most likely
responsible for cartilage-specific matrix deposition and
protection against adverse microenvironment factors,
respectively, representing one branch of the pseudo-
time trajectory, were specific to the white zone. Those
subclusters send signals via the osteopontin pathway,
which is characteristic of differentiated and aging
chondrocytes, not noticed in CH3 or CH4 chondro-
cyte. In addition to being metabolically active and ex-
pressing chondrocyte-specific genes encoding collagens
and proteoglycans, CH3 and CH4, which make up
most of the red zone, exhibit characteristics of MSCs
and are prone to proliferation and migration. They also
induce remodeling actions on other chondrocyte sub-
clusters, potentially inducing healing and vasculariza-
tion processes. CH3 cells are most likely enhancing
PEC proliferation, while CH4 directs differentiation of
PECs toward mature ECs. Therefore, those two sub-
clusters have greater remodeling properties and capac-
ity for usage in TE.

These findings are consistent with the work of
Fu et al. (2022), who performed single-cell sequencing
on healthy human menisci and detected chondrocytes,
ECs, and immune cells. In contrast to our research,
they additionally annotated a group of cells known as
“pericytes.” However, this cell population expresses
significant quantities of ACTA2, MYL9, and other mus-
cle contractile genes, and it is found mainly in the red
zone of the meniscus, resembling the “smooth muscle
cells” discovered in our investigations. Furthermore,
they noted that using only genetic markers makes it ex-
tremely difficult to differentiate between pericytes and
smooth muscle cells. We assume that the functional
characteristics of these two populations are identical,
and any differences exist only in terms of nomenclature.

Regarding chondrocyte populations, most of our
results agree with those of Fu et al. (2022). However,
comparing cell subtypes is challenging due to the
abundance of data and the subtle variations between
distinct cell clusters. Except that we identified three
clusters for white zone chondrocytes instead of two,
the gene markers reported by Fu et al. (2022) as being
specific to the white zone, are present in our data la-
belled as white zone chondrocytes. Our CH1 shares
apolipoprotein D (4APOD), FN1, and esophageal cancer-
related gene (ECRG) markers with Fu et al. (2022)’s
chondrocyte-1 population and exhibits anti-angiogenic

characteristics and remodeling actions. The subcluster
CHI in our study displays similar genetic markers and
ECM remodeling capabilities as Fu et al. (2022)’s
chondrocyte-1 population (both clusters are positive for
CHI3L1, high-temperature requirement protease Al
(HTRAI), FN1, and the tissue inhibitor of metallopro-
teinase (7/MP) superfamily). The CH2 cells in our
study, which correspond to the white zone, express
markers common to Fu et al. (2022)’s chondrocyte-3
cell type (CHI3LI and cell adhesion molecule-related/
down-regulated by oncogenes (CDON)). Similar to
our study, Fu et al. (2022) found two red zone clusters
expressing genes such as POSTN, MMP2, ADAMTS?2,
complement factor D (CFD), fibronectin type III do-
main-containing (FNDC), VCAN, and genes from the
CXCL superfamily, which suggests remodeling and im-
munomodulatory effects. The main discrepancy con-
cerns the last chondrocyte cluster identified by Fu et al.
(2022) as expressing genes linked to proliferation; these
markers were not found in any of our chondrocyte
clusters but were prevalent in the PECAM/PLVAP"
PECs. Interestingly, in our dataset, the cells referred
to as pro-genitory chondrocytes (CH3) associated with
the CH2 and CH4 clusters were found to express MSC
markers and display early signals of differentiation,
which was not reported by Fu et al. (2022). Although
more thorough research on the integration of data from
different species is needed for a detailed examination
of cell type similarities, the cell types found in porcine-
origin menisci are consistent with data from humans.
Due to the lack of automated software for functional
annotation of detected clusters, single-cell data analysis
studies are currently focused on subjective approaches
and addressing specific hypotheses.

Single-cell sequencing of the human meniscus has
been covered in another study by Sun H et al. (2019).
However, we have chosen not to compare our data with
their results due to several concerns, the main one be-
ing sample treatment prior to sequencing. Our experi-
ment settings and those of Fu et al. (2022) used freshly
extracted meniscus tissue cells that had been subjected
to single-cell library preparation, whereas Sun H et al.
(2019) analyzed in vitro cultured cells. The study by
Sun H et al. (2019) focused solely on adherent cell
populations, and it is likely that the cells’ expression
patterns were dramatically changed during the cul-
ture process. Additionally, the single-cell suspension
and partitioning methods were different (cell sorting



as opposed to droplet generation). Fu et al. (2022)
discussed this in significant detail and claimed that
these differences led to discrepancies in the generated
data, resulting in significantly distinct cell clustering.
The mismatch in results highlights the need to thor-
oughly review the methodology before attempting to
compare the data.

Our study was conducted on one individual. Se-
quencing of additional samples, as well as adding spa-
tial transcriptomic data to the picture, will help to fur-
ther validate our results. However, analyzing 26928
cells seems adequate for creating a cell atlas for a single
specific tissue, especially since Wang et al. (2022)’s pig
cell atlas included a comparably high number of ana-
lyzed cells for only two tissue types (liver and lung),
while some tissues were described based only on a few
thousand cells (with a minimal number of 1527 for
subfornical organ). Many cell atlases published in high-
impact journals are based on analyzes carried out on
single individuals and lack external validation. The re-
producibility issue concerning single-cell genomics is
still under debate due to the complexity of single-cell
datasets and numerous analytical choices influencing
outcomes. This issue has been extensively discussed
in an opinion piece recently published in PLoS Genetics
(Gibson, 2022).

In this paper, we present a single-cell transcrip-
tome atlas of the medial and lateral menisci of the pig,
demonstrating that their molecular landscapes are iden-
tical. By dividing the menisci into red and white zones,
we identified their significantly diverse chondrocyte
compositions. Detailed analysis of cell expression pro-
files, functional potential, and signaling revealed high
metabolic activity and stimulatory actions of the chon-
drocytes residing in the red zone of the meniscus. The
results also pointed toward the exceptional role of two
chondrocyte subclusters in meniscus remodeling, vas-
cularization, and healing, as well as in the stemness of
progenitor epithelial cell maintenance. Additionally, we
have shown that the cellular makeup of pig tissue is
similar to that of human tissue, providing crucial sup-
port for the use of pigs as a biological model for menis-
cal degeneration and the development of cutting-edge
therapies like TE and xenotransplantation.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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