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Abstract

Background Ossification of the posterior longitu-
dinal ligament (OPLL) is a heterotopic ossification
process of the posterior longitudinal ligament (PLL)
that can compress the spinal cord and nerve roots, yet
its cellular heterogeneity and pathogenesis remain
unclear.
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Methods We performed single-cell RNA sequenc-
ing (scRNA-seq) with integrative computational anal-
yses and histological validation on 4,683 cells from
surgically resected cervical OPLL lesions obtained
from human patients.

Results  We identified 15 major cell subsets, includ-
ing chondrocyte-lineage  populations-progenitor/
proliferative fibrocartilage chondrocytes (ProFCs),
pre-hypertrophic  chondrocytes (preHTCs), and
hypertrophic chondrocytes (HTCs)-as well as osteo-
blasts, endothelial cells, and diverse immune cells.
Pseudotime analysis suggested an inferred trajectory
from cartilage progenitor-like cells through inflam-
matory/reactive and hypertrophic states toward
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osteogenic programs, with progressive activation of
ossification, extracellular-matrix, and inflammation-
related pathways. Cell-cell communication analyses
showed coordinated immune—stromal crosstalk, with
FGF signaling enriched in earlier pseudotime states
and SPP1-CD44 signaling enriched in later states.
SPP1 signals originated predominantly from HTCs,
whereas macrophages were prominently involved in
the broader inflammatory niche and immune-stromal
communication within OPLL lesions. Consistently,
SPP1/CD44-positive cells were enriched in OPLL
tissues and further increased by IL-1p stimulation
in vitro and in an Enppl-driven OPLL mouse model.

Conclusions This exploratory single-cell atlas sug-
gests that an inflammatory niche may couple chondro-
cyte hypertrophy with osteogenic activation and high-
lights candidate immune-stromal pathways for future
biomarker and therapeutic exploration in OPLL.

Highlights

o Single-cell profiling resolved stromal and immune
heterogeneity in human OPLL.

e Chondrocyte-lineage cells showed staged progres-
sion toward hypertrophic and osteogenic states.

e Immune-stromal communication featured early
FGF and late SPP1-CD44 signaling modules.

e SPP1/CD44 activation was supported by tissue,
in vitro, and mouse-model validation.

Keywords OPLL - Single-cell RNA sequencing -
Immune microenvironment - Osteogenic
differentiation - SPP1-CD44 axis

Introduction

Ossification of the posterior longitudinal ligament
(OPLL) is a common chronic condition that most
frequently affects the cervical spine, particularly the
mid-cervical levels (C4-C6). Epidemiological stud-
ies report a prevalence of approximately 0.4%-9% in
East Asian populations, with a male predominance
(about 2-3:1) (Ito et al. 2024; Moghaddamjou and
Fehlings 2019; Alaa et al. 2025). The heterotopic
ossification (HO) proceeds slowly, and the incidence
increases with age. Most patients develop myelopathy
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when the spinal cord is severely compressed (He et al.
2023a). Despite the increasing number of reports on
OPLL, effective measures to alter early diagnosis and
outcome are still lacking, conservative treatment of
patients often has unsatisfactory efficacy, and surgi-
cal treatment is generally required in the late stage.
However, the operation of OPLL is complex and
extremely high risk, mainly due to its unique ana-
tomical and pathophysiological factors (Park et al.
2020; Liu et al. 2024a). It is therefore crucial to bet-
ter understand its pathophysiology and the underlying
mechanisms of action of various cell subsets in the
processes leading to OPLL.

Early clinical and epidemiological studies have
shown that the underlying causes of OPLL disease
are multifactorial; its pathogenesis involves both
familial inheritance (genetic factors) and non-genetic
factors. Genetic factors include familial inheritance
and specific susceptibility genes, such as those encod-
ing RUNX2, BMP2, COL6A1, ENPPI, and IFN,
etc. (Yan et al. 2013; Wang et al. 2020; Kato et al.
2023; Liu et al. 2024b). Non-genetic factors include
age, BMI, hyperlipidemia, obesity, diabetes, diet, and
mechanical strain on the posterior longitudinal liga-
ment (PLL) (Fujita et al. 2023; Oshima et al. 2020;
Koike et al. 2023; Takahata et al. 2025). Over the
past decades, various genetic investigations, including
pedigree studies, twin studies, and detailed molecu-
lar analysis, have documented many genes or loci
related to the molecular and genetic pathobiology
regulating OPLL. GWAS studies have also identified
CCDC(C91 and RSPO?2 as susceptibility genes (Naka-
jima et al. 2016, 2023). In addition to genetic factors,
systemic hormones and growth factors, such as IL-1§,
IL-6, LepR, and TGF-f, are believed to play roles
in OPLL development (Saito et al. 2023; Chen et al.
2018; Fay et al. 2023). The pathological mechanism
of OPLL involves endochondral ossification, followed
by vascular invasion, which promotes osteogenesis.
Connective tissue ossification also occurs, character-
ized by fibroblast proliferation and vascular invasion
throughout the degenerated ligament, ultimately lead-
ing to ectopic ossification (Sakai et al. 2022). Despite
these findings, the composition of cell types in the
PLL, the biochemical markers that can effectively
predict OPLL, and the cellular heterogeneity that
leads to the progression of OPLL remain unclear.

Emerging evidence suggests that cellular hetero-
geneity within the PLL microenvironment plays a
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critical role in OPLL pathogenesis, yet the composi-
tion of these cell types, their transcriptional states,
and their contributions to disease progression remain
poorly characterized (Tian et al. 2019; Huang et al.
2025). Here, we applied single-cell RNA sequencing
(scRNA-seq) to surgically resected OPLL lesions to
(i) define stromal and immune cell landscapes, (ii)
infer chondro-osteogenic progression states and regu-
lators, and (iii) map immune—stromal communication
circuits that may drive ectopic ossification.

Results

scRNA-seq reveals the cellular landscape of human
OPLL lesions

A total of 4,683 high-quality cells from two human
OPLL samples were included in the final single-cell
dataset. Clustering analysis of the integrated dataset
at a resolution of 0.6 identified 18 transcriptionally
distinct clusters (Fig. la-b; sFig. 1c). After integra-
tion, major clusters were observed in both samples
without overt sample-restricted major populations
(Fig. 1c). Based on canonical marker genes and ref-
erence atlases, transcriptionally related clusters with
shared cell identities were consolidated into 15 anno-
tated cell populations (Fig. 1d, e). These populations
included progenitor/proliferative fibrocartilage chon-
drocytes (ProFCs), pre-hypertrophic chondrocytes
(preHTCs), hypertrophic chondrocytes (HTCs), oste-
oblasts, endothelial cells, multiple immune subsets (T
cells, B cells, macrophages, mast cells, neutrophils,
myelocytes, and promyelocytes), stem/stromal cells,
and a small “others” group. Representative marker
expression patterns supporting cell-type annotation
are shown in Fig. le, h, and Supplementary Table S3.

We next examined the distribution of each cell
population across samples. Overall, OPLL1 and
OPLL2 exhibited broadly similar cellular landscapes,
with preHTCs representing the largest population in
both samples (Fig. 1f, g). The unequal cell numbers
between OPLL1 and OPLL2 likely reflect differ-
ences in tissue quality, dissociation efficiency, and
cell survival during sample preparation. Despite this
imbalance, the major cell populations were detected
in both samples after integration. Beyond the domi-
nant preHTC compartment, several stromal and
immune populations showed modest proportional

differences between OPLL1 and OPLL2, indicating
limited inter-sample heterogeneity. To corroborate the
single-cell findings at the tissue level, we performed
histological and immunofluorescence analyses on
PLL sections. Hematoxylin and eosin (H&E) staining
revealed marked structural differences between OPLL
lesions and non-OPLL controls from cervical spon-
dylotic myelopathy (CSM) patients. Compared with
the uniformly aligned fibrous architecture in CSM
specimens, OPLL tissues showed disrupted ligament
organization, fibrocartilage-like changes, and ectopic
ossified regions (Fig. 1i). Consistently, immunofluo-
rescence staining demonstrated increased CD31 and
RUNX2 signals in OPLL tissues compared with CSM
controls (Fig. 1j, k).

Chondrocyte heterogeneity and chondro-osteogenic
transition in OPLL

Chondrocyte-lineage cells and extracellular matrix
(ECM) remodeling are important features of OPLL
progression. To delineate chondrocyte heterogeneity,
we reanalyzed the chondrocyte-lineage populations
identified in Fig. 1, including ProFCs, preHTCs, and
HTCs. Unsupervised subclustering identified seven
transcriptionally distinct chondrocyte subpopula-
tions (Fig. 2a; Supplementary Table S3), including
MSMP*CHI3L1* chondrocytes, HTCs, homeostatic
chondrocytes (HomCs), cartilage progenitor-like cells
(CPCs), undecided chondrocytes (uChond), reactive
chondrocytes A (rChond A), and reactive chondro-
cytes B (rChond B). MSMP*CHI3L1* chondrocytes
were characterized by high MSMP and CHI3LI1
expression, consistent with an inflammation-associ-
ated and matrix-remodeling state. HTCs exhibited
a hypertrophic transcriptional program, character-
ized by elevated expression of COL10A1, IBSP, and
SPP1. HomCs expressed FOS, JUN, and SNHG12
and exhibited a relatively balanced, non-hypertrophic
transcriptional profile. CPCs were enriched for ASPN
and PRG4, consistent with a cartilage progenitor-
like phenotype. uChond lacked strong enrichment of
the principal marker genes highlighted in Fig. 2b-e
and did not display a clear subtype-defining tran-
scriptional signature, suggesting an intermediate or
transitional state. Two reactive chondrocyte subsets
were also identified: rChond A, marked by S100A8/
S100A9, and rChond B, enriched for immune-asso-
ciated genes including PTPRC, IL7R, and TNFAIP3
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«Fig. 1 scRNA-seq delineates the heterogeneity of cell subpop-
ulations in OPLL. (a) Workflow of the present study, including
single-cell dissociation, library construction, RNA sequenc-
ing, and downstream bioinformatics analysis. (b) Clustering
tree showing the complete scRNA-seq map at various reso-
lutions, with an arrow indicating the selected resolution. (c)
t-SNE plot of cells derived from OPLL tissues. (d) t-SNE plot
showing the major annotated clusters at a resolution of 0.6. (e)
Dot plot showing the top 3 marker genes for the annotated cell
types. (f) The proportions of each cluster across the samples
are depicted. (g) Balloon plot with corresponding cell counts
showing the distribution of each annotated cluster across the
two OPLL samples. (h) Violin plots showing the expression of
representative marker genes across the annotated cell clusters.
(i) Representative H&E staining images of surgically removed
PLL tissues from patients with CSM and OPLL. The osteo-
genic region in the OPLL tissue is indicated by dashed lines.
Scale bar, 100 pm. (j) Representative immunofluorescence
staining of RUNX2 (red), CD31 (green), and DAPI (blue) in
CSM and OPLL tissues. Scale bars, 100 pm in the overview
images and 50 pm in the enlarged images on the right. (k)
Quantitative analysis of the relative fluorescence intensities of
CD31 and RUNX2 in CSM and OPLL tissues. OB indicates
ossified bone. Data are presented as mean+SD. **p<0.01,
**%p <0.001

(Fig. 2b-e). Notably, rChond B retained chondro-
cyte-associated features while expressing immune-
response genes, consistent with an inflammation-acti-
vated reactive state rather than a canonical immune
lineage.

Histological validation further supported these
findings. Safranin O/Fast Green staining showed
increased Safranin O-positive cartilage-like matrix
deposition and expanded fibrocartilage-like regions in
OPLL tissues compared with CSM controls. In paral-
lel, immunohistochemistry and quantitative analysis
demonstrated increased COL10A1 and CHI3L1 posi-
tivity in cartilage and ossification regions of OPLL
specimens (Fig. 2f, g). Collectively, these data reveal
pronounced chondrocyte heterogeneity in OPLL,
encompassing progenitor-like, homeostatic, hyper-
trophic, undecided, and reactive/inflammation-associ-
ated states during ectopic ossification.

In OPLL lesions, stromal subpopulations exhib-
ited distinct functional enrichment patterns. GO
enrichment analysis showed that osteoblasts were
enriched in ossification- and osteoblast differen-
tiation-related terms. In contrast, ProFCs, pre-
HTCs, and HTCs were predominantly associated
with extracellular matrix (ECM) organization,

extracellular structure organization, and related
matrix-remodeling processes (Fig. 3a). Notably,
compared with ProFCs and preHTCs, HTCs showed
enrichment for bone mineralization- and ossifica-
tion-related terms, consistent with a more advanced
chondro-osteogenic transitional state. KEGG analy-
sis further showed that the chondrocyte-lineage sub-
sets (ProFCs, preHTCs, and HTCs) were commonly
enriched for PI3K-Akt signaling, focal adhesion,
ECM-receptor interaction, and proteoglycans in
cancer (Fig. 3b-d). In contrast, osteoblasts exhibited
broader pathway enrichment, including PI3K-Akt,
MAPK, TNF, IL-17, TGF-f, and NF-kB signaling
pathways (Fig. 3e). Consistent with these enrich-
ment patterns, protein—protein interaction (PPI)
analysis identified an SPPIl-centered interaction
module associated with ECM remodeling, cartilage
maturation, and endochondral ossification-related
processes (Fig. 3f). In this network, each node rep-
resents a protein, and the colored sectors within
nodes indicate the enriched biological processes or
pathways annotated for that protein. Edges represent
predicted protein—protein associations derived from
the STRING database, and edge colors denote dif-
ferent evidence types supporting these interactions.
Collectively, these results delineate stage-specific
ECM-remodeling, inflammatory, and osteogenic
programs across OPLL stromal subpopulations and
position HTCs at the chondro-osteogenic interface.
HTCs and osteoblasts formed two clearly separated
clusters in the tSNE projection, indicating distinct
transcriptional states between these two cell popula-
tions (Fig. 4a). SCENIC analysis further revealed
divergent transcriptional regulatory  programs
between HTCs and osteoblasts in OPLL lesions. In
HTCs, regulons centered on CEBPG, FOXA2, TFF3,
KDM4B, and CREB3 were preferentially activated,
indicating an HTC-specific transcriptional regula-
tory program (Fig. 4b, d). In contrast, osteoblasts
displayed preferential activation of osteogenesis-asso-
ciated regulons, including DLXS5, DLX6, PRRXI,
STAT2, and EBF1 (Fig. 4c, d). DLX5 and DLX6 are
established regulators of endochondral bone forma-
tion and osteogenic differentiation, consistent with
their enrichment in osteoblast-lineage cells in OPLL.
PRRX1, a marker associated with osteoprogenitor
populations, was also activated at the regulon level,
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«Fig. 2 Characterization of chondrocyte subclusters in human
OPLL. (a) t-SNE plot at a resolution of 0.6 showing 7 distinct
chondrocyte subclusters: MSMP*YCHI3L1* chondrocytes,
HTCs, HomCs, CPCs, uChond, rChond A, and rChond B. (b)
Dot plot showing representative differentially expressed genes
in each chondrocyte subcluster. (¢) Heatmap showing the top
four differentially expressed genes in each chondrocyte sub-
cluster. (d) t-SNE plots showing the expression of representa-
tive marker genes in chondrocytes. (e) Violin plots showing
the expression levels of representative marker genes across
chondrocyte subclusters. (f) Representative SOFG staining of
CSM and OPLL tissues and IHC staining of COL10A1 and
CHI3L1 in CSM and OPLL tissues. The ossified region in the
OPLL tissue is labeled as OB. Scale bar, 50 pm. (g) Quanti-
tative analysis of the COL10A1-positive area and CHI3L1-
positive area in CSM and OPLL tissues. Data are presented as
means +SD. *** p <0.001, **** p <0.0001

suggesting enhancement of a PRRXI1* osteogenic
program during ectopic ossification. Immunofluores-
cence staining and quantitative analysis further vali-
dated these findings, showing significantly increased
PRRX1 and RUNX2 signals in OPLL lesions com-
pared with CSM controls (Fig. 4e, f). Quantification
confirmed that the relative fluorescence intensities of
both PRRX1 and RUNX2 were significantly elevated
in OPLL tissues, supporting enhanced osteoprogeni-
tor activation and osteogenic differentiation during
ectopic ossification.

Pseudotime analysis suggests a staged
chondro-osteogenic trajectory in OPLL

To infer a putative chondro-osteogenic progres-
sion in OPLL, we performed pseudotime trajectory
analysis using Monocle2 (Fig. 5a). Trajectory order-
ing was computationally inferred and does not con-
stitute direct lineage tracing. The reconstructed tra-
jectory contained four branch points and diverged
into two principal terminal paths (Fig. 5a, b). CPCs,
HomCs, HTCs, and MSMP*CHI3L1* chondrocytes
were broadly distributed along the shared trajectory
backbone, whereas osteoblasts became progressively
enriched along one terminal path, particularly beyond
the late branch point (Branch 4) (Fig. 5c¢). Notably,
HomCs and a subset of CPCs were present along
both principal paths, indicating that these intermedi-
ate chondrocyte states were not restricted to a single

trajectory branch. MSMP'CHI3L1* chondrocytes
were mainly localized to the intermediate pseudotime
region bridging CPC-enriched and preHTC-enriched
states and retained partial CPC-associated features
(e.g., PRG4 and ASPN), suggesting an inflammation-
activated transitional state rather than an independent
lineage.

Branch-state mapping and branch-dependent heat-
maps further supported a staged chondrocyte-to-oste-
oblast transition (Fig. 5d, f). Additional branch-state
maps and branch-specific heatmaps are provided
in sFig. 1d-f and sFig. 2a. The earlier branch points
(Branches 1 and 2) likely reflected intrachondrocytic
diversification events before terminal lineage com-
mitment, as supported by the Branchl/2 heatmaps
showing divergence among matrix-, inflammatory-,
and cartilage-associated transcriptional modules
(sFig. le, f). In contrast, the later branch points, espe-
cially Branch 4, were more closely associated with
the bifurcation toward cartilage-maintaining versus
osteogenic differentiation states. Among all branch
points, Branch 4 appeared to be the most prominent
late fate-decision node, because it showed the clearest
transcriptional segregation between the two terminal
fates (Fig. 5f). At the terminal end of the osteoblast-
directed path, osteogenesis- and matrix-remodeling-
associated genes, including SPP1, IBSP, PDGFRA,
PDGFRB, and PRRXI1, were preferentially repre-
sented, whereas the HTC-directed path retained
cartilage-related programs marked by genes such as
PRG4, ENPP1, COL2A1, SOX9, and SCX (Fig. 5f;
sFig. 2a, b). Consistently, pseudotime trends showed
a progressive decline in chondrogenic/ligament-asso-
ciated genes, including COL2A1, SOX9, ENPP1, and
SCX, accompanied by late upregulation of PDGFRA,
PDGFRB, and PRRX1 along the osteogenic path
(Figs. Se; sFig. 2b). KEGG enrichment of the Branch
4 transcriptional program highlighted coordinated
activation of ECM-receptor interaction, focal adhe-
sion, PI3K-Akt signaling, and inflammation-related
pathways, including TNF and IL-17 signaling, con-
sistent with this node representing a key late-stage
bifurcation toward osteogenic maturation (Fig. 5g).
Additional KEGG analyses for earlier branch-associ-
ated modules are shown in sFig. 2c.
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«Fig. 3 Functional enrichment and interaction analysis of chon-
drocytes and osteoblasts. (a) GO enrichment analysis showing
the enriched biological process (BP) terms in proFC, preHTCs,
HTCs, and osteoblasts. (b-e) KEGG pathway enrichment anal-
ysis of differentially expressed genes in proFC (b), preHTCs
(¢), HTCs (d), and osteoblasts (e). (f) PPI network analysis of
representative regulated genes in chondrocytes and osteoblasts,
edge colors correspond to different sources of interaction evi-
dence in the STRING database

Macrophage-stromal signaling coordinates
chondrocyte hypertrophy and osteogenic activation in
OPLL

Cell—cell communication is thought to contribute to
lineage specification during ectopic ossification, and
inflammatory signaling has been implicated in OPLL
progression. To further explore intercellular signal-
ing within OPLL lesions, we applied CellChat to the
major stromal subsets together with macrophages
(ProFCs, preHTCs, HTCs, osteoblasts, and mac-
rophages), because previous studies of heterotopic
ossification have identified macrophages as impor-
tant inflammatory regulators of chondrogenic and
osteogenic differentiation, and related studies of spi-
nal ligament ossification have further suggested that
macrophage-associated inflammatory signals can
promote osteogenic activation in ligament-derived
cells. In addition, inflammatory studies in OPLL
have reported increased monocyte/pro-inflammatory
cytokine signatures, supporting the biological rel-
evance of macrophage-associated signaling in this
disease context (Huang et al. 2021; Sun et al. 2025a,
b). The inferred network showed extensive interac-
tions among macrophages and stromal/chondrocyte-
lineage subsets, with particularly prominent commu-
nication involving macrophages, HTCs, preHTCs,
and osteoblasts (Fig. 6a, b). Ligand-receptor analysis
highlighted several prominent signaling axes (Fig. 6c,
d), including FGF2-FGFR1 and FGF7-FGFRI,
which were enriched in stromal/chondrocyte-lineage
communication, and SPP1-CD44, which was pref-
erentially represented in HTC-associated signaling.
Macrophage-associated ligand-receptor pairs, includ-
ing TGFBI1-(TGFBR1+TGFBR2) and NAMPT-
(ITGA5+ITGB1), represented additional signal-
ing routes linking the inflammatory niche to stromal

cell states. Pattern analysis further organized these
pathways into coordinated communication modules,
including “incoming” programs that reflect how tar-
get cells receive and integrate signals and “outgoing”
programs that reflect how sender populations con-
tribute to niche-wide signaling (Fig. 6e, f). Together,
these data suggest that macrophages participate
prominently in immune-stromal communication with
chondrocyte-lineage cells in OPLL. The inferred net-
work further supports a model in which FGF-related
signaling is associated with stromal/chondrocyte-lin-
eage communication, whereas SPP1-CD44 signaling
is preferentially represented in later HTC-associated
communication, potentially contributing to hypertro-
phy-associated ossification.

To further define functional signaling within the
OPLL niche, we examined pathway-specific CellChat
networks centered on SPP1, FGF, ANGPTL, and
RESISTIN, which emerged as representative signal-
ing programs in the inferred communication network
and were supported by specific ligand-receptor pairs
shown in Fig. 7a-f. In the SPP1 signaling network,
HTCs were the major signal-sending population and
participated in both autocrine and paracrine commu-
nication. This pathway involved SPP1 together with
its cognate receptors/integrin complexes, including
CD44, ITGAS-ITGBI1, ITGAV-ITGBI, and ITGAV-
ITGBS, with SPP1-CD44 representing the top-con-
tributing ligand-receptor pair (Fig. 7a). ProFCs and
preHTCs were among the principal receiver popula-
tions in this network. Immunofluorescence staining
further showed increased SPP1 (OPN) and CD44 sig-
nals in OPLL lesions compared with CSM controls,
and quantitative analysis confirmed that the relative
fluorescence intensities of both markers were signif-
icantly elevated in OPLL tissues (Fig. 7b, c). In the
FGF signaling network, ProFCs, preHTCs, and HTCs
constituted the principal ligand-producing popula-
tions. The major ligands included FGF1, FGF2, and
FGF7, whereas the corresponding receptors included
FGFR1 and FGFR3, with FGF2-FGFRI1 represent-
ing the strongest ligand-receptor pair and osteoblasts
serving as prominent receiver cells (Fig. 7d). The
ANGPTL signaling network suggested a complemen-
tary stromal communication program in which HTCs
and preHTCs served as major source populations,
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«Fig. 4 Transcription factor regulatory network analysis in
HTCs and osteoblasts. (a) t-SNE plot showing the distribu-
tion of HTCs and osteoblasts. (b) t-SNE plots showing the
expression of representative transcription factors (upper) and
the activity of representative regulons (lower) in HTCs. (c)
t-SNE plots showing the expression of representative transcrip-
tion factors (upper) and the activity of representative regulons
(lower) in osteoblasts. (d) Heatmaps showing SCENIC-derived
regulon activity in HTCs and osteoblasts, including continu-
ous AUC scores (upper) and binarized regulon activity states
(lower), where “on” indicates an active regulon and “off”
indicates an inactive regulon. (e) Representative IF staining
of RUNX2 (red), PRRX1 (green), and DAPI (blue) in CSM
and OPLL tissues. The ossified region in the OPLL tissue is
indicated as OB. Scale bars, 100 pm in the overview images
and 50 pm in the enlarged images. (f) Quantitative analysis of
the relative fluorescence intensities of PRRX1 and RUNX2
in CSM and OPLL tissues. Data are presented as mean+ SD.
*#p <0.01, ****p <(0.0001

whereas ProFCs were among the principal targets
(Fig. 7e). This pathway included ANGPTL2 and
ANGPTLA4 together with receptors or receptor-asso-
ciated complexes such as ITGAS-ITGB1, SDC2,
SDC4, CDH11, and TLR4, indicating that ANGPTL
signaling may contribute to matrix remodeling and
microenvironmental activation during early ossifica-
tion. Finally, the RESISTIN signaling network was
largely macrophage-associated, with preHTCs rep-
resenting the principal receiver population (Fig. 7f).
This pathway was defined mainly by RETN and its
receptor pairs RETN-CAP1 and RETN-TLR4, sug-
gesting an additional inflammatory communication
axis linking macrophage-associated signaling to stro-
mal/chondrocyte-lineage cells. Integrating pseudo-
time with ligand-receptor localization, we observed
a staged communication pattern: FGF2-FGFR1 sign-
aling was enriched in early ProFC/preHTC states,
consistent with osteogenic priming, whereas SPP1-
CD44 interactions were concentrated between HTCs
and mature osteoblasts, suggesting a downstream
reinforcement of hypertrophy-associated ossifica-
tion. Together, these pathway-level analyses highlight
coordinated inflammatory, osteogenic, and angio-
genic signaling modules that couple macrophage acti-
vation to chondrocyte hypertrophy and osteoblast dif-
ferentiation in OPLL.

Bulk transcriptome analysis reveals immune-related
genes and inflammatory pathways in OPLL

To externally validate the scRNA-seq findings and
extend the analysis beyond the limited single-cell
sample size, we analyzed two public bulk transcrip-
tome datasets of OPLL and non-OPLL posterior lon-
gitudinal ligament tissues. This integrative approach
enabled us to assess immune-associated transcrip-
tional changes at the cohort level and compare them
with the single-cell findings. After batch correction
and integration, the combined bulk transcriptome
dataset comprised 5 OPLL samples and 5 non-OPLL
controls. Differential expression analysis identified
60 up-regulated and 401 down-regulated genes, and
the top differentially expressed genes are shown in
the heatmap (sFig. 3a, b). Protein interaction network
analysis indicated that MAPKS8, SRC, EGFR, and
NF-kB-associated nodes occupied central positions
within the DEG network, while CD44 was connected
to a smaller module including COL4A1, COL4A2,
COL6A1, COL6A2, LAMA3, LAMC3, and VAV2
(sFig. 3c).

To define immune-associated transcriptional
changes, we intersected the bulk DEGs with immune-
related gene sets and identified 34 immune-related
DEGs (IMM-DEGs) (sFig. 3d), including both up-
regulated and down-regulated genes (sFig. 3e). GO
and KEGG enrichment analyses of the IMM-DEGs
highlighted inflammation-related biological processes
and pathways, including MAPK, RAS, NF-xB, IL-17,
and T-cell receptor signaling (sFig. 3f, g). Notably,
several immune-associated genes identified in the
bulk analysis, including TNFAIP3, HCK, and LCNI,
were also elevated in OPLL samples at the cohort
level (sFig. 3h) and showed cell-type-specific expres-
sion in the scRNA-seq dataset (sFig. 3i). TNFAIP3
and HCK were mainly enriched in preHTCs/ProFC-
related populations, whereas CD44 showed broader
expression across stromal subsets, including pre-
HTCs, ProFCs, HTCs, and osteoblasts (sFig. 3i).
These findings support a link between immune-asso-
ciated transcriptional activation and stromal cell-state
heterogeneity in OPLL.
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«Fig. 5 Trajectory analysis reveals distinct differentiation
states of chondrocytes and osteoblasts in OPLL. (a) Pseudo-
time trajectory of chondrocytes and osteoblasts reconstructed
by Monocle analysis. (b) Pseudotime trajectory overlaid with
cluster identities and lineage branches. (c¢) Distribution of each
cell subtype along the pseudotime trajectory. (d) Heatmap of
branch-dependent genes at Branch 3 identified by Monocle
branch expression analysis. (e) Expression dynamics of rep-
resentative genes along pseudotime. (f) Heatmap of branch-
dependent genes at Branch 4 identified by Monocle branch
expression analysis. (g) KEGG enrichment analysis of genes
associated with Branch 4

Validation of inflammation-associated SPP1-CD44
signaling in OPLL

Because our computational analyses implicated
the SPP1-CD44 axis in OPLL-associated ossifica-
tion, we next sought experimental validation in vivo
and in vitro. We first examined an early-stage Enpp-
He¥fex/El[q-Cre mouse model of spinal ligament
ossification, which was generated based on the same
locus implicated in the classical ttw model (sFig. 4).
Micro-CT demonstrated prominent ectopic ossifica-
tion along the posterior longitudinal ligament region
in Enppl"*/Ella-Cre mice, confirming the pres-
ence of ligament-associated ossification lesions
(Fig. 8a). Histological analysis further demonstrated
ectopic ossified lesions in Enppl®/Ella-Cre.
H&E staining showed abnormal ossified tissue forma-
tion adjacent to the posterior longitudinal ligament,
whereas Safranin O/Fast Green staining revealed
cartilage-like matrix accumulation within the ossifi-
cation area (Fig. 8b). Immunofluorescence staining
showed markedly increased SPP1 (OPN) and CD44
signals in ossification areas of Enppl"*/Ella-Cre
mice compared with WT controls (Fig. 8e, f). In par-
allel, CD31 staining was increased in the ossification
layer of Enppl"®°/Ella-Cre mice, consistent with
increased vascularization within developing lesions
(Fig. 8c, d).

To assess inflammatory activation of this axis
in vitro, primary human OPLL-derived ligament
cells were stimulated with IL-1p. After 24 h of IL-1f
stimulation, immunofluorescence staining showed
significantly increased RUNX2, SPP1, CD44, and
COL10A1 signals in primary human OPLL-derived
ligament cells (Fig. 8g, 1). Western blot analysis

further confirmed increased protein expression of
CD44, SPP1, and COL10A1 (Fig. 8h, j). Together,
these in vivo and in vitro data support that SPP1 and
CD44 are elevated in ossification lesions and can be
further enhanced by inflammatory stimulation in pri-
mary human OPLL-derived ligament cells. These
findings are consistent with a model in which inflam-
mation promotes hypertrophic and osteogenic acti-
vation in association with the SPP1-CD44 signaling
axis.

Discussion

OPLL remains difficult to treat, in part because the
stromal heterogeneity and inflammatory niche within
the posterior longitudinal ligament are still poorly
understood. Although access to truly normal PLL tis-
sue is limited, we used clinically available non-OPLL
PLL specimens from CSM patients as controls and
processed them using matched sampling and his-
tological workflows. By integrating an exploratory
scRNA-seq atlas from two OPLL donors with exter-
nal bulk transcriptomics, tissue staining, in vitro
assays, and the mouse model, we identified consistent
stromal and immune cell states and propose a staged
model of lesion progression. Specifically, trajectory
and regulon analyses support a CPC-to-hypertrophic
continuum that progressively acquires osteogenic
programs, whereas CellChat analysis suggests an
inflammatory niche in which early FGF-related sign-
aling and downstream SPP1-CD44 signaling couple
immune activation to chondrocyte hypertrophy and
osteogenic activation.

Distinct from previous OPLL studies that focused
mainly on osteogenic cells, our single-cell data indi-
cate that chondrocyte-lineage heterogeneity is a cen-
tral feature of lesion progression. We resolved CPCs,
homeostatic and hypertrophic chondrocytes, reactive
subsets, and an MSMP*CHI3L1* population with
inflammatory features. In pseudotime analysis, the
MSMP*CHI3L1" subset was mainly localized to an
intermediate region between CPC-enriched and pre-
HTC-enriched states and retained partial CPC mark-
ers, supporting an inflammation-activated transitional
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state rather than an independent lineage (Cherif et al.
2022; Vianinen et al. 2014; Li et al. 2023). Together
with the strong mineralization/ossification programs
in HTCs, these results suggest a staged process in
which inflammatory activation promotes chondro-
cyte hypertrophy and calcification, thereby predis-
posing to osteogenic conversion during OPLL (Gan
et al. 2021; Sun et al. 2020). Our subclustering analy-
sis further suggested that inflammation-associated
chondrocytes in OPLL are not a uniform population
but instead comprise multiple transcriptionally dis-
tinct reactive states, including a matrix-remodeling
MSMP*CHI3L1* population, a stress-reactive popu-
lation characterized by high SI00A8/S100A9 expres-
sion, and an immune-associated reactive population
enriched for PTPRC, IL7R, and TNFAIP3. This find-
ing implies that inflammatory activation of chondro-
cytes during OPLL may occur in different functional
states or stages.

Consistent with an endochondral-like mechanism,
we observed vascular ingrowth at ossification fronts
and increased CD31/PECAMI-positive endothe-
lial signals, indicating that angiogenic remodeling
accompanies and likely facilitates ossification under
inflammatory conditions (Lin et al. 2023; Ling et al.
2021). In parallel, we identified an osteoblast sub-
set enriched for osteogenesis-related genes (e.g.,
COL1A1, BGLAP, SPP1, TGFBI1), and pathway
analyses across chondrocyte- and osteoblast-lineage
cells converged on PI3K-Akt, TGF-p, MAPK, IL-17,
and TNF signaling, linking ECM remodeling, inflam-
mation, and osteogenic differentiation. Collectively,
these data refine the prevailing model by position-
ing inflammation-driven chondrocyte hypertrophy,
together with vascular and immune cues, as an essen-
tial upstream event that licenses osteoblast activation
and ectopic bone formation in OPLL (Liu et al. 2017;
Tang et al. 2022; Cai et al. 2020).

We next sought to define key transcriptional
regulators of the chondrocyte-osteoblast transition
in OPLL using scRNA-seq-based regulon analy-
sis. Compared with HTCs, osteoblast-lineage cells
showed higher activity of osteogenic transcription
factors, including DLXS5, DLX6, PRRX1, STAT?2,

and EBFI1, whereas HTCs preferentially enriched
FOXA2, CEBPG, CREB3, and TFF3. DLX5/6 are
well-established drivers of osteoblast differentiation
and endochondral ossification, and their upregula-
tion in OPLL osteoblasts is consistent with prior
reports linking DLXS5 to stretch-responsive osteo-
genesis in ligament-derived cells (Tang et al. 2023).
PRRX1, a mesodermal lineage factor associated
with osteoprogenitor programs and heterotopic ossi-
fication, was likewise activated in our osteoblast
subset. These TF signatures, together with our tis-
sue validation, indicate that OPLL lesions engage a
coordinated osteogenic regulatory network down-
stream of chondrocyte hypertrophy and inflamma-
tion (Lu et al. 2011; Hu et al. 2024).

Ectopic ossification is commonly attributed to
aberrant activation of progenitor-lineage cells.
Recent single-cell studies in tendon and traumatic
HO have identified progenitor subsets marked
by RSPO2, TPPP3, PDGFRA, and SCX fam-
ily programs. In our dataset, RSPO2 expression
was negligible, whereas TPPP3, PDGFRA, and
PDGFRB were prominently expressed in chondro-
cyte and osteoblast lineages, and SCX declined
toward late pseudotime. Consistently, trajectory
analysis showed that an osteoblast-fated branch
was characterized by induction of SPP1, PTGDS,
COL1A1, TMSB10, APOE, and CXCLS8, implicat-
ing inflammatory cues and altered lipid/ECM pro-
grams in osteogenic commitment. In contrast, cells
remaining in the chondrocyte trajectory retained
high COL2A1, SOX9, PRG4, ASPN, and FMOD,
reflecting maintenance of cartilage identity. Nota-
bly, SPP1-high chondrocytes have been reported as
transitional states in osteoarthritis, paralleling the
hypertrophic stage we observe in OPLL. Together,
these findings support an inferred model in which
CPC-derived chondrocytes undergo inflamma-
tion-linked hypertrophy and progressively acquire
osteogenic programs, potentially culminating in
osteoblast-like states during ectopic ossification.
(Tachibana et al. 2022; Feng et al. 2020; Lin et al.
2022; Yea et al. 2023; Harvey et al. 2019; Qu et al.
2023).

@ Springer



73 Page 16 of 21

Cell Biol Toxicol

(2026) 42:73

a

SPP1 signaling pathway network SPP17 SPP1 signaling pathway network Contribution of each L-R pair
P G W ol T gy | E—
Macrophages T S D
arnad ITGA\“% Medialoru g %6,\&"0 -
Influencer E o F »
L3 & o d
Ny e S
Osteoblasts . ITGABst——= e = O £ & o -
\HTCs ‘ ‘ ‘ A L&
) "
GBI — ——, —— —— —— & &
. | 2 PP o >
preHTCs ITGBS4
"ProFc L+ [ | & o> 4 b
P & 2 P QC)
N S & S S
AP C
b C Relative contribution
CSM
SPP1 CD44
b *k *
o
g g 150 g 150
c
o = 5~
] 33
. 8 & 100 g 100
s Sz S >
5 =) 2%
25 90 o5 0
= g E £ £
g:_ = % £
S 14 0 x 0
v v
S S

FGF signaling pathway network

d

Macrophages
.P g

Osteoblasts T

HTCs
<

¢
preHTCs /4
¥ ProFC

ANGPTL signaling pathway network

Macrgphages

Osteoblasts’™
HTCs
{ 3

03 ,
preHTCs /
W ProFC

RESISTIN signaling pathway network

Macrophages

[ 1
Osteoblasts
°

HTCs
°

¢
preHTCs ProFC

@ Springer

FGF14

FGF2s.

FGF74.

FGFR15

FGFR33

& é% o QO

O
&P S RS &°

ANGPTL2 4
ANGPTLA4 4
TLR4 4;

CDH11 4

SDC2 3 I

SDC4 5

ITGAS 3

ITGB1 4

RETN s

TLR4 4

CAP1 3

FGF signaling pathway network

Sender
Receiver
Mediator
Influencer
I

o‘.b 6\% Q%
& @ L
S <

Importance

O
Q‘g

ANGPTL signaling pathway network

P
Sender § I
o
Receiver k=4
Mediator 0
Influencer
I

Imporf

P P f P O
‘2"« & (}r"e Q‘s Q‘(§<
S & &

RESISTIN signaling pathway network

~
sender [l 1 K &
Receiver || £ @é&z"
o
Mediator =3 N
E o &
Inﬂuencer-
L
o o & o O
é&o & & é\c’ &
F&E <
¥ R
I [®)

Contribution of each L-R pair

Relative contribution

Contribution of each L-R pair

Relative contribution

Contribution of each L-R pair

Relative contribution



Cell Biol Toxicol (2026) 42:73

Page 17 of 21 73

«Fig.7 Key signaling pathways mediating the interactions
among macrophages, chondrocytes, and osteoblasts. (a) Cell—
cell communication analysis of the SPP1 signaling pathway.
(b) Representative immunofluorescence staining of SPP1
(red), CD44 (green), and DAPI (blue) in CSM and OPLL tis-
sues. Scale bars, 100 pm in the overview images and 50 pm
in the enlarged images. (¢) Quantitative analysis of the rela-
tive fluorescence intensities of SPP1 and CD44 in CSM and
OPLL tissues. Data are presented as mean=+SD. *p<0.05,
**p <0.01. (d-f) Cell—cell communication analysis of the FGF
(d), ANGPTL (e), and RESISTIN (f) signaling pathways

Inflammatory activity is increasingly recognized
as a key contributor to OPLL. Clinically, higher
systemic inflammation correlates with more exten-
sive ossification patterns, as evidenced by associa-
tions between hs-CRP levels and vertebral morphol-
ogy in OPLL, and by links between paravertebral
ossification burden and serum IL-17 in our previ-
ous work (Kawaguchi et al. 2017; He et al. 2023b).
However, how specific macrophage programs trans-
late inflammatory cues into aberrant stromal dif-
ferentiation has remained unclear. By integrating
CellChat with pseudotime, our study identifies a
prominent immune—stromal signaling niche in which
SPP1-CD44 signaling, largely associated with HTCs
and macrophages, and FGF2/FGF7-FGFR1 signaling
represent major communication axes linking inflam-
matory activity to chondrocyte hypertrophy and oste-
ogenic commitment. SPP1, a macrophage-derived
matrix-interacting cytokine involved in fracture repair
and macrophage polarization, is well positioned to
link inflammation with angiogenesis and endochon-
dral-like ossification. Its receptor CD44, a broadly
expressed adhesion and signaling molecule in bone
and vascular biology, provides a plausible conduit
through which macrophage-stromal crosstalk rein-
forces pathological mineralization (Wang et al. 2024;
Weng et al. 2022).

Our data support this model at multiple levels.
SPP1 was among the most highly expressed mac-
rophage-associated ligands in OPLL and formed a
central interaction module with CD44 in HTCs and
osteoblasts, while pathway analyses placed this axis
downstream of inflammatory activation. In vivo,

OPLL lesions showed expansion of OPN* and
CD44% cells within ossification fronts, and in vitro
IL-1p stimulation further increased SPP1/CD44
together with hypertrophic and osteogenic markers,
indicating that inflammatory cues amplify this signal-
ing loop. These findings align with broader evidence
that SPP1-CD44 governs immune-stromal communi-
cation and matrix remodeling across diverse contexts,
and here we extend that concept to OPLL as a mecha-
nistic bridge between macrophage activation, carti-
lage hypertrophy, and ectopic bone formation.

These findings suggest that SPP1-CD44 signal-
ing likely contributes to osteogenic activation under
inflammatory stimulation; however, functional
validation is warranted to confirm its direct role in
OPLL pathogenesis. Despite the limited number of
patient samples, which partly reflects the techni-
cal difficulty of dissociating ossified OPLL tissues
into high-quality single-cell suspensions (sFig. 5),
the integration of external transcriptomic data, tra-
jectory analysis, and experimental validation con-
sistently supports a model in which inflammation-
induced activation of CPC-derived chondrocytes
promotes endochondral ossification in OPLL.
The MSMP*CHI3L1" subset likely represents an
inflammatory transitional phenotype within this
process. Moreover, we propose that FGF2-FGFR1
may act as an upstream inducer of osteogenesis,
whereas SPP1-CD44 represents a downstream feed-
back signal that reinforces ossification and mac-
rophage stromal communication. These refinements
strengthen the mechanistic interpretation and pro-
vide a framework for targeted intervention in OPLL.

Conclusion

Overall, this exploratory single-cell and multi-
modal analysis provides insights into dynamic stro-
mal heterogeneity and immune—stromal coupling in
OPLL. Our data support an inferred model in which
inflammation-activated =~ CPC-derived  chondro-
cytes undergo hypertrophy and acquire osteogenic
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«Fig. 8 Role of the SPP1-CD44 axis and inflammatory fac-
tors in OPLL. (a) Representative sagittal and axial Micro-CT
images of the spine in WT and Enpp*/Ella-Cre mice.
(b) Representative H&E and SOFG staining images in WT
and Enppl"*/Ellq-Cre mice. Scale bars, 500 pm in the
overview images and 200 pm in the enlarged images. (c) Rep-
resentative IF staining of Cd31 (red) and DAPI (blue) in WT
and Enpp 1"*"*/E[la-Cre mice. Scale bar, 100 um. (d) Quan-
tification of Cd31 fluorescence intensity. (e) Representative
immunofluorescence staining of Sppl and Cd44 in WT and
Enppl/%*/Ellq-Cre mice. Scale bar, 100 pm. (f) Quantifica-
tion of Sppl and Cd44 fluorescence intensities. (g) Presenta-
tive immunofluorescence staining of RUNX2, SPP1, CD44,
and COL10Al in OPLL cells after 24 h IL-1p treatment.
Scale bar, 50 pm. (h) Representative western blot analysis of
CD44, SPP1, and COL10A1 in OPLL cells after 24 h IL-1§
treatment. (i) Quantification of fluorescence intensities in (g).
(j) Quantification of relative protein levels in (h). Data are pre-
sented as mean+ SD. *p <0.05, **p <0.01, ****p <(0.0001

programs, reinforced by a late SPP1-CD44 signal-
ing module. These findings highlight immune-stro-
mal interactions as potential targets for earlier diag-
nosis and intervention in OPLL.
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