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Abstract

Background Facet joint osteoarthritis (OA) is prevalent in patients with adolescent idiopathic scoliosis (AlS). The
most pronounced OA presents above and below the curve’s apex where the intervertebral rotation is the greatest.
This indicates that facet joint OA is implicated and potentially contributes to AlS progression. OA impacts both carti-
lage and bone and we have previously demonstrated an association between lower bone quality and more severe
OA in AlS facet joints. This study aimed to further investigate the molecular mechanisms underlying cartilage-bone
crosstalk in the facet joints of patients with AlS.

Methods Unbiased deep RNA sequencing was performed to compare gene expression in facet joint chondrocytes
of age-matched AlS patients and non-scoliotic individuals. Differentially expressed genes of interest were validated
through gPCR and ELISA in a larger sample cohort. Key regulatory pathways involved in cartilage—bone crosstalk were
identified through bioinformatic analysis. Functional studies were conducted by treating chondrocytes with TLR2

and TLR4 agonists, collecting conditioned media, and administering it to an in vitro osteoclastogenesis model. The
expression of M-CSF, a key regulatory factor influencing osteoclast proliferation, was measured in individual facet
joint cartilage samples at different spinal levels and correlated with cartilage morphological grade and 3D structural
parameters extracted from spine reconstruction.

Results One thousand four hundred twenty six upregulated genes were detected, and gene ontology analysis
revealed a significant enrichment of the TLR pathway, and bone-regulating biological processes in AlS chondrocytes.
TLR activation of AlS chondrocytes induced expression of bone-regulating factors, including M-CSF, a key regulator
of osteoclast proliferation. Furthermore, secreted factors from AlS chondrocytes enhanced osteoclast proliferation
and maturation, with a stronger effect observed following TLR pre-activation. Clinically, M-CSF expression was found
to correlate strongly with increased OA severity and a greater degree of intervertebral axial rotation.

Conclusions Together, our findings suggest that the TLR-M-CSF axis is implicated in osteoclastogenesis, resulting
in increased bone turnover and may contribute to curve progression in AlS patients.
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Introduction

Adolescent Idiopathic Scoliosis (AIS) impacts 2—-5% of
adolescents globally. It is characterized by a three-dimen-
sional spine deformity and results in pain and reduced
quality of life in many patients [1]. A lack of spinal sta-
bility may predispose individuals to the initiation of
the deformity, with progression being driven by unbal-
anced forces in an increasingly asymmetrical spine [2,
3]. Although several genetic and phenotypic risk factors
have been identified, they can explain only a portion of
the cases [4—6]. Regardless of the origin, the progression
of the disease is largely driven by a vicious cycle, where
asymmetric forces lead to asymmetric growth modula-
tion. Current treatment involves bracing, to slow down or
prevent progression of the deformity. Despite this, about
a quarter of patients progress and need invasive surgery
to correct the deformity [7]. There are currently no effec-
tive disease-modifying drugs, in part due to our limited
understanding of the idiopathic nature. In-depth clinical
and experimental research is needed to understand the
dynamic changes influencing growth modulation in the
scoliotic spine.

Spine stability relies on a complex interplay of the
vertebral bodies, facet joints, intervertebral discs, liga-
ments, tendons, and paraspinal muscles [8]. Degenerative
changes in any of the tissues can disrupt the interplay and
potentially contribute to the progression of AIS. Facet
joints, situated bilaterally at the back of each vertebra,
are critical in restricting axial rotation, and they absorb
approximately 20% of the compressive loads placed on
the spinal column [9]. Abnormal spinal curvature in adult
degenerative scoliosis leads to unbalanced loads, result-
ing in cartilage degeneration [9, 10]. Adults with lumbar
facet joint osteoarthritis (OA) exhibit thinner and more
porous subchondral cortical plates and increased tra-
becular number [11-13]. We previously reported that
patients with AIS present with severe facet joint OA,
with a correlation between cartilage degeneration and
reduced subchondral bone quality, primarily in the tho-
racic facet joints [14]. Interestingly, the most pronounced
OA is found in facet joints above and below the apex
where intervertebral rotation is evident. [14, 15]. In con-
trast, intervertebral rotation is minimal at the curve apex,
where lateral intervertebral tilting is most pronounced.
The findings suggest that facet joint OA is implicated and
potentially contributes to AIS progression.

Subchondral bone and cartilage are dynamic struc-
tures with complementary roles in load-bearing [16].
Unlike cartilage, which degenerates progressively, sub-
chondral bone changes through a two-phase response,
with an initial loss of bone density and reduced bone
remodelling and sclerosis in the later stage [16-18].
Several mechanisms for this phenomenon have been
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proposed, including cartilage-bone crosstalk via sub-
chondral pores, but this has not been explored in the
context of AIS [19-21]. Degenerating cartilage releases
pro-inflammatory factors that affect osteoblasts, osteo-
clasts, and osteocytes. The three most prominent pro-
inflammatory factors in OA, IL-1, IL-6, and IL-8, can all
enhance osteoclast differentiation while inhibiting osteo-
blasts in directly and indirectly linked pathways [22, 23].
Our previous research revealed a significant elevation
of these cytokines in AIS facet joint chondrocytes [14].
The upregulation was enhanced following TLR activation
[24] and supports the cartilage-bone crosstalk model.
This study bypasses selecting specific factors by using
unbiased deep RNA sequencing to compare chondrocyte
gene expression between age-matched AIS patients with
facet joint OA and non-scoliotic individuals without OA.
The strategy aims to uncover key regulatory pathways in
cartilage-bone crosstalk and confirm a role through func-
tional testing. Understanding these mechanisms could
provide information guiding the development of new
therapies to prevent AIS progression.

Materials and methods

Collection of clinical specimens

Facet joints were collected from 35 consenting AIS
patients undergoing spinal fusion surgery at the Shriner’s
Hospital for Children and facet joints from 16 non-scoli-
otic individuals (NSC) were retrieved through the Trans-
plant Quebec Organ Donation Program. The average
age was 27.6+7.4 for the non-scoliotic individuals and
16.2+2.6 for the AIS patients. Demographics including,
age, sex, Cobb angle, and Lenke classification, along with
detailed information on the experiments conducted with
the specific facet joint samples can be found in Table 1.
AIS facet joints resected from AIS patients depend on
curve type and surgical need and include both lumbar
and thoracic levels. Facet joints from organ donors were
also from both thoracic and lumbar levels to ensure a
similar distribution and prevent variability due to the spi-
nal level. AIS is more frequent in females and 78% of the
patients included in this study were female (Table 1). The
study was approved by the McGill University institutional
review board in Montreal, Canada (IRB # Tissue Biobank
2019-4896 and A03-M10-23A). Written informed con-
sent was received before participation in the study.

Chondrocyte isolation and culture

Facet joint chondrocytes were isolated as described by
Bisson et al. 2020 [24]. Briefly, facet joint cartilage was
dissected from the subchondral bone, cut into small
pieces and digested with Collagenase Type II (Thermo

Gibco ~ 17101015) for 16 h to release the chondrocytes.
For RNA sequencing and baseline gene expression
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Table 1 Patient Information and Applications. This table summarizes the key details of the AIS patients and NSC organ donors. The
table lists each sample applied in specific experiments, as indicated with a checkmark (V')

Replating |EOS+
Apex Lenke Primary RNA-|Baseline|Baseline| TLR TLR Alamarblu Dye- -?i"rap ¢ MCS
Sample ID| Sex | Age COD of Type cobb seq | qPCR | ELISA activation | activation eassay dilution |quantificati| F
Curve angle qPCR ELISA
on qPCR
NSC16 M | 28 TBI- Brain SDH / / / v v
Spontaneous Cerebral
Nsc15 | F | 35 Hemorhage, N / v v
Hypertension,
Pulmonary Embolism
NSC1 M 16 Overdose (cocaine) / / / v v v
NSsC2 M | 20 | Motor vehicle accident / / / v v
NSC14 M | 31 | Myocardial infarction / / / v v
NsC3 | M | 19 [Pros overdose (alcohol, | / / v v v
oxycodone, mirjuana)
NSC4 M | 31 Drug user (Cocaine) / / /
Suicide (repeated head-
NSCS M2z handing) (automation) d / g
Motor Vehicle Accident
NSC6 M| 4 (MVA), polytrauma / / / v
NSC7 M | 29 NA / / / v
NSC8 F 33 NA / / / v
NSC9 M | 42 NA / / / v
NSC10 M | 27 Suicide, hanging / / / v v
nsci1 | | 15 [MVA DB perscomm), | / / v v
brain haemorrhage
Nsc1z | M [ 35 |Anoxia Grain)Suicide / / v v
(hanging)
NSC13 M | 34 Stroke CATV / / / v
AIS11 F 15 / T8 6 60 v
AIS12 F 16 / 1 60 v v
AIS13 F 14 / T10 2 55 v v
AISI4 | F | 15 TS | 2 55 v v | v@®LP2)| V(PL,P2) | (1, P2) | V(PL P2)
AIS1 F | 14 / T9 1 67 v v v v J(P1,P2) | V(P1,P2) | V(L P2) | V(PL,P2)
AIS2 F | 16 / TS 1 55 v v v v(®1,P2) | v(P1,P2) | V(P1,P2) | V(PL,P2)
AIS3 M| 15 / T8 1 60 v v v v(P1) Vv(P1) v(P1) v(P1)
AISIS | F | 17 / TS 1 60 v /(P1) /(P1)
AIS16 F 16 / T11 2 50 4 Vv(P1)
AIS17 M 16 / T9-10| 2 66 v Vv(P1)
AIS18 F 15 / T8 1 40 v Vv(P1)
AIS7 F 14 / T9 2 65 v 4 Vv(P1)
AIS8 F 15 / T10 2 66 4 v
AIS19 F 17 / T8 1 60 v
AIS20 F 14 / T9 1 60
AIS9 F 16 / T9 1 50 v
AIS21 F 15 / T10 2 50 v
AIS10 F 15 / T8 2 65 v
AIS22 F 16 / T6 1 66 v
AIS23 F 18 / T9 2 52 v
AIS24 F 15 / T9 1 56 v
AIS25 F 16 / T9 1 50 v
AIS26 F 29 / T8 1 53 v
AIS27 F 18 / T9 1 50 v
AIS28 M 14 / T7 1 55 v
AIS29 F 16 / T7 1 46 v
AIS30 F 13 / T8 2 80 v
AIS31 F 18 / T8 1 50 v
AIS32 F 15 / T8 1 85 v
AIS33 M 17 / T8 1 60 v
AIS34 F 19 / T9 1 55 v
AIS35 F 13 / T8 1 60 v
AIS36 F 18 / T8 1 50 v
AIS37 M 19 / T8 1 60 v
AIS38 F 17 / T8 1 57 v
AIS39 M 18 / T8 1 50 v
AIS40 F 16 / T8 1 60 v
measurements, freshly isolated chondrocytes were achieved 90% confluence. The conditioned media from

directly lysed in TRIzol (Thermo Invitrogen™ 15596026)
(Fig. 1A). In all other experiments, chondrocytes were
seeded and cultured in completed Dulbecco’s DMEM
(Sigma Aldrich D5648), 4.5 g/L glucose, 10% FBS, 25
ug/mL gentamycin (Thermo Gibco " 15710064), and 2
mmol/L Glutamax (Thermo Gibco™ 35050061) until they

the expansion period (PO) was collected to determine
baseline cytokine release as described below. Chondro-
cytes at passages 1-2 were activated by the TLR-2 agonist
Pam2CSK4 (InvivoGen, tlrl-pm2s-1) and TLR-4 agonist
CRX-527 (InvivoGen, tlrl-crx527) at a concentration of
100 ng/mL in DMEM medium [24]. For gene expression
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analysis, RNA was extracted 6 h post-TLR activation.
For protein analysis, chondrocytes were exposed to TLR
agonists for two days. The agonist was removed, and the
cells were washed with PBS. Fresh media was added, and
conditioned media was collected after a four-day period.
The collected conditioned media was stored at —80 until
further analysis was performed, as described below.

Deep RNA sequencing and analysis

Total RNA was extracted and 25 million paired-end reads
(PE100) per sample were collected on the NovaSeq 6000
platform (Illumina, Inc.). Raw reads were evaluated by
FASTQC (Galaxy Version 0.74+galaxy0) followed by
trimming to remove adapter sequences (Trimmomatic
(Galaxy Version 0.39+ galaxy0)). Cleaned reads were
aligned to the reference genome using HISAT2 (Galaxy
Version 2.2.1+galaxyl) with gh38 reference genome.
FeatureCounts (Galaxy Version 2.0.3+ galaxy2) quanti-
fied expression levels from aligned reads. Differential
expression analysis was evaluated with the Limma pack-
age (Galaxy Version 3.50.1 + galaxy0). Sex-specific genes,
93 Y-linked and 52 X-linked genes, were omitted from
the DEG. Normalized counts (CPM) was obtained and
Limma DEG analysis was employed to conduct GSEA
on gene sets from the HALLMARK, REACTOME, and
WIKIPATHWAY databases. Functional annotation of
significant DEGs was achieved through Gene Ontology
(GO) analysis using the ShinyGO platform (Version 0.77).
The STRING database was used to identify protein—pro-
tein interaction (PPI) networks. PPI's were visualized and
analyzed in Cytoscape (3.10.1), where MCODE was used
for clustering analysis and CytoHubba for topological
evaluations (Fig. 1A).

RTqPCR
RNA was extracted and reverse transcription of 1 pg
RNA was performed as described in [24]. Gene expres-
sion was calculated using f3-actin and RPLI3A as
housekeeping genes, normalizing target gene Ct values
against the geometric mean of the two reference genes

(See figure on next page.)
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and presented as relative expression using the 2/~AACt

method (primers Table 2).

Cartilage morphological grading and EOS 3D
reconstruction

High-resolution photographs were acquired with a
Canon EOS 5D Mark II camera with a Canon F2.8
100mm Macro L lens. The gross morphological appear-
ance of the cartilage was classified according to Li et al.
[25] by two independent observers. Grade 0=normal;
Grade 1=surface fibrillation; Grade2=fissuring; Grade
3=erosion of 30% or less of the articular surface; Grade
4 =erosion of more than 30% of the articular surface. For
the same patients, three-dimensional (3D) spine recon-
structions were generated from bi-planar radiographs
acquired 2—6 weeks before surgery as described by Bis-
son et al. [15]. Briefly, pre-operative biplanar low-dose
radiographs of the spines were analyzed in 3D using the
EOS software. First, the pelvic parameters were identi-
fied, the software then simulated the thoracic and lum-
bar vertebrae, and the examiner aligned, positioned, and
adjusted each vertebra to match the biplanar radiographs
as closely as possible. Two independent evaluators recon-
structed the spines at three different times. The scores
from 6 reconstructions were averaged for the final analy-
sis. To evaluate the similarity of reconstructions between
the two evaluators, all 3D parameters were plotted and
evaluated with the Bland—Altman analysis. The scatter
plot and histogram showed a strong correlation and a
high degree of overlap. (Supplementary Fig. 5).

Multiplex ELISA

Mobile factors were determined in conditioned media
from p0 and pl-2 chondrocytes with and without TLR
activation. A customized multiplex ELISA was used
to quantify IL-1a, IL-6, IL-8, IL-17a, CXCL-1, CXCL-
10, M-CSF, GM-CSF, RANKL, TNF-alpha, OPG, and
IFN-gamma (kit number: PPX-16-MXYMKA3). The
analysis was conducted according to the manufacturer’s
instructions.

Fig. 1 Expression profiling of facet joint chondrocytes identified AlS-associated gene and regulatory networks. A Schematic representation

of the RNA sequencing workflow, from sample processing to bioinformatic analysis (NSC n=3; age=18.3+1.7 AIS n=3; age=15+1). B The Volcano
plot illustrates genes with P < 0.05 and |Log FC| > 1 in red, comparing AlS chondrocytes to NSC.C Venn diagram numerically illustrates DEGs

in AIS compared to NSC: upregulated (red), downregulated (blue), and unchanged genes (overlap). D The heatmap shows a clear separation

of significant DEGs, between AIS and NSC chondrocytes: red for higher and blue for lower expression levels. E, F The lollipop plot represented GO
pathway enrichment and biological processes for upregulated DEGs. Each sphere size reflects the count of involved genes, while the red-to-cyan
gradient represents p-value ranges. The x-axis shows the fold enrichment for each term. G The multi-GSEA plot illustrates enriched pathways
from HALLMARK, REACTOME, and Wiki_Pathway databases, identifying significant biological processes impacted in AlS. H The PPl network,
constructed using Cytoscape, reveals significant modules within cluster-1. The top 20 genes by Maximum Neighborhood Component (MNC)

are colour-coded from red to orange, with blue dots representing their first connected genes. Figure layout designed using the BioRender.com

platform
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Table 2 List of Primer Sequences Used in This Study. This table provides the 5'—3'sequences of all primers utilized in the experiments

described in this paper

Gene Forward Primer (Sequence (5'->3") Reverse Primer Sequence (3'-> 5")
TLR1 CAG TGT CTG GTA CAC GCA TGG T TTT CAA AAA CCG TGT CTG TTA AGA GA
TLR2 ATCCTCCAATCAGGCTTCTCT GGACAGGTCAAGGCTTTTTACA
TLR4 CAG AGT TTC CTG CAA TGG ATC A GCT TAT CTG AAG GTG TTG CAC AT
TLR6 GAA GAA GAA CAA CCC TTT AGG ATA GC AGG CAA ACA AAA TGG AAG CTT

RANKL CAA CAT ATC GTT GGA TCA CAG CA GAC AGA CTC ACT TTA TGG GAA CC
GM-CSF TCCTGAACCTGAGTAGAGACAC TGCTGCTTGTAGTGGCTGG
M-CSF TGGCGAGCAGGAGTATCAC AGGTCTCCATCTGACTGTCAAT
OPG GCGCTCGTGTTTCTGGACA AGTATAGACACTCGTCACTGGTG
CXCL-1 GCCCAAACCGAAGTCATAGCC ATCCGCCAGCCTCTATCACA
CXCL10 GTGGCATTCAAGGAGTACCTC TGATGGCCTTCGATTCTGGATT
IFN-Y AAC-TAC-TGA-TTT-CAA-CTT-CT ATT-ACT-GGG-ATG-CTC-TTC
TNF-A ATGTTGTAGCAAACCCTCAAGC TCTCTCAGCTCCACGCCATT
CXCL-5 AGCTGCGTTGCGTTTGTITAC TGGCGAACACTTGCAGATTAC
CXCL-12 ATTCTCAACACTCCAAACTGTGC ACTTTAGCTTCGGGTCAATGC
CXCL-2 CTGCTCCTGCTCCTGGTG AGGGTCTGCAAGCACTGG
CCL-2 GCATGAAAGTCTCTGCCG GAGTGTTCAAGTCTTCGGA
CCL-3 AGTTCTCTGCATCACTTGCTG CGGCTTCGCTTGGTTAGGAA
CCL-5 GAAGGTCTCCGCGGCAGCC CTGGGCCCTTCAAGGAGCGG
CCL-7 CACTTCTGTGTCTGCTGCTCAC GTTTTCTTGTCCAGGTGCTTCATA
CCL-8 GCCTGCTGCTCATGGCAGCC GCACAGACCTCCTTGCCCCG
CCL-4 CTGTGCTGATCCCAGTGAATC TCAGTTCAGTTCCAGGTCATACA
CCL-11 CCCCTTCAGCGACTAGAGAG TCTTGGGGTCGGCACAGAT
CCL-20 TGCTGTACCAAGAGTTTGCTC CGCACACAGACAACTTTTTCTTT
IL-1A AGATGCCTGAGATACCCAAAACC CCAAGCACACCCAGTAGTCT

IL1B ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA

IL-6 TGA ACC TTC CAA AGA TGG CTG CAA ACT CCA AAA GAC CAG TGA TG

IL-7 AGATTACTACAACCGATCCACCT GGGGACAGAGTTCATGTGGTA
IL-11 CGAGCGGACCTACTGTCCTA GCCCAGTCAAGTGTCAGGTG
1L-15 TTTCAGTGCAGGGCTTCCTAA GGGTGAACATCACTTTCCGTAT

IL-8 (CXCL-8) TCC TGA TTT CTG CAG CTC TG GTC TTT ATG CAC TGA CAT CTA AGTTC
1L-17 AGATTACTACAACCGATCCACCT GGGGACAGAGTTCATGTGGTA
1L-23 CTCAGGGACAACAGTCAGTTC ACAGGGCTATCAGGGAGCA

IL-3 CAGACAACGCCCTTGAAGACA GCCCTGTTGAATGCCTCCA

IL-4 CCAACTGCTTCCCCCTCTG TCTGTTACGGTCAACTCGGTG
1L-10 GACTTTAAGGGTTACCTGGGTTG TCACATGCGCCTTGATGTCTG
1L-27 ACCGCTTTGCGGAATCTCA AGGTCAGGGAAACATCAGGGA
1L-33 GTGACGGTGTTGATGGTAAGAT AGCTCCACAGAGTGTTCCTTG

TGF-B1 TCCTGGCGATACCTCAGCAA CTCAATTTCCCCTCCACGGC
ACTB GTC TTC CCC TCC ATC GTG G AAT CCT TCT GAC CCA TGC C
RPL13 AAAAAGCGGATGGTGGTTC CTTCCGGTAGTGGATCTTGG

Osteoclast formation assays

Bone marrow cells were isolated from long bones of
4-month-old C57BL/6] mice. All procedures were
approved by the McGill University Animal Care
Committee (protocol #7127) and were conducted
in compliance with the ethical guidelines of the
Canadian Council on Animal Care [26]. Red blood
cells were removed with RBC lysis buffer (Thermo
AAJ62990AK), and bone marrow cells were cultured
in MEM a (Thermo Gibco™ 41061029) media with
1% sodium pyruvate (Thermo Gibco" 11360070), 10%
fetal bovine serum 10,000 IU penicillin and 10,000 pg/
ml streptomycin (Thermo Gibco™ 15140122). Isolated

cells were plated and primed with MCSF (50 ng/ml)
(PeproTech, 300-25-250UG) for 24 h. Primed cells
were then seeded at a density of 5x 1073 cells/cm”2.
The cells were cultured in Osteoclastogenic media
composed of « MEM supplemented with MCSF (30ng/
ml) and RANKL (80 ng/ml) (PeproTech, 310-01-
250UQG) for 4-7 days, replacing the media every two
days. Following the culture period, samples were fixed
using 4% methanol-free paraformaldehyde (Thermo
043368.9M). TRAP staining was performed according
to the manufacturer’s instructions (Sigma 387A-1KT).
Osteoclast differentiation was quantified by counting
TRAP-positive cells containing more than three nuclei.
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Metabolic activity assay and dye dilution assay

Osteoclast precursors were exposed to chondrocyte-CM
(CCM) or unconditioned chondrocyte media (UCM) in
osteoclastogenic media, at a ratio of 1:4 (Supplementary
Fig. 3). Metabolic activity was determined post-treatment
using the alamarBlue™ Cell Viability Reagent (Thermo
DAL1025) according to the manufacturer’s instructions.
The proliferation rate was measured using the CellTrace"
Violet Cell Proliferation Kit (C34571), according to the
manufacturer’s protocol. Briefly, dyed cells were seeded
at a density of 5x 10”3 cells/cm”2 and cultured for 4 days
in the presence of CCM, without TLR pre-activation.
Data on fluorescent intensity was acquired through flow
cytometry and analyzed in FlowJo (version 10.8.1).

Statistical analysis

There are no prior studies investigating the expression of
bone remodelling genes in facet joint chondrocytes that
could be used for power analysis. We therefore analyzed
eight genes of interest from the current deep RNA
sequencing that met the criteria for both p-value and log
fold change (LogFC), including M-CSE, GM-CSE, IL1a,
IL1b, IL-6, IL-8, CXCL-1, CXCL-10. The estimated effect

size, expressed as Cohen’s d, was calculated using the for-

mula: d ~ 2@
N

total sample size). The range of estimated Cohen’s d for
the analyzed genes was between 1.23 and 2.50, indicating
a large effect size across all comparisons. For a desired
statistical power level of 80% and a significance level
(alpha) of 0.05, the estimated minimum sample size per
group (for a two-tailed hypothesis test) ranged from 4 to
12, depending on the specific effect size observed for
each gene (a-priori sample size calculator for student
t-Tests from Free Statistics Calculators version 4.0). For
the correlation of 3D parameters, our previous study
determined that a minimum of 16 facet joint pairs
needed to be analyzed for each parameter to observe the
desired effect [15].

The Shapiro—Wilk test was performed to assess the
normality of all datasets. When comparing two groups,
parametric data were analyzed using a two-tailed
unpaired t-test, while nonparametric data were ana-
lyzed using a two-tailed unpaired Mann—Whitney test.
For multiple comparisons involving more than two
groups, one-way ANOVA with Dunnett’s T3 multiple
comparisons test was used for parametric data, and the
Kruskal-Wallis test was applied for nonparametric data.
Spearman correlation analysis was applied to determine
the relationship between MCSF gene expression, carti-
lage morphological grading, and intervertebral angles
across all selected spinal levels. All statistical analyses
were calculated using GraphPad Prism 10. Significance
defined by *P<0.05, **P<0.01, **P<0.001, ****P<0.0001.

(p represents the p-value, and n is the
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Results

Gene expression profiling identified AlS-associated
regulatory gene networks

Deep RNA-seq was used to find differentially expressed
genes (DEGs) in facet joint chondrocytes from a limited
number of AIS and age-matched non-scoliotic individu-
als, as schematically depicted in (Fig. 1A). A volcano
plot of the complete set of 24,417 genes was generated
based on P value<0.05 and |Log2FC|>1 (Fig. 1B). 1426
genes were significantly Up-DEGs, in AIS chondrocytes,
whereas 2279 genes were significantly Down-DEGs
(Fig. 1C). The heatmap and principal component analysis
(PCA) visually present the expression pattern with a dis-
tinct separation between AIS and non-scoliotic control
samples (Fig. 1D, Supplementary Fig. 1B).

GO functional enrichment analysis determined path-
ways and biological processes implicated by the Up-DEGs
and Down-DEGs. Up-DEGs were enriched in signal-
ling pathways, with a particular emphasis on the Toll-
Like Receptor 2 (TLR2) (FDR=7.76E-03) and Toll-Like
Receptor 4 (TLR4) signalling pathways (FDR=1.88E-02).
Several interconnected pathways were present, including
the MAPK cascade (FDR=3.07E-06), NIK/NF-kappaB
signalling pathway (FDR =4.027E-03), cytokine-mediated
signalling pathway (FDR=3.51E-15), Chemokine-medi-
ated signalling pathway (FDR=3.06E-06) and MyD88-
dependent TLR signalling pathway (FDR=2.08E-03).
In concordance with the enriched pathways, a pro-
nounced enrichment of biological processes associated
with inflammation and cytokine production was evident
(Fig. 1E). Furthermore, GO terms linked to bone remod-
elling were enriched and exhibited remarkably high
FDR-adjusted p-value, including bone morphogenesis
(FDR=3.41E-06), ossification (FDR=8.62E-07), positive
regulation of osteoblast proliferation (FDR=1.06E-07),
osteoclast proliferation (FDR 1.01E-08), and bone tra-
becula formation (FDR=4.92E-10) (Fig. 1F). GSEA
analysis of the HALLMARK gene sets indicated that the
most prominent pathway was in inflammatory response,
with an enrichment score (ES) of 0.75. We also observed
a significant enrichment in pathways including IL-2/
STATS5 signalling (ES=0.66), IL-6 JAK/STAT3 signalling
(ES=0.76), apoptosis (ES=0.56), and TNF-alpha sig-
nalling (ES=0.61). The REACTOME gene set identified
pathways associated with matrix degradation, includ-
ing activation of matrix metalloproteinases (MMPs)
(ES=0.66), collagen degradation (ES=0.66), degradation
of ECM (ES=0.66), in addition to interleukin signalling
(ES=0.74), and chemokine receptor binding chemokines
(ES=0.74). Lastly, within the WIKIPATHWAY gene set,
we identified similar pathways linked to inflammation,
such as cytokines and inflammatory response (ES=0.74),
matrix metalloproteinases (ES=0.74), prostaglandin
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signalling (ES=0.74), and TLR signalling pathway
(ES=0.74) (Fig. 1G).

The PPI networks of the up-DEG network com-
prise 1146 nodes and 27,666 edges. Densely connected
gene clusters within the network were visualized using
MCODE v1.32 (Supplementary Fig. 1 A). The top three
clusters share KEGG pathways related to cytokines,
chemokines, and the TLR and NF«B pathways (Supple-
mentary Fig. 1C). Cluster 1 had the strongest FDR and
greatest number of enriched proteins, underscoring its
key role in the suggested pathways. To further explore
hub genes within Cluster 1, we utilized the CytoHubba
plugin for a detailed topological analysis, ranking genes
using scores such as Maximum Neighborhood Compo-
nent (MNC), Density of Maximum Neighborhood Com-
ponent (DMNC), and Maximal Clique Centrality (MCC).
As shown in Fig. 1H proteins are displayed in a gradient
from red to yellow. The top ten, ranked by MNC from
highest to lowest, are CXCL-1, TLR2, SELL, FCGR3,
AITGAX, CD274, CD163, IL-1A, CD40, CXCR3. Nota-
bly, TLR2 consistently ranked as a top hub gene across
multiple topological analyses.

Our in-depth transcriptomic analysis suggests the
involvement of TLR-related pathways in facet joint oste-
oarthritis (OA) and TLR-related genes with regulatory
roles in bone remodelling.

Validation of genes with function in bone turnover

We performed qPCR in a larger cohort of AIS and non-
scoliotic control chondrocytes to validate the suggested
association with the TLR pathway. In line with our pre-
vious publication, AIS chondrocytes had a significantly
higher baseline gene expression of TLR2 (FC=15.7,
p<0.0001), with no significant difference in TLR1, 4 and
6 expression in comparison to non-scoliotic chondro-
cytes (Supplementary Fig. 2).

The gene expression level of various downstream
cytokines and chemokines implicated in bone remod-
elling were significantly higher in AIS chondrocytes
at baseline, including the pro-osteoclastogenic fac-
tors, RANKL (FC=18.4, p=0.0006), M-CSF (FC=5.0,
p=0.0004), GM-CSF (FC=4.2, p=0.0007), IL-la
(FC=25.5, p<0.0001), IL-8 (FC=5.1, p=0.0010), IL-6
(FC=12.1, p=0.0257), CXCL-1 (FC=12.1, p=0.0198),
CXCL-10 (FC=8.5, p=0.0233), TNF-a (FC=4.0,

(See figure on next page.)
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p=0.0008). Among the assessed genes, IL-17 and INF-y
showed no differences between the two groups. Unex-
pectedly, the anti-osteoclastogenic factor OPG exhibited
a 5.9-fold higher expression, p=0.0029, in AIS chondro-
cytes (Fig. 2A).

The level of cytokines and chemokines in chondro-
cyte-conditioned culture media were measured using
multiplex ELISA, to determine if protein concentration
correspond with gene expression. (Fig. 2B) Consistent
with the RNAseq and qPCR data, a significant eleva-
tion of RANKL (FC=1.5 p=0.01), M-CSF (FC=2.2,
p=0.0158), GM-CSF (FC=1.3, p=0.0498), IL-l«
(FC=3.1, p=0.0185), IL-8 (FC=6.3, p=0.0285), CXCL-1
(FC=10.9, p=0.0347), IFN-y (FC=1.6, p=0.0182), and
TNF-a (FC=2.0, p=0.0262) were detected in CM from
AIS chondrocytes. IL-6 (FC=12.1, p=0.0536) showed
a trend of higher protein concentration in AIS chon-
drocytes but did not reach statistical significance. OPG,
CXCL-10 and IL-17 did not show a difference between
the two groups.

TLR activation-induced production of pro-osteoclastogenic
factors

Based on the GO analysis suggesting an involvement of
TLR-related pathways and pathways with regulatory
roles in bone remodelling, synthetic agonists for TLR 2
and 4 were applied to determine a potential link between
TLR activation and bone remodelling. TLR genes and
a panel of 40 cytokines and chemokines with a role in
bone remodelling were selected (Fig. 3A). Among these
genes, 30 are pro-osteoclastogenic (pro-OC), while
10 are anti-osteoclastogenic (anti-OC). Most pro-OC
genes exhibited a strong induction upon both TLR2
and TLR4 activation, with the overall fold induction
being, on average, higher compared to anti-OC genes.
This pattern suggests a shift in the secretory profile that
may favor osteoclastogenesis upon TLR activation. Spe-
cifically, MCSF, GMCSF, CXCL-5, CXCL-8, CXCL-10,
CXCL-12, CX3CL-1, CCL-2, CCL-3, CCL-4, CCL-
7,CCL-8,CCL-20, IL-1pB, IL-8, IL-6, and IL-15 showed
a statistically significant induction in response to both
agonists. Other pro-OC genes, while trending upwards,
did not reach statistical significance potentially due to a
high baseline expression in some patients. In contrast, no
anti-OC genes showed statistically significant induction

Fig. 2 Validation of TLRs and inflammatory factors with known function in regulating bone turnover. A Baseline gene expression of bone regulatory
cytokines in AIS (n = 10-11 age=15.4 +£0.9) and NSC (n = 12 age=27.7+7.7) facet joint chondrocytes. Data was analyzed using a two-tailed Mann-
Whitney U test. B Bone regulatory cytokines secretion in conditioned culture media from primary AlS (n = 7 age=15.1£0.8) and NSC chondrocytes
(n =7 age=27.6+6.7). Data was analyzed using a two-tailed t-test. Significance defined by *P< .05, **P< .01, ***P< .001,****P<0.0001. Figure layout

designed using the BioRender.com platform
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upon TLR activation. We also observed a statistically sig-
nificant induction in TLR2 gene expression in response
to TLR2 and TLR4 agonists.

A multiplex ELISA assay was conducted to capture
cumulative protein secretion. Protein secretion followed
gene expression with significantly higher cytokine con-
centration in conditioned media following TLR2 and
TLR4 activation (Fig. 3B). The TLR2-activated group dis-
played a wider range of values that frequently peaked at
higher levels than the TLR4-activated group. The factors
IL-1a, IL-6, IL-8 and OPG showed significantly higher
concentrations when comparing TL2 to TLR4-activation.

TLR-activated chondrocyte-conditioned media enhanced
osteoclast precursor proliferation

M-CSF and GM-CSF are pivotal regulators of osteoclast
precursor proliferation. Both were strongly implicated
in the GO analysis and in the subsequent gene and pro-
tein expression validated their expression. We therefore
assessed the effect of chondrocyte-CM (CCM) on osteo-
clast precursor proliferation. Metabolic activity of osteo-
clast precursor cells was measured after 48, 72 and 96
h of exposure to CCM or unconditioned culture media
(UCM) (Fig. 4A). We observed a 39% increase in meta-
bolic activity (p=0.002) in osteoclast precursors when
exposed to CM as early as 48 h. This trend was continu-
ously enhanced at the 72-h (63% increase, p=0.004) and
96-h time points (73% increase, p=0.003). The effect was
further enhanced when osteoclast precursor cells were
exposed to CM from AIS chondrocytes pre-activated
with TLR2 or 4 agonists (TLR2A-CCM, TLR4A-CCM).
Osteoclast precursor cells exposed to TLR2A-CCM
resulted in a 55% increase (p<0.001) and TLR4A-CCM
a 67% increase (p=0.004) after 48 h. The increase was
a 208%, in the TLR2-CCM group(p<0.001) and 200%
increase (p<0.001) TLR4A-CCM group at 72 h. By 96
h, the increase was 204% (p=0.002) in the TLR2A-CCM
group and 224% (p<0.001) in the TLR4-CCM group
(Fig. 4B, C, D). We then used a dye dilution assay to vali-
date that the increase in metabolic evaluation was due
to proliferation. A pronounced drop in dye intensity
was observed when osteoclast precursors were exposed
to CCM (40% decrease, p=0.0031). The reduction
was stronger and more significant when the osteoclast

(See figure on next page.)
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precursors were exposed to TLR2A- or TLR4A-CCM.
Specifically, TLR2A-CCM resulted in a 53% decrease
(»<0.0001), and TLR4A-CCM resulted in a 59% decrease
in fluorescence (p<0.0001). This decrease implies an
increased proliferation rate as the dye diminishes with
cell division (Fig. 4E, F). Collectively, the data revealed
that osteoclast precursors have an accelerated prolifera-
tion rate when exposed to CCM from AIS chondrocytes,
which was more robust and significant when the AIS
chondrocytes were pre-activated with TLR agonists.

TLR-activated chondrocyte-conditioned media enhanced
mature osteoclast formation

We then determined if the observed increased oste-
oclast precursor cell proliferation translated to an
enhanced formation of multinucleated mature osteo-
clasts. In vitro osteoclastogenesis is profoundly influ-
enced by cell density. In pilot experiments, exposure
to CCM from AIS chondrocytes led to an increased
number of TRAP™ mononuclear osteoclast precur-
sors. However, the over-confluency prevented multi-
nucleation. (Supplementary Fig. 4). We modified the
approach to exclude the potential artificial inhibitory
effect potentially arising from high confluency. Osteo-
clast precursor cells were exposed to CCM for 4 days;
they were then replated at a cell density optimal for
fusion (Fig. 5A). Within 1-3 days, multinucleation was
evident in all groups. We observed a slightly higher
density of multinucleated TRAP* osteoclasts in CCM-
treated wells, but the multinucleated TRAP™ osteo-
clast size remained smaller (Fig. 5B). Quantification of
multinucleated TRAP* cells showed that exposure to
CCM resulted in a 2.2-fold increase in the total number
of multinucleated osteoclasts (p=0.0076) compared
to UCM. Exposure to TLR-CCM resulted in an even
higher increase: 3.0-fold for TRL2A-CCM (p <0.0001)
and 3.1-fold for TLR4A-CCM (p =0.0002). The number
of multinucleated osteoclasts in the TLR2A-CCM and
TLR4A-CCM groups were higher than the CCM group
but did not reach statistical significance. (Fig. 5C).
Our results suggest that TLR activation of AIS-chon-
drocytes affects bone homeostasis by promoting
osteoclastogenesis.

Fig. 3 TLR activation-induced production of pro-osteoclastogenic factors. A The heatmap displays the fold induction for a gene panel of 40 bone
regulatory cytokines and TLR 1,2,4, 6 following pre-treatment with TLR2 agonist (TLR2-A) and TLR4 agonist (TLR4-A) in primary chondrocytes (n = 6).
Red colour indicates an upregulation, while blue represents a suppression of the gene expression. “X"means the gene expression was not detected.
Data was analyzed using a two-tailed Mann-Whitney U test. B Bone regulatory cytokine secretion analysis of chondrocyte conditioned media
collected 4 days after TLR2 or 4 activation (n=8). Data was analyzed using Kruskal-Wallis test. Significance defined by *P< .05, **P< .01, ***P< .001,

***¥Pp<0.0001. Figure layout designed using the BioRender.com platform
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Fig.4 TLR-activated chondrocyte-conditioned media enhanced osteoclast precursor proliferation. A Schematic overview of the experimental
setup for monitoring proliferation during osteoclastogenesis. B-D Metabolic activity of osteoclast precursor cells 24-96 hours after exposure

to CCM, with or without pre-activation by TLR2 or TLR4 agonists. Data was analyzed using ANOVA with Dunnett’s T3 multiple comparisons

test E. Representative histogram of CellTrace Violet dye-labelled osteoclast precursors cultured for 4 days with or without exposure to CCM,
TLR2-CCM, or TLR4-CCM. F Quantification of the geometric mean of CellTrace Violet dye fluorescent intensity. (Patients CM n=7, Mice batchn=2).
Data was analyzed using Kruskal-Wallis test. Significance defined by *P < .05, **P < .01, ***P < .001, ****P<0.0001. Figure layout designed using
the BioRender.com platform
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Increased M-CSF gene expression correlated with more
severe OA and greater intervertebral rotation

As M-CSF was expressed at a significantly higher level
in AIS chondrocytes compared to non-scoliotic control
cells and based on our previous finding of more severe
OA appearing above and below the apex, we set out to
analyze if the elevated M-CES expression correlated with
OA severity and intervertebral rotation at these spe-
cific locations [14, 15]. Facet joint chondrocytes were
isolated from the levels as indicated in Fig. 6A. M-CSF
gene expression was higher above and below the apex,
3.2-times (p<0.0001) higher above and 1.8-times higher
(p=0.0192) below the apex(Fig. 6B). A higher M-CSF
expression coincided with a significantly higher degen-
eration grade, 1.2 grade higher at above (p <0.0001) and
1.1 grade higher at below (p<0.0001) (Fig. 6C). In line
with our previous study, axial intervertebral rotation was
higher above and below the apex, 5.9 degrees (p <0.0001)
above and —4.2 degrees (p<0.0001) below the apex

(Fig. 6D). Further, the Spearman correlation revealed
that the M-CSF expression correlates with morphological
grade and axial intervertebral rotation but not with sagit-
tal and coronal intervertebral angle (Fig. 6E, F).

Discussion

Subchondral bone deterioration is a hallmark of OA
and manifests with a loss of underlying bone in the early
stage, and sclerosis in the later stages. Our prior study
showed a significant correlation between the severity of
cartilage degeneration and the reduction of subchon-
dral bone quality in facet joints of AIS patients like that
found in early OA of adult patients [15, 27]. A simi-
lar association was found in the lumbar facet joints in
a mouse model of facet joint OA [28]. Collectively, the
pathological alterations in cartilage and bone may nega-
tively impact the growth modulation of the facet joints,
resulting in reduced rotational stability of the spine and
possibly contributing to the progression of scoliosis [15].
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The interplay between cartilage and bone, particularly
through subchondral pores, has been implicated in adult
knee and hip OA [17, 21, 29], however, the mechanism
remains unexplored in facet joints of young patients
with AIS. Our study indicates that the TLR-M-CSF axis
is strongly implicated in facet joint chondrocytes of AIS
patients and as such may drive osteoclast proliferation
and maturation, resulting in increased bone turnover.
TLR activation, triggered by damage-associated molec-
ular patterns (DAMPs), has been linked to OA pathogen-
esis in the knee, hip, and facet joints, where it is proposed
to induce the production of pro-inflammatory mediators
and proteases that drive tissue degradation [24, 30]. The
current study discovered 1,426 DEGs significantly upreg-
ulated in AIS facet joint chondrocytes. Many of these
genes were enriched in the TLR2 and 4 pathways along
with chemokine/cytokine-mediated pathways. TLR2 was

identified as a key hub gene within the highest-ranked
PPI network cluster, highlighting its crucial role in car-
tilage degeneration in AIS. The results reinforce find-
ings from our earlier studies [24] Those studies identified
endogenous TLR agonists (alarmins) and determined
that TLR2 gene expression was elevated in AIS facet
joint cartilage and although TLR4 was not elevated it was
robustly expressed and responsive to trigger [24].
Osteoarthritic chondrocytes produce a spectrum of
pro-inflammatory mediators with known direct and indi-
rect functions in osteoclasts [22, 23, 31, 32]. In line with
previous studies, the current RNAseq analysis indicated
higher levels of bone regulatory cytokines/chemokines
in AIS chondrocytes. This finding was further sup-
ported by qPCR and ELISA confirming the upregula-
tion of RANKL, M-CSF, GM-CSE, IL-1, IL-6, IL-8, IL-17,
CXCL-1, CXCL-10, and TNFa. Importantly, RANKL
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and M-CSF are crucial factors for osteoclastogensis [33].
Although it has previously been shown, by us and others,
that IL-1, IL-6, and IL-8 are downstream targets of TLR
activation [24, 30], the link between TLR activation and
the additional factors influencing bone regulation was
previously unexplored in AIS. We found that pro-osteo-
clastogenic genes were more robustly upregulated than
anti- osteoclastogenic genes following TLR activation.
This suggests a shift in the secretory profile towards pro-
osteoclastogenesis, a phenomenon similarly observed in
bone loss linked to other inflammatory conditions [34].
We confirmed the protein levels of 14 factors; all except
one showed a significantly increased protein concen-
tration following TLR activation, consistent with gene
expression results. TLRs display a distinct expression pat-
tern in OA cartilage based on the joint type [35]. Accord-
ing to Bisson et al., TLR2 is expressed at higher levels
than TLR1, TLR4, and TLR6 in AIS facet joints when
compared to non-scoliotic facet joints [24]. Although
expressed at different levels, there was no significant dif-
ference in the induction of bone-regulating cytokines fol-
lowing TLR2 and TLR4 activation with specific agonists.
Despite their different ligand specificities and dimeriza-
tion patterns, both TLR2 and TLR4 trigger similar down-
stream signalling pathways that lead to NF-«B activation
and may explain the similarity in the secretory profile fol-
lowing activation [36].

M-CSF is an essential cytokine promoting differentia-
tion and survival of monocytes/macrophages. It is usually
secreted by immune cells including neutrophils and mac-
rophages in response to TLR-driven microbicidal activ-
ity. Our study is the first to demonstrate its induction in
articular chondrocytes following TLR2 or TLR4 activa-
tion [37]. Some studies suggest that increased M-CSF
expression in OA cartilage may stimulate proteoglycan
production in a potential attempt to protect the cartilage
[38—41]. However, M-CSF is a multifunctional cytokine
and a key factor for the proliferation and survival of oste-
oclast precursors. The increased expression of M-CSF in
AIS facet joint cartilage could also allow M-CSF diffusion
through subchondral pores, promoting osteoclast prolif-
eration and maturation [42]. Here, we demonstrated that
conditioned media from AIS chondrocytes enhanced
osteoclast precursor proliferation. The effect was intensi-
fied when the chondrocytes were preactivated with TLR2
or TLR4 agonists [42—44] and multinucleated osteoclasts
were significantly increased after exposure to AIS-CCM.
This effect was further amplified when the chondrocytes
were preactivated with TLR2 or TLR4 agonists and may
be a direct result of the higher M-CSF concentration in
CCM from TLR-activated AIS chondrocytes.

We and others have previously shown that cartilage
and subchondral bone deterioration varies across the
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scoliotic spine [8, 14, 45, 46]. While the TLR-MCSF axis
appears to boost osteoclast proliferation and differentia-
tion in vitro, our current study does not address osteo-
clast activity in intact facet joints across the scoliotic
spine, representing a limitation of our research. Tech-
nical challenges of inconsistent TRAP enzyme activity
affected by fixation and decalcification make osteoclast
quantification by histology difficult in intact human facet
joints. We, therefore, resorted to evaluating M-CSF gene
expression as an indirect measure of osteoclast activity.
The levels were selected based on the study by Bisson
et al., which showed more severe OA and greater axial
rotation 2—4 levels above and below the apex [15]. We
found a consistent and positive correlation between OA
score and degree of intervertebral rotation in this cohort
of patients. MCSF expression levels were not correlated
with sagittal or coronal angles. There was also no signifi-
cant correlation between baseline M-CSF expression and
Cobb angle in this cohort (Supplementary data 6). Col-
lectively, the gene expression pattern of M-CSF may sug-
gest a higher bone turnover rate in facet joints above the
apex where OA score and intervertebral rotation is the
greatest.

There are no widely accepted animal models that
spontaneously develop scoliosis. While some transgenic
mouse models develop scoliosis, they do so inconsist-
ently, and the modified gene is typically only found in a
small fraction (less than 10%) of AIS patients. Addition-
ally, induced scoliosis models—such as those based on
amputation or forced upright posture in mice, primar-
ily affect the lumbar region, they are ethically question-
able and may not fully recapitulate the characteristics of
human AIS. In human patients, we can only analyze the
facet joints when removed to allow for curve correction.
It is, therefore, not possible to conduct time-point studies
in humans and without an animal model, it is challenging
to determine whether OA precedes intervertebral rota-
tion or arises as a consequence. According to the “vicious
cycle” theory proposed by Stokes, asymmetrical forces
lead to asymmetrical growth and progressive deformity,
which in turn amplify the forces over time and accelerate
curve progression. These forces can contribute to OA and
affect the entire joint, potentially influencing rotation. As
rotation increases and deformity worsens, OA may also
progress, further reinforcing this mutual relationship.

The relationship between cartilage and bone is insepa-
rable in the progression of OA. The TLR-M-CSF axis may
function as a double-edged sword and provide a pro-
tective role in the early stage of facet joint OA. In later
stages when the protective mechanism is insufficient to
prevent OA progression M-CSF may diffuse through the
subchondral pores and disrupt bone homeostasis. Such
disruptions and continued adverse asymmetrical loading
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may exacerbate OA severity [14, 47], and drive growth
modulation with modifications of facet joint size and
shape [8, 15, 45]. Together, it may further decrease spi-
nal stability and increase vertebral rotation, tilting, and
concave lordosis, thus fueling the vicious cycle of curve
progression [48]. Understanding the molecular interplay
between cartilage and bone could indicate potential ther-
apeutic targets to reduce AIS progression. One potential
target is TLR inhibitors that may decrease the inflam-
matory and degenerative environment in AIS cartilage,
thereby reducing the negative impact on the subchondral
bone.

Conclusion

Secreted factors from AIS chondrocytes enhance osteo-
clast proliferation and maturation and may result in
increased bone turnover. M-CSF expression was strongly
correlated with increased OA severity and a greater
degree of intervertebral axial rotation in facet joints
above and below the apex. Together, our findings suggest
that the TLR-M-CSF axis is implicated in osteoclastogen-
esis, resulting in increased bone turnover and may con-
tribute to curve progression in AIS patients.
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