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Aims During atherosclerosis, smooth muscle cells (SMCs) accumulate in the intima where they switch from a contractile
to a synthetic phenotype. From porcine coronary artery, we isolated spindle-shaped (S) SMCs exhibiting features of
the contractile phenotype and rhomboid (R) SMCs typical of the synthetic phenotype. S100A4 was identified as a
marker of R-SMCs in vitro and intimal SMCs, in pig and man. S100A4 exhibits intra- and extracellular functions. In
this study, we investigated the role of extracellular S100A4 in SMC phenotypic transition.

....................................................................................................................................................................................................
Methods
and results

S-SMCs were treated with oligomeric recombinant S100A4 (oS100A4), which induced nuclear factor (NF)-jB acti-
vation. Treatment of S-SMCs with oS100A4 in combination with platelet-derived growth factor (PDGF)-BB induced
a complete SMC transition towards a pro-inflammatory R-phenotype associated with NF-jB activation, through
toll-like receptor-4. RNA sequencing of cells treated with oS100A4/PDGF-BB revealed a strong up-regulation of
pro-inflammatory genes and enrichment of transcription factor binding sites essential for SMC phenotypic transi-
tion. In a mouse model of established atherosclerosis, neutralization of extracellular S100A4 decreased area of ath-
erosclerotic lesions, necrotic core, and CD68 expression and increased a-smooth muscle actin and smooth muscle
myosin heavy chain expression.

....................................................................................................................................................................................................
Conclusion We suggest that the neutralization of extracellular S100A4 promotes the stabilization of atherosclerotic plaques.

Extracellular S100A4 could be a new target to influence the evolution of atherosclerotic plaques.
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1. Introduction

In atherosclerosis, smooth muscle cells (SMCs) accumulate in the intima
where they undergo a transition from a contractile to a synthetic pheno-
type. This phenomenon includes a process of cell dedifferentiation char-
acterized by altered expression of contractile proteins, as well as
increased production of extracellular matrix components. During the
last two decades, synthetic SMCs have been considered as beneficial
players in atherosclerotic plaque development essentially by contributing
to fibrous cap formation that protects plaques from rupture. However,
SMCs exhibit remarkable plasticity. Dependent on environmental cues/
signals, SMCs can acquire inflammatory cell properties1–4 and give rise to
macrophage-like cells in the atherosclerotic plaque microenvironment.
In human coronary artery atherosclerotic plaques, at least 50% of foam
cells derive from SMCs.5 Moreover, about 40% of macrophages, identi-
fied by CD68 specific marker, express a-smooth muscle actin (a-SMA)
and not CD45, a leukocyte specific lineage marker; hence these cells are
suggested to derive from SMCs.5,6 In human coronary arteries, �30% of
macrophage marker-positive cells derive from SMCs,7 as shown by using
the specific epigenetic SMC marker, H3K4me2. By generating SMC line-
age tracing apolipoprotein E-knockout (ApoE�/�) mouse, Owens and
collaborators7 have shown that, in advanced atherosclerotic lesions,
80% of SMCs were undetectable with the classical SMC markers and,
among these 80%, 30% express macrophage-like cell markers.
Moreover, Francis and collaborators have recently demonstrated in
ApoE�/�mice that a large part of foam cells were derived from SMCs.6

We isolated morphologically distinct SMC populations from porcine
coronary artery, spindle-shaped (S) and rhomboid (R), typical of the con-
tractile and synthetic phenotype, respectively.8 We identified S100A4 as
a marker of the SMC synthetic phenotype in vitro (i.e. R-phenotype) and
of intimal SMCs in vivo in pigs and humans,9–11 later confirmed by other
groups.12–16 Furthermore, S100A4, also known as fibroblast-specific
protein-1, is expressed by cancer cells, fibroblasts, and various inflamma-
tory cells, including macrophages.17,18 For instance, in infarcted and
pressure-overloaded myocardium induced in the GFP-expressing trans-
genic mice under the S100A4 promoter, S100A4 is expressed by various
cell types, including fibroblasts, vascular cells, and inflammatory leuco-
cytes.19 S100A4 belongs to a large family of low-molecular weight
calcium-binding S100 proteins characterized by a pair of EF-hands and
exhibits both intra- and extracellular functions. Seminal studies demon-
strated that intracellular S100A4 is correlated with poor cancer progno-
sis in humans and is a mediator of cancer metastasis through
cytoskeleton rearrangement, p53 regulation, Wnt/b-catenin, and AKT
pathways.17,18 Extracellular S100A4 is present in tumour interstitial fluid
of human breast cancer biopsies.20,21 as well as in fluid and plasma from
patients with rheumatoid arthritis,22 idiopathic inflammatory myopa-
thies,23 and systemic lupus erythematosus.24 Extracellular S100A4 trig-
gers not only the metastatic potential of cancer cells but also pro-
inflammatory processes. It has recently been shown that it is a potent ac-
tivator of inflammatory molecules, such as serum amyloid A (SAA),
granulocyte-colony stimulating growth factor (G-CSF), interleukine (IL)-
1, IL-6, tumour necrosis factor (TNF)-a, and matrix metalloproteinases

Graphical Abstract

142 A. Sakic et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
(MMPs).18 In vitro, the functional extracellular S100A4 exhibits an oligo-
meric conformation.25 A number of receptors associated with pro-
inflammatory pathways as the receptor for advanced glycation end prod-
ucts (RAGE), a member of the immunoglobulin superfamily, toll-like re-
ceptor-4 (TLR4), and epidermal growth factor receptor (EGFR) have
been described as receptors for S100A4.26–29 We have recently shown
that extracellular S100A4-rich conditioned medium (CM, collected from
SMCs transfected with S100A4-containing plasmid) induced an S- to R-
phenotype transition associated with RAGE up-regulation, NF-jB activa-
tion, and changes in the expression of MMPs and their inhibitors.30

In this study, we aimed at deciphering the role of extracellular S100A4
in the phenotypic transition of SMCs and explored the effects of S100A4
neutralization in vivo on established atherosclerotic plaques.31 We show
that oligomeric S100A4 (oS100A4) in synergy with platelet-derived
growth factor (PDGF)-BB (a well-known factor responsible for SMC de-
differentiation)1–4 induce a complete SMC transition towards an R-phe-
notype. This is associated with NF-jB activation and substantial pro-
inflammatory response through TLR4. In vivo, neutralization of extracel-
lular S100A4 decreases plaque area and promotes plaque stabilization,
characterized by increased expression of a-SMA and smooth muscle
myosin heavy chains (SMMHCs) as well as decreased expression of
CD68 in the intima.

2. Methods

2.1 Animals
All animal studies were performed after approval by the Swiss Federal
Veterinary Office and were in accordance with the established Swiss
guidelines and regulations. These animal studies conform to the guide-
lines from Directive 2010/63/EU of the European Parliament on the pro-
tection of animals used for scientific purposes. ApoE�/� mice on a
C57BL/6J background, known to develop atherosclerotic lesions under
high cholesterol diet (HCD), were purchased at Charles River
Laboratories (France) and were further bred in our animal facility. All
mice were kept in conventional housing. Fourteen-week-old ApoE�/�

mice were fed with HCD (1.25% cholesterol, 0% cholate; Research
Diets Inc.) for 9 weeks. During the last 3 weeks of HCD, mice were
injected intraperitoneally three times per week with 7.5 mg/kg of a neu-
tralizing mouse monoclonal IgG1 antibody specific for S100A4 (clone
6B12, n = 11)32 or with the corresponding mouse monoclonal IgG1 iso-
type control (clone MOPC-21, BioXcell, n = 12) at the same concentra-
tion. Usual anaesthetic agent ketarom (10 mg/kg xylazine mixed with
100 mg/kg ketamine, 0.1 mL/20 g) was injected intraperitoneally at 2.5
times higher concentration (0.25 mL/20 g) to euthanize mice. Blood was
collected by cardiac puncture and serum samples were prepared for lipid
level and SAA analysis. Mice were bled by right atrium transection fol-
lowed by perfusion with 0.9% NaCl solution through the left ventricle.
Aorta and heart were collected. Thoracic-abdominal aortas were fixed
in 4% paraformaldehyde (PFA, Fluka) overnight at 4�C and then rinsed
with phosphate-buffered saline (PBS). Aortic roots were embedded in
OCT compound (Tissue-Tek), snap-frozen, and prepared as 4mm thick
sections for further analysis.

2.2 Cell culture and treatment
Coronary arteries of 8-month-old pigs were obtained from a nearby
slaughterhouse. S-SMCs were isolated from the porcine coronary artery
media by using enzymatic digestion.8 SMCs between the 6th and 11th
passages were plated at a density of 60 cells/mm2 in 35 mm culture

dishes containing Dulbecco’s-modified eagle medium (DMEM Glutamax,
Gibco-Invitrogen) supplemented with 10% foetal calf serum (FCS,
Amimed, Bioconcept). Each experiment was performed with biological
triplicates (individual cell populations were isolated from different
animals).

For the preparation of control CM and S100A4 rich-CM,30 transfec-
tion with pcDNA3-empty vector or pcDNA3-S100A4 vector (1lg/mL),
respectively, was performed on adherent SMCs by using Lipofectamine
2000 (2lL/mL, Gibco-Invitrogen) in OptiMEM (Gibco-Invitrogen). After
6 h, the medium was replaced with DMEM containing 10% FCS for 48 h.
The medium was not changed during the time of the experiments.
Medium of S-SMC transfected with pcDNA3-empty or pcDNA3-
S100A4 vector for 48 h was used as source of CM. S-SMCs used as tar-
get cells were plated at a density of 60 cells/mm2 in 60 mm culture dishes
for 24 h. The culture medium was replaced by the fresh CM collected
from S-SMCs transfected with pcDNA3-empty or pcDNA3-S100A4
vector for 96 h. CM-treated S-SMCs were fixed for immunostaining or
processed for protein and RNA extraction.

Human recombinant N-terminal His-tagged S100A4 was produced in
a bacterial expression system and purified by affinity chromatography.
Different fractions of S100A4 conformations were isolated by size exclu-
sion chromatography. The fraction corresponding to molecular masse of
22 kDa is considered as dS100A4, while pooled fractions from 44 to
200 kDa as oligomeric S100A4 (oS100A4).25 Twenty-four hours after
plating, S-SMCs were treated with (i) 30 ng/mL of human recombinant
PDGF-BB (Sigma), (ii) 1mg/mL of human dS100A4 or oS100A4,25 (iii)
PDGF-BB plus dS100A4 (PDGF-BB/dS100A4), or PDGF-BB plus
oS100A4 (PDGF-BB/oS100A4) for 1 h for NF-jB activation experi-
ments, 4 h for RNA sequencing, and 96 h to follow phenotypic changes
of SMCs. To neutralize the activity of oS100A4, S-SMCs were treated
with a mix of oS100A4 (1mg/mL) and neutralizing S100A4 antibody
(clone 6B12, 5mg/mL). All materials (recombinant PDGF-BB, S100A4
and neutralizing S100A4 antibody) were tested for the presence of
endotoxins by using the Pierce LAL Chromogenic Endotoxin
Quantitation Kit (ThermoFischer Scientific) according to the manufac-
turer’s protocol. We confirmed the absence of endotoxins in all
samples.33

2.3 Protein content per cell
After counting the cells by using a haemocytometer, the protein content
was determined by using BCA protein assay (Pierce) according to the
manufacturer’s protocol. The protein content per cell was calculated by
dividing the total protein content by the total number of cells

2.4 Blood analysis
Total cholesterol and triglyceride levels were measured in mouse serum
samples after HCD using a Cobas C111 (Mouse Metabolic Facility of
Center for Integrative Genomic, University of Lausanne, Switzerland).
SAA levels in serum samples were assessed by using the Mouse SAA
ELISA kit (Thermo Fisher Scientific) according to manufacturer’s
instructions.

2.5 Sudan-IV staining
Thoracic-abdominal aortas were incubated overnight in Sudan-IV solu-
tion for lipid deposition analysis.34 The vessels were opened longitudi-
nally and images were taken with a Nikon SMZ1000 stereomicroscope
equipped with a Nikon 1 J5 camera. The extent of atherosclerotic lesions
was determined by using the image processing program ImageJ v1.49
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software (NIH, http://rsb.info.nih.gov/ij/). The atherosclerotic positive
area was defined by dividing the Sudan-IV-positive area with the total
area of the thoracic-abdominal aorta.

2.6 Histology
Haematoxylin and eosin, as well as Sirius red staining for collagen deposi-
tion were performed on aortic root cryosections.35 Sirius red-stained
slides were scanned by a fully automated Axio Scan.Z1 equipped with a
Plan-Apochromat 20�/0.8 objective M27 (Carl Zeiss) and analysed by
the ImageJ v1.49 software. The cross-sectional area of the intima was
manually drawn, whereas the Sirius red staining was automatically
detected. Results were calculated as area of immunostaining/total intima
area.

2.7 Immunofluorescence staining
Double-immunofluorescence staining was performed on adherent
SMCs and mouse cryosections of aortic roots. Primary antibodies, in-
cluding homemade anti-a-SMA36 and anti-S100A4,9 are listed in
Supplementary material online, Table S1. Cells and cryosections were
fixed for 15 min in 1% PFA, then rinsed in PBS, and further incubated for
5 min in ice-cold methanol for most of the antibodies except for anti-
CD68 antibody, for which cryosections were fixed in ice-cold acetone
for 5 min. Staining with anti-cleaved caspase-3 required the fixation in 1%
PFA for 15 min, followed by permeabilization with 0,1% Triton X-100
for 2 min. After washing in PBS, cells and cryosections were stained with
the primary antibody followed by FITC-conjugated goat anti-mouse
IgG2a, rhodamine-conjugated goat anti-mouse IgG1, rhodamine-
conjugated goat anti-mouse IgM, FITC- or rhodamine-conjugated goat
anti-rabbit IgG (Southern Lab), and fluorescein rabbit anti-rat IgG anti-
body (Vector Laboratories). Nuclei were stained with DAPI (Sigma).
Slides were mounted in buffered polyvinyl alcohol.

Images of cells were taken on Axioskop 2 microscope (Carl Zeiss)
equipped with an oil plan-neofluar�40/1.4 objective and a high sensitiv-
ity, high-resolution digital colour camera (Axiocam, Carl Zeiss) by using
the ZEN program (Carl Zeiss). Immunostainings of aortic root cryosec-
tions were scanned with a fully automated Axio Scan.Z1 equipped with a
Plan-Apochromat 10�/0.8 objective M27 (Carl Zeiss) and processed by
using Adobe Photoshop. Quantification was performed by using ImageJ
v1.49 software. Cross-sectional areas of the intima were manually
drawn, whereas the positive cells within the cross-sectional area were
automatically discriminated from the unstained portions of the speci-
mens according to red, green, and blue components. Results were calcu-
lated as the area of immunostaining/total intima area. In addition, the
necrotic core was identified as the region lacking DAPI-positive nuclei
and was manually drawn. Results were calculated as area of necrotic
core/total intima area.

2.8 Small-interfering RNA
Specific siRNA targeting the coding sequence of porcine TLR4 (TLR4
siRNA) from nucleotide position 1947 to 196737 and RAGE (RAGE
siRNA) from nucleotide position 469 to 48730 were selected; Silencer
Negative Control No. 1 scramble siRNA (Thermo Fisher Scientific) was
used as a negative control. Transfection of siRNA (120 nM for TLR4 and
160 nM for RAGE) was performed on adherent SMCs by using
Lipofectamine 2000 (2lL/mL, Gibco-Invitrogen) in OptiMEM (Gibco-
Invitrogen). After 6 h, the medium was replaced with DMEM containing
10% FCS. Forty-eight hours post-transfection, treatments with PDGF-
BB, oS100A4, or PDGF-B/oS100A4 were performed for 1 h (to assess

NF-jB activation). Cells were fixed and processed for immunofluores-
cence staining or harvested for Western blotting and real-time PCR.

2.9 Protein extraction, electrophoresis, and
Western blotting
SMCs were trypsinized and proteins were extracted as previously de-
scribed.9 Proteins were separated by SDS–PAGE on 12% mini gels (Bio-
Rad) and stained with Coomassie brilliant blue (R250, Fluka). For
Western blotting (see Supplementary material online, Table S1, for anti-
bodies), 1 lg of proteins for a-SMA and 12lg of proteins for total and
phospho-NF-jB were electrophoresed and transferred to a nitrocellu-
lose membrane (ProtranVR 0.2lm; Schleicher and Schuell). About 12lg
of proteins for S100A4 were electrophoresed and transferred on PVDF
membrane (0.45 lm, ImmobilonTM-P, Millipore Corporation). a-Tubulin
was used as a housekeeping protein. Horseradish peroxidase-
conjugated goat anti-mouse IgG or IgM and goat anti-rabbit IgG were
used as secondary antibodies. Enhanced chemiluminescence was used
for detection (Amersham). Signals were digitized with Epson perfection
4990 photo scanner and analysed by using ImageJ v1.49 software. Results
were normalized to tubulin expression.

2.10 RNA extraction, reverse-
transcription, and real-time quantitative
PCR
Total RNA was extracted from treated SMCs by using the NucleoSpin
kit (Macherey-Nagel) and processed for reverse transcription and real-
time SYBR Green fluorescent PCR. The cDNA was synthesized from to-
tal RNA with random hexamers and TAKARA Reverse Transcription
(Gibco-Invitrogen). Reverse transcription was performed at 37�C for
15 min and then at 85�C for 5 s. The forward and reverse primers
(Sigma) used in experiments are listed in Supplementary material online,
Table S2. Real-time SYBR Green fluorescent PCR was performed in an
iCycler iQVR Real-TimePCR Detection System (Bio-Rad) in a final volume
of 10lL comprising 5 lL of cDNA. Each couple of primers was used at a
final concentration of 0.86lM. Denaturation was performed for 10 min
at 95�C and then DNA was amplified for 40 cycles of 15 s at 95�C, 45 s
at 60�C, and 5 min at 72�C followed by 70 cycles of 10 s from 60�C to
95�C (þ0.5�C/cycle) for the dissociation curve. Amplifications were re-
peated in triplicates. Results were normalized to amplified GAPDH tran-
scripts in the same samples and were expressed as fold-change vs. the
corresponding control.

2.11 Microarray analysis
To select the appropriate time point to perform microarray analysis, S-
SMCs were treated with CM containing or not extracellular S100A4 for
0.5, 1, 2, 4, and 24 h. Then, RNA was isolated as described above to as-
sess mRNA expression of several genes that are well known to be up-
regulated (PDGF-BB and c-Myc) or down-regulated SM22-a during
SMC phenotypic modulation.1–4 The time point of 4 h was selected to
perform a porcine microarray analysis by using MessageAmpTM II-Biotin
Enhanced kit (Ambion). Experiments were performed with cells isolated
from three different animals. Quality of the samples was verified by using
the Agilent 2100 Bioanalyzer with the Agilent RNA 6000 Nano Kit
(Agilent Technologies). Complementary RNAs from S-SMCs were gen-
erated and labelled by using the GeneChip Porcine genome array
(Affymetrix). Samples were hybridized to a porcine array (Affymetrix).
The resulting expression data were normalized with the Partek
Genomics Suite (Partek) and analysed by ANOVA test. Bioinformatics
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analysis was performed by using Kyoto Encyclopedia of Genes and
Genomes (KEGG) database.

2.12 Luciferase assay
S-SMCs were transfected with pNFkB Tluc16-DD Vector for Luciferase
Assays (0.5lg/mL), by using Lipofectamine 2000 (2lL/mL, Gibco-
Invitrogen) in OptiMEM (Gibco-Invitrogen). After 6 h, cells were trypsi-
nized, resuspended in complete media, and 20 000 cells/well were
replated in a 96-well plate. After 36 h, cells were treated with (i) 30 ng/
mL of PDGF-BB, (ii) 1mg/mL of oS100A4, or (iii) PDGF-BB/oS100A4 for
1 h to activate NF-jB. TurboLuc One-Step Glow Assay (Thermo
Fischer Scientific) was performed according to the manufacturer’s proto-
col. The luciferase signal was detected by using the POLARstar Omega
plate reader (BMG Labtech).

2.13 RNA sequencing
Cells were treated with PDGF-BB, oS100A4, and PDGF-BB/oS100A4
for 4 h, the same time point selected for microarray data, and total RNA
was extracted by using the NucleoSpin kit (Macherey-Nagel).
Experiments were performed with cells isolated from three different ani-
mals. Quality of the samples was verified by using the Agilent 2100
Bioanalyzer with the Agilent RNA 6000 Nano Kit (Agilent
Technologies). cDNA libraries were constructed by the Genomic plat-
form of the University of Geneva by using the Illumina TruSeq RNA sam-
ple Preparation Kit according to the manufacturer’s protocol. Libraries
were sequenced by using single-end (100 nt-long) on Illumina
HiSeq2000. Mapping was performed by using STAR version 2.4.0j. Only
reads that were mapped once to the genome were considered for the
read allocation to genomic features. Library size normalizations and dif-
ferential gene expression calculations were performed by using the pack-
age edgeR.38 The fold-change and the Benjamini–Hochberg corrected P-
value thresholds were set to 2 and 0.05, respectively. Gene set enrich-
ment analysis was used to predict up- or down-regulated biological
pathways.39

2.14 Transcription factor binding site
enrichment
Transcription factor binding site (TFBS) enrichment Pscan was used to
identify potential TFBSs (JASPAR database) that are overrepresented be-
tween nucleotides -1000 andþ500 relative to the transcription start site
(http://159.149.160.51/pscan/). TFBSs with P-values <0.05 were consid-
ered to be significantly overrepresented.40,41

2.15 Statistical analysis
Statistics were performed in Graph Pad Prism 8, by using the two-tailed
unpaired Student’s t-tests with a confidence level of 95%. Multiple group
comparisons were performed by using one-way ANOVA, followed by
Tukey’s multiple comparison test. Results are shown as mean ± SEM.
Differences were considered statistically significant at values of P <_ 0.05.

3. Results

3.1 S-SMCs treated with S100A4-rich CM
acquire pro-inflammatory properties
Using a proteomic approach, we previously identified S100A4 as a
marker of R-SMCs (the synthetic phenotype) in vitro in porcine coronary
artery and of intimal SMCs in vivo in both pigs and humans.9,10 More

recently, we have shown that S-SMCs treated with S100A4-rich CM
(collected from SMCs transfected with S100A4-containing vector) ac-
quired an R-phenotype associated with NF-jB activation and changes in
expression of proteolytic enzymes and inhibitors.30 To further study the
role of extracellular S100A4 on SMC phenotypic transition in porcine
SMCs, we performed a microarray analysis of S-SMCs treated with
S100A4-rich or control CM. To select the most appropriate duration of
treatment, we treated S-SMCs (n = 3) with S100A4-rich or control CM
for 0.5, 1, 2, 4, and 24 h and assessed mRNA expression of several genes
that are well known to be up-regulated (PDGF-BB and c-Myc) or down-
regulated (SM22-a, i.e. transgelin) during SMC phenotypic transition.1–4

Real-time PCR demonstrated that the most important changes were
detected in S-SMCs treated with extracellular S100A4-rich CM for 4 h.
This time point was selected to carry out the microarray analysis
(Supplementary material online, Figure S1). The microarray analysis
showed marked differences in gene expression between the two condi-
tions, which were reproducible and statistically accurate: 82 genes
showed 2- to 6-fold reduction and 195 genes exhibited 2- to 30-fold in-
crease in expression upon S100A4-rich CM treatment as compared
with the control CM (n = 3). Among those genes, 23 showed more than
two-fold increase and were involved in cell motility or inflammatory
responses. The granulocyte macrophage colony-stimulating factor (GM-
CSF) was the most up-regulated gene (30.38-fold increase) in this analy-
sis. The most differentially expressed genes are shown in Supplementary
material online, Table S3. Bioinformatic analysis using the KEGG database
demonstrated that the majority of activated signalling pathways was re-
lated to inflammation, including the NF-jB and TLR pathways. These
results show that SMCs treated with S100A4-rich CM acquire pro-
inflammatory properties.

3.2 Oligomeric S100A4 in combination
with PDGF-BB promotes SMC phenotypic
transition
To decipher the specific role of extracellular S100A4 in the phenotypic
changes observed in SMCs after treatment with S100A4-rich CM, we
treated porcine S-SMCs (n = 3), which exhibit the classical ‘hill and valley’
pattern,8 with dimeric S100A4 (dS100A4) and oS100A425 alone or in
combination with PDGF-BB for 4 days. By phase-contrast microscopy,
PDGF-BB-treated S-SMCs appeared thinner in shape (Figure 1A). As
expected, PDGF-BB significantly increased the proliferation of SMCs
(Figure 1B). By immunofluorescence staining (Figure 1A) and Western
blotting (Figure 1D and F), we observed an increase of intracellular
S100A4 expression after PDGF-BB treatment. Treatment with oS100A4
did not affect S-SMC proliferation (Figure 1B), phenotypic transition, a-
SMA, or S100A4 expression as compared with control conditions
(Figure 1A and C–F). When we treated S-SMCs with oS100A4 in combi-
nation with PDGF-BB, we observed by phase-contrast microscopy a full
phenotypic transition (Figure 1A) associated with an increase in cell prolif-
eration (Figure 1B). By immunofluorescence staining, we observed disor-
ganization of a-SMA fibres associated with a decrease of a-SMA
expression and an increase of intracellular S100A4 expression
(Figure 1A). Using Western-blot analysis, we confirmed a significant de-
crease of a-SMA expression (Figure 1C and E) and a significant increase
of intracellular S100A4 expression (Figure 1D and F). Noteworthy,
PDGF-BB/oS100A4 increased the expression of intracellular S100A4 to
a greater extent compared with PDGF-BB alone. In addition, PDGF-BB
and PDGF-BB/oS100A4 induced SMC dedifferentiation as reflected by a
decrease in SMMHC (typical marker of well-differentiated SMCs)1,2
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..expression and an increase in connexin 43 (Cx43, marker of dedifferenti-
ated SMCs)42 expression (Supplementary material online, Figure S2).
The protein content per cell was decreased after PDGF-BB and PDGF-
BB/oS100A4 treatment (Supplementary material online, Figure S3).
When S-SMCs were treated with dS100A4, no change in morphology,
proliferation, a-SMA, or S100A4 expression was observed
(Supplementary material online, Figure S4A and B). When dS100A4 and
PDGF-BB were used in combination, we observed changes that were
similar to that of PDGF-BB alone, confirming that dS100A4 did not affect
SMC phenotype (Supplementary material online, Figure S4A and B).
These results indicate that oS100A4 and PDGF-BB act in synergy to in-
duce S-SMC phenotypic changes towards an R-phenotype and

recapitulate the findings observed after treatment of S-SMCs with
S100A4-rich CM.

3.3 Oligomeric S100A4 activates SMCs
through TLR4-dependent NF-jB pathway
Previous studies showed that S100A4 activates the NF-jB pathway both
in a RAGE-dependent or independent manner.17,28–30 To define the
pathways involved in PDGF-BB/oS100A4 induced SMC phenotypic tran-
sition, S-SMCs were treated with PDGF-BB, dS100A4, oS100A4, PDGF-
BB/dS100A4, or PDGF-BB/oS100A4 for 1 h and NF-jB activation was
investigated by immunofluorescence and Western blotting. When

Figure 1 Oligomeric S100A4 in combination with PDGF-BB promotes SMC phenotypic transition. Phase-contrast photomicrographs and double-immu-
nofluorescence staining for a-SMA and S100A4 (A), quantification of proliferating cells normalized to control condition (B), representative Western blots
for a-SMA (C) and corresponding quantification of a-SMA (E), representative Western blots for S100A4 (D) and corresponding quantification of S100A4
(F) in S-SMCs treated with PDGF-BB, oS100A4, or PDGF-BB/oS100A4 for 4 days. Note that the full phenotypic transition is acquired only in PDGF-BB/
oS100A4 condition (A). In (D), the band detected above S100A4 corresponds to the exogenous His-tagged S100A4. In (A), nuclei are stained in blue by
DAPI. In (C and D), a-tubulin is used as a housekeeping protein. Bar = 75 lm for phase contrast, bar = 25 lm for immunofluorescence, n = 3 biological repli-
cates for each experiment. Comparisons were performed by using one-way ANOVA [B, F = 6.951, F(DFn, DFd) = 0.9611 (3,8); E, F = 10.68, F(DFn, DFd) = 2
(3, 8); F, F = 29.86 F(DFn, DFd) = 0.8042 (3, 8)].
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Figure 2 Oligomeric S100A4 activates SMCs through TLR4-dependent NF-jB pathway. Immunofluorescence staining (A) and representative Western
blots for NF-jB and pNF-jB (B–D) followed by quantification (E–J) after transfection of S-SMCs with scramble siRNA, siRAGE, or siTLR4 followed by treat-
ments with PDGF-BB, oS100A4, or PDGF-BB/oS100A4 for 1 h. Note that only by silencing of TLR4, oS100A4 and PDGF-BB/oS100A4-induced NF-jB acti-
vation is prevented (A, D, G, and J). In (B–D), a-tubulin is used as a housekeeping protein. In (A), nuclei are stained in blue by DAPI. Luciferase promoter
reporter assay (K) after transfection of S-SMCs with pNFjB Tluc16-DD vector followed by treatments with PDGF-BB, oS100A4, or PDGF-BB/oS100A4
for 1 h. Note that promoter is activated after the treatment with oS100A4 and PDGF-BB/oS100A4. Bar = 25mm, n = 3 biological replicates for each experi-
ment. Comparisons were performed by using one-way ANOVA [E, F = 18.36, F(DFn, DFd) = 0.4488 (3,8); F, F = 16.63, F(DFn, DFd) = 1.201 (3,8); G,
F = 1.021, F(DFn, DFd) = 0.6769 (3,8); H, F = 1.504, F(DFn, DFd) = 1.012 (3,8); I, F = 0.1510, F(DFn, DFd) = 0.7588 (3,8); J, F = 0.5399, F(DFn, DFd) = 0.5658
(3,8); K, F = 11.66, F(DFn, DFd) = 1.994 (3,8)].
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..treated with oS100A4 or PDGF-BB/oS100A4, NF-jB was translocated
into the nuclei (Figure 2A). Moreover, Western blotting showed that
phosphorylated NF-jB was significantly increased after treatment with
oS100A4 alone or in combination with PDGF-BB (Figure 2B and E), while
total NF-jB expression did not change (Figure 2B and H). By using lucifer-
ase promoter assay, we showed that oS100A4 and PDGF-BB/oS100A4
activated the NFkB promoter (Figure 2K). Silencing of RAGE did not pre-
vent oS100A4- or PDGF-BB/oS100A4-induced NF-jB translocation
(Figure 2A), or phosphorylation of NF-jB (Figure 2C and F), while total
NF-jB levels were unchanged (Figure 2C and I). After treatment with
PDGF-BB, dS100A4, or both in combination, we did not observe NF-jB
translocation into the nuclei (Supplementary material online, Figure S5).
To test whether S100A4 signals through the TLR4,33,43 cells were
treated with PDGF-BB alone, oS100A4 alone, or both in combination af-
ter TLR4 silencing. TLR4 mRNA expression was decreased in SMCs
transfected with siTLR4 compared with scrambled small-interfering

RNA (siRNA, 0.14 ± 0.03 vs. 0.87 ± 0.12, arbitrary units, respectively).
Results showed that NF-jB translocation, as well as increased NF-jB
phosphorylation, were abolished after TLR4 silencing (Figure 2A, D, G,
and J). The pre-treatment of oS100A4 with a neutralizing S100A4 anti-
body prevented NF-jB translocation, confirming that oS100A4 is exclu-
sively responsible for NF-jB activation, ruling out the presence of
endotoxins (Supplementary material online, Figure S6A and B).

3.4 PDGF-BB amplifies the
pro-inflammatory properties induced by
oligomeric S100A4
To characterize the factors/pathways that regulate the pro-
inflammatory-like SMC phenotypic changes, we performed RNA se-
quencing in S-SMCs (n = 3) treated with PDGF-BB, oS100A4, or PDGF-
BB/oS100A4 for 4 h. The top 15 up- and down-regulated genes after

Figure 3 PDGF-BB amplifies the pro-inflammatory properties induced by oligomeric S100A4. EdgeR analysis of RNA sequencing data represented with
Venn diagrams showing the total number and relations of down-regulated (A) or up-regulated (B) genes in S-SMCs after treatments with PDGF-BB,
oS100A4, or PDGF-BB/oS100A4 for 4 h and histograms showing the fold-changes vs. the control conditions for EGR3 (C), GM-CSF (D), and CCL1 (E).
Note that PDGF-BB amplifies oS100A4-induced up-regulation of GM-CSF (D) and CCL1 (E) is exclusively expressed after PDGF-BB/oS100A4 treatment.
The fold-change and the Benjamini–Hochberg corrected P-value thresholds were set to 2 and 0.05, respectively. Experiment was performed with biological
triplicates.
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.. each treatment are summarized in Supplementary material online, Table
S4. The total number and relations of differentially expressed genes are
depicted in the Venn diagrams in Figure 3A and B. The most prominent
differences were present among the up-regulated genes. Many of these
genes were previously shown to be relevant in the field of atherosclero-
sis and vascular SMC plasticity. After PDGF-BB treatment, most up-
regulated genes were related to growth response or to extracellular ma-
trix component proteases (Supplementary material online, Table S4).
Early growth response protein 3 (EGR3), known to be implicated in
PDGF–PDGFR pathway,44 was among the top three up-regulated genes
(Figure 3C). After treatment with oS100A4, most up-regulated genes
were related to inflammation (Supplementary material online, Table S4).
In particular, chemokine C-C motif ligand 20 (CCL20), known to be im-
portant in the recruitment of monocytes and macrophages in athero-
sclerosis,45 and GM-CSF (CSF2, Figure 3D) known to be involved in the
differentiation of monocytes into M1-polarized macrophages as well as
of dendritic cells,46 were the top up-regulated genes. Interestingly, treat-
ment with PDGF-BB/oS100A4 amplified the level of up-regulation of
certain genes that were up-regulated by oS100A4 alone and not PDGF-
BB alone (e.g. GM-CSF, Figure 3D). This strongly indicates a synergistic
and not cumulative effect of PDGF-BB and oS100A4. Remarkably, when
analysing differentially expressed genes after PDGF-BB/oS100A4 treat-
ment, we found 129 down-regulated and 134 up-regulated genes unique
for this condition and absent in PDGF-BB or oS100A4 alone (Figure 3A
and B). A high majority of up-regulated genes in this condition was re-
lated to inflammation (e.g. CCL1; Figure 3E), cancer, and cell–cell interac-
tion processes. Altogether, our results indicate that PDGF-BB and
oS100A4 work in synergy and that this treatment recapitulates the
effects of S100A4-rich CM, that is phenotypic transition associated with
pro-inflammatory properties.

Insight into the synergistic mechanisms of PDGF-BB/oS100A4 was
addressed by TFBS analysis. TFBS enrichment was examined in the pro-
moters of the genes, which were either up- or down-regulated after
PDGF-BB, oS100A4, or PDGF-BB/oS100A4 treatment. TFBS enrich-
ment analysis clearly demonstrated that the most noticeable and signifi-
cant differences in enrichment of TFBSs was induced by up-regulated
genes after PDGF-BB/oS100A4 treatment (Figure 4). Among them, we
identified TFs known to be key regulators in SMC phenotypic transition
such as Krüppel-like factor 4 (KLF4), specificity protein 1 (SP1), EGR1,
and NF-kB. In addition, immunofluorescence staining for KLF4 expres-
sion in SMCs after PDGF-BB, oS100A4, or PDGF-BB/oS100A4 treat-
ment for 4 days demonstrated the highest nuclear expression of KLF4
after PDGF-BB/oS100A4 treatment (Supplementary material online,
Figure S7). Taken together, these data show that PDGF-BB/oS100A4
treatment lead to enrichment of promoter sites that are essential for in-
ducing phenotypic transition of SMCs and are involved in the pathogene-
sis of atherosclerosis.

Figure 4 Oligomeric S100A4 in synergy with PDGF-BB induces en-
richment in TFBSs essential for SMC phenotypic transition. Heat map
representing TFBS enrichment in promoter regions of genes that were
down- or up-regulated after treatments of SMCs with PDGF-BB,
oS100A4, or PDGF-BB/oS100A4 for 4 h. TFBSs were defined according

Figure 4 Continued
to JASPAR. The heat map shows the relative enrichment (z-score)
of TFBSs that are significantly overrepresented (P < 0.05). Blue col-
our represents up-regulated and red colour down-regulated
TFBSs. Arrows indicate important TFBSs in SMC phenotypic transi-
tion. Note that KLF4, SP1, EGR1, and NF-kB are significantly
enriched only after PDGF-BB/oS100A4 treatment. Experiment was
performed with biological triplicates.
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.3.5 Neutralization of S100A4 decreases
systemic inflammation and atherosclerotic
lesion area
It has been previously shown that the S100A4 antibody 6B12 specifically
neutralizes extracellular S100A4 and suppresses tumour progression in
a mouse model of spontaneous breast cancer32 and inflammatory
responses in an allergy model.47 Mice were fed with HCD for 9 weeks
(from 14 to 23 weeks of age) to induce atherosclerosis. The S100A4-
neutralizing antibody (n = 11 mice) or IgG1 isotype control (n = 12 mice)

were injected during the last 3 weeks of HCD (Figure 5A). Of note, the
treatment was applied after 6 weeks of the HCD when atherosclerotic
lesions were already formed in ApoE�/� mice.48 Neutralization of
S100A4 strongly reduced systemic inflammation by decreasing the se-
rum concentration of SAA compared with control conditions
(Figure 5B). By using a rhodamine-conjugated anti-IgG1, high positive
staining was observed in aortic roots when mice were treated with
S100A4-neutralizing antibody compared to control mice, strongly sug-
gesting that S100A4 antibody localizes in the lesions (Supplementary

Figure 5 Neutralization of S100A4 decreases systemic inflammation and atherosclerotic lesion area without affecting lipid metabolism. Scheme repre-
senting the experimental setup, in which mice were fed with HCD for 9 weeks to induce the development of atherosclerosis; the IgG1 control or anti-
S100A4 were injected during the last 3 weeks of HCD (A). Quantification of SAA levels (B; n = 11 for IgG1 control and n = 10 for anti-S100A4), body weight
(C; n = 12 for IgG1 control and n = 11 for anti-S100A4), cholesterol (D; n = 11 for IgG1 control and n = 10 for anti-S100A4), and triglyceride (E; n = 12 for
IgG1 control and n = 10 for anti-S100A4) levels in mouse serum samples. En face Sudan IV staining (F) and quantification of Sudan IV positive area of tho-
racic-abdominal aorta (G) in ApoE�/�mice treated with IgG1 control (n = 10) and anti-S100A4 (n = 11). Bar = 0.2 cm. Comparisons were performed by using
two-tailed unpaired Student’s t-test (B, t = 2.476, df = 19, C: t = 0.2139, df = 21; D, t = 1.267, df = 19; E, t = 0.1440, df = 20; G, t = 2.636, df = 19).
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Figure 6 Neutralization of S100A4 increases the amount and differentiation of SMCs and decreases the size of the necrotic core and the burden of inflam-
matory cells within the lesions. Haematoxylin and eosin staining (A), quantification of necrotic core (B; n = 9 for IgG1 control and anti-S100A4), Sirius red
staining (C; n = 9 for IgG1 control and n = 8 for anti-S100A4), and quantification of S100A4þ area (D; n = 9 for IgG1 control and anti-S100A4).
Representative double-immunofluorescence staining for a-SMA and S100A4 (E) followed by the quantification of a-SMAþ area (F; n = 8 for IgG1 control
and anti-S100A4). Representative double-immunofluorescence staining for a-SMA and SMMHCs (G) followed by the quantification of SMMHCsþ (H; n = 9
for IgG1 control and anti-S100A4) or a-SMAþSMMHCsþ area (I; n = 9 for IgG1 control and anti-S100A4). Representative double-immunofluorescence
staining for CD68 and S100A4 (J) followed by the quantification of CD68þ area (K; n = 9 for IgG1 control and anti-S100A4). All analyses were performed on
aortic root sections. Dashed lines highlight the media. The box indicates the region magnified in the right panels. Bar = 250 lm for low magnification, and
bar = 100 lm for high magnification. Comparisons were performed by using two-tailed unpaired Student’s t-tests (B, t = 3.660, df = 16, C: t = 0.4565, df = 15;
D, t = 0.1552, df = 16; F, t = 4.731, df = 14; H, t = 2.141, df = 16; I, t = 2.321, df = 16; K, t = 3.409, df = 16).

S100A4 and atherosclerosis 151



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..material online, Figure S8). Notably, neutralization of S100A4 did not af-
fect body weight or cholesterol and triglyceride levels in treated and
control mice (Figure 5C–E). To define the burden of atherosclerosis, we
performed Sudan IV staining on thoracic-abdominal aortas. We ob-
served that neutralization of S100A4 significantly decreased Sudan IV
positive area (Figure 5F and G). These data demonstrate that neutraliza-
tion of S100A4 results in decreased systemic inflammation associated
with decreased atherosclerotic lesion area without affecting the lipid
metabolism.

3.6 Neutralization of S100A4 induces
beneficial changes in atherosclerotic lesion
composition
We first confirmed that intracellular S100A4 was expressed in athero-
sclerotic plaques, whereas it was hardly detectable in the underlying me-
dia (Figure 6E and J). To characterize the atherosclerotic plaque
composition, we analysed aortic root sections by haematoxylin and eo-
sin staining (Figure 6A), Sirius red staining (Figure 6C) as well as antibodies
specific for SMC differentiation markers (a-SMA and SMMHCs;
Figure 6E–I). The necrotic core area was decreased after neutralization
of S100A4 (Figure 6B).

The treatment did not affect the collagen content in the lesion
(Figure 6C). While the S100A4þ area did not change (Figure 6D), we ob-
served a robust increase in a-SMAþ as well as SMMHCþ area
(Figure 6E–H) within the intima when S100A4 was neutralized compared
with control mice. This increase was noticeable in the fibrous cap area.
a-SMAþ cells within the intima were always S100A4þ (Figure 6E). a-
SMAþ cells coexpressed SMMHCs and a-SMAþSMMHCþ area in-
creased when S100A4 was neutralized compared with control mice
(Figure 6G and I). Staining for CD68 showed a significant decrease in mac-
rophage content in intima after S100A4 neutralization (Figure 6J and K).
Notably, we could not detect a-SMAþCD68þ cells in the lesions (data
not shown). Our results indicate that neutralization of S100A4 has bene-
ficial effects on atherosclerotic lesions by increasing the area and differ-
entiation level of SMCs and by decreasing burden of inflammatory cells
within the lesions.

To determine whether the increase in intimal a-SMAþ SMCs was a
result of increased proliferation or reduced apoptosis, we performed
staining for Ki67 and cleaved caspase-3, respectively. Unexpectedly, pro-
liferation of a-SMAþ SMCs was strongly decreased after S100A4 neu-
tralization compared to control mice (Figure 7A and B), whereas
apoptotic cells were hardly detectable within atherosclerotic lesions in
treated or control mice (data not shown).

4. Discussion

Our results show that a combination of PDGF-BB and extracellular
oS100A4 triggered the full pro-inflammatory phenotypic transition of
SMCs, which was characterized by an R-phenotype associated with NF-
jB activation. Moreover, oS100A4-induced NF-jB activation was medi-
ated by TLR4 and not RAGE. It has been proposed that S100 proteins
act as damage-associated molecular pattern (DAMP) molecules, through
diverse scavenger receptors, including TLR4.49 Therefore, in our model,
S100A4 triggers similar DAMP-related pathways by executing
inflammation-stimulatory functions.18 The importance of TLR4 in
S100A4-mediated inflammation is well documented.33,50–52 Extracellular
S100A4 induces enhanced production of IL-1b, IL-6, and TNF-a in rheu-
matoid arthritis patient-derived peripheral blood mononuclear cells. It
acts, at least partly, through TLR4 and NF-jB activation, whereas RAGE
is not involved.33 Moreover, in tumour cell lines, extracellular S100A4
stimulates inflammatory acute-phase protein SAA.50,51 again through
TLR4 and NF-jB activation.50 In contrast, in the context of pulmonary
hypertension, S100A4 released by human pulmonary artery SMCs indu-
ces cell proliferation and migration through NF-jB activation in a RAGE-
dependent manner.53

Extracellular oS100A4 is not only necessary for the SMC phenotypic
transition associated with pro-inflammatory properties but is also suffi-
cient, on its own, to induce the pro-inflammatory profile. The latter was
demonstrated by means of TLR4-dependent NF-jB activation and RNA
sequencing. Unexpectedly, GM-CSF was the top up-regulated gene after
treatment of S-SMCs with either S100A4-rich CM or extracellular
oS100A4 but not with PDGF-BB alone. GM-CSF was increased to a
greater extent after treatment with PDGF-BB/oS100A4 in combination,

Figure 7 Neutralization of S100A4 decreases intimal SMC proliferation. Representative double-immunofluorescence staining for a-SMA and Ki67 within
intima (A) followed by the quantification of Ki67 positive SMCs (B; n = 9 for IgG1 control and n = 8 for anti-S100A4). Bar = 50mm. Comparisons were per-
formed by using two-tailed unpaired Student’s t-tests (t = 2.774, df = 15).
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..showing a synergistic rather than a cumulative effect of these two pro-
teins. Interestingly, GM-CSF has only been sporadically shown to be se-
creted by SMCs. Thus, it is weakly expressed in cultured human arterial
SMCs under basal conditions and its production can be stimulated by
TNF-a, IL-1, or oxidized low-density lipoproteins.54 GM-CSF is known
to be involved in the differentiation of monocytes into M1-polarized
macrophages as well as of dendritic cells, which accumulate in rupture-
prone areas of atherosclerotic plaques.46,55–57 Moreover, oS100A4 in-
duced marked up-regulation of other pro-inflammatory genes like
CCL20. Remarkably, treatment of SMCs with PDGF-BB/oS100A4 in
combination resulted in a high and exclusive up-regulation of a variety of
genes related to inflammation and immune responses, such as CCL1, an
inducer of the inflammatory phenotype and chemotaxis in vascular
SMCs.58 Our observations indicate that pro-inflammatory SMCs activate
monocytes, thereby shedding new light on the crucial role of SMCs in
plaque vulnerability.

Besides, RNA sequencing showed that genes known to be up-
regulated by PDGF-BB-(e.g. growth response factors, extracellular ma-
trix components, and MMPs) were not modified by PDGF-BB/oS100A4
treatment. This suggests that the PDGF-BB pathway is not influenced by
oS100A4. In sharp contrast, the synergistic effect of PDGF-BB/oS100A4
on GM-CSF described above suggests that the oS100A4 pathway is influ-
enced by PDGF-BB, further underlining a complex crosstalk between
these two proteins.

TFBS analysis predicted that EGR1, SP1, and KLF4, known to be key
players in SMC phenotypic transition,1–4 were enriched after the treat-
ment with PDGF-BB/oS100A4. EGR1 is elevated in mouse and human
atherosclerosis and is a mediator of IL-1b expression in SMCs, as well as
a promoter of pulmonary artery SMC proliferation. SP1 mediates phe-
notypic transition by decreasing SM22-a. KLF4 is a pluripotency tran-
scription factor promoting phenotypic modulation of SMCs associated
with pro-inflammatory properties.7 By immunofluorescence staining, we
confirmed the expected KLF4 activation after treatment with PDGF-BB
and to a greater extent with PDGF-BB/oS100A4.

Our in vivo results proved for the first time that neutralization of extra-
cellular S100A4 in ApoE�/� mice with established atherosclerosis pro-
moted stabilization of atherosclerotic plaques. This was supported by
several observations: (i) the atherosclerotic plaque area decreased, (ii)
a-SMAþ/SMMHCþ area increased, and (iii) inflammatory burden both
systemically (SAA concentration) and locally within the atherosclerotic
lesions (CD68þ area) decreased. The increase of a-SMAþ/SMMHCþ

area was particularly noticeable in the fibrous cap. Strikingly, this was
correlated with decreased intimal a-SMAþ SMC proliferation. One of
the mechanisms underlying this phenomenon could be related to EGFR,
which is involved in SMC proliferation59,60 and known to be a receptor
of S100A4.50,61–63 One can assume that neutralization of S100A4 pre-
vents activation of EGFR signalling cascade hereby decreasing intimal a-
SMAþ SMC proliferation. This result also raises the possibility that a sub-
population of intimal cells, which are allegedly SMCs having lost their typ-
ical markers,7,64 undergo a transition towards a highly differentiated
phenotype related to plaque stabilization, implying a process of SMC
redifferentiation. Alternatively, neutralization of extracellular S100A4
could prevent SMC dedifferentiation. This well-differentiated phenotype
could be related to a myofibroblast-like phenotype,65,66 functionally ded-
icated to tissue repair.67 It should be noticed that all a-SMAþ cells we
observed in the intimal thickening were positive for intracellular S100A4,
whereas SMCs of the media were nearly devoid of S100A4, confirming
S100A4 as a marker of intimal SMCs.9–11

Noteworthy, the above described beneficial effects of S100A4 neu-
tralization resulting in plaque stabilization together with decreased sys-
temic inflammation were not causally related to serum lipid levels.
Hence, this rules out the possibility that S100A4 neutralization acts
through lipid lowering, and such treatment would therefore not com-
pete with the well-established statin drugs but could be complementary
instead. Besides, we observed reduced systemic inflammation by detect-
ing a decreased serum concentration of SAA. This is consistent with pre-
vious reports showing that SAA is a transcriptional target of S100A4
again via TLR4/NF-jB signalling.50

Our in vivo studies indicate that extracellular S100A4 is causally related
to atherosclerotic plaque progression putting it forward as a prospective
therapeutic target for plaque stabilization and/or regression. The unex-
pected observation that SMCs could undergo a process of redifferentia-
tion has drawn our attention to future experiments deciphering the
mechanisms responsible for this process. Our in vitro studies identified
extracellular S100A4 as a key regulator of SMC phenotypic transition as-
sociated with pro-inflammatory properties. Further exploration of the
synergistic effect of oS100A4 and PDGF-BB should be instrumental in
shedding light on the mechanisms involved in SMC phenotypic
transition.
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