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ABSTRACT

Background: Calcification, a key feature of advanced human atherosclerosis, is positively associated with vascular
disease burden and adverse events. We showed that macrocalcification can be a stabilizing factor for carotid
plaque molecular biology, due to inverse association with immune processes. Mast cells (MCs) are important
contributors to plaque instability, but their relationship with macrocalcification is unexplored. With a hypothesis
that MC activation negatively associates with carotid plaque macrocalcification, we aimed to investigate the link
between MCs and carotid plaque vulnerability, and study MC role in plaque calcification via smooth muscle cells
(SMCs).

Methods: Pre-operative computed tomography angiographies of patients (n = 40) undergoing surgery for carotid
stenosis were used to characterize plaque morphology. Plaque microarrays (n = 40 and n = 126) were used for
bioinformatic deconvolution of immune cell populations. Tissue microarrays (n = 103) were used to histologi-
cally validate the contribution of activated and resting MCs in plaques.

Results: Activated MCs and their typical markers were negatively correlated with macrocalcification. The ratio of
activated vs. resting MCs was increased in low-calcified plaques from symptomatic patients. There was no
modulating effect of medication on MC ratios. In vitro experiments showed that SMC calcification attenuated MC
activation, while both active and resting MCs stimulated SMC calcification and induced dedifferentiation towards
a pro-inflammatory-, osteochondrocyte-like phenotype, without modulating their migro-proliferative function.
Conclusions: Integrative analyses from human plaques showed that MC activation is inversely associated with
macrocalcification and positively with parameters of plaque vulnerability. Mechanistically, MCs induce SMC
osteogenic reprograming, while matrix calcification in turn attenuates MC activation, offering new therapeutic
avenues for exploration.

1. Introduction

Atherosclerotic plaques are characterized by a fibrous cap composed of
smooth muscle cells (SMCs) and a lipid-rich necrotic core, along with

Beyond hypercholesterolemia, solid experimental and clinical intraplaque neovascularization, calcification and an ongoing inflam-
research has shown that inflammation drives atherogenesis [1]. mation with a repertoire of immune cells like macrophages, T-cells and

Abbreviations: CALC, Calcification; CEA, Carotid endarterectomy; CTA, Computed tomography angiography; CVD, Cardiovascular disease; IPH, Intraplaque
hemorrhage; LRNC, Lipid-rich necrotic core; MC, Mast cell; SMC, Smooth muscle cell; TMA, Tissue microarray.
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mast cells (MCs) [2,3]. Inflammation-mediated plaque calcification is
the key feature of advanced human lesions resulting from formation of
calcification nodules, yet its mechanistic impact on clinical events such
as stroke or myocardial infarction is poorly understood [4,5]. We pre-
viously reported that molecular processes related to ossification are
upregulated in carotid plaques from asymptomatic patients and patients
on cholesterol-lowering therapy [6], while another large meta-analysis
confirmed that carotid plaques from symptomatic patients contain less
calcification than those from asymptomatic patients [6,7]. In recent
years, the clinical need for non-invasive detection of vascular calcifi-
cation to facilitate prediction of atherosclerosis progression and adverse
events, has driven intensive research by our group and others in soft-
ware developments based on computed tomography angiography (CTA)
imaging, leading to a better resolution in structural and morphological
assessment of plaque calcification [8,9].

Atheroprogression encompasses simultaneous development of
micro- and macrocalcifications, but the molecular mechanisms and the
cellular interplay engaging both immune cells and SMCs are still not
entirely understood in carotid plaques. Emerging research in coronary
plaques has shown that microcalcifications exacerbate plaque inflam-
mation by stimulating the release of pro-inflammatory cytokines and
chemokines [5], which have detrimental effects on plaque progression
and stability [10] in humans [11] and mice [12]. Conversely, macro-
calcifications are predominantly observed in late-stage plaques and
research from our group has shown that they are surprisingly associated
with suppressed inflammation, healing and carotid plaque stabilization
processes on molecular level [9,13,14]. In particular, we showed sur-
prisingly that highly calcified carotid plaques contained more quiescent
SMCs as well as resting and anti-inflammatory immune cells, whereas
activated immune cells were more abundant in low-calcified plaques
[9,13]. SMCs display broad phenotypic plasticity in response to factors
present in the atherosclerotic milieu and can undergo various forms of
transdifferentiation, including an osteo-chondrogenic gene expression
program. While upregulation of SOX9 and SMAD3 transcription factors
induces osteogenic SMC transformation [15], we showed recently that
the macrocalcified extracellular matrix in turn enables SMCs to restore a
gene expression profile resembling a more differentiated, quiescent
phenotype [14]. Interestingly, this inverse association of activated vs.
quiescent SMCs, as well as activated vs. resting immune cells with
macrocalcification, pertained even in plaques from symptomatic pa-
tients, a notion that has not been investigated so far.

MCs are among the key immune effectors in atheroprogression, since
they release not only the MC-specific neutral proteases tryptase and
chymase upon activation, but also a whole array of mediators such as
histamine, cathepsins, growth factors, cytokines and chemokines
[16,17]. Activated MCs are commonly found in the shoulder regions and
particularly at the sites of erosion or rupture in coronary atherosclerotic
lesions, i.e. in patients who died from myocardial infarction [18-20]. In
addition, human studies have revealed an association of MCs with pla-
que neovascularization and hemorrhage that increase the risk of adverse
events [21-23]. Experimental studies in animals have generally illumi-
nated the crucial role of MCs in atheroprogression and plaque vulnera-
bility [24,25]. However, the specific connection between MC activation
and carotid plaque macrocalcification [26], recently identified from our
human studies based on the large Biobank of Karolinska Endarterec-
tomies (BiKE) [9], has not yet been reported.

The purpose of this study was to investigate the association between
MC activation and plaque macrocalcification directly in the human
disease, followed by exploration of the underlying interplay between
MCs and SMCs in calcification. One of the challenges in the field of MCs
biology, which has prevented similar human studies before, is that
minor cell types like MCs are typically under-appreciated in a highly
heterogeneous plaque tissue. To this end, we applied single-cell reso-
lution bioinformatic methods by deconvolving the immune cell pro-
portions, and particularly activated vs. resting MCs, from global
transcriptomic data of human carotid plaques belonging to BiKE. We
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associated these MC phenotypes with plaque calcification and other
morphological features from advanced CTA image analyses, as well as
patient clinical data and medication. Histological and in vitro studies
were also performed to validate and understand the mechanisms be-
tween MC activation and SMC transformation in calcification. Our large-
scale human studies revealed that MC activation is inversely coupled to
plaque macrocalcification and plays a role in SMC phenotypic modula-
tion in response to inflammation (Graphical Abstract).

2. Materials and methods

Additional material and methods are described in detail in the
Supplementary Material.

2.1. Ethical statements

This study was done on subcohorts of patients enrolled in the Bio-
bank of Karolinska Endarterectomy (BiKE). All human samples were
collected with informed consent from patients or organ donors’ guard-
ians, as part of the ordinary medical and surgical procedures that do not
put the patients at additional risk. All studies in BiKE have been
approved by the Ethical Committee of Stockholm (official name of the
ethical review board in Swedish “Regionala etikprovningsnamnden i
Stockholm™). BiKE studies follow the guidelines of the Declaration of
Helsinki. Studies were approved by the regional Ethical Committee with
the following ethical permit numbers: DNr 02-147; 2009/295-31/2;
2011/950-32; 2013/2137-32; 2017/508-32; 2018/954-32; 2020/
00274; 2012/619-32; 2009/512-31/2. BIiKE ethical permits cover: all
patients longitudinally collected over the years, including the subset of
patients used in this particular study; both collection and actual research
use of all biomaterials, imaging and patient data; collection and research
use of normal control material from organ donors. The individual human
data underlying this article cannot be shared publicly due to the General
Data Protection Regulation (GDPR) and ethics laws that regulate the
privacy of individuals that participated in the study. The microarray
datasets used in the study are publicly available from Gene Expression
Omnibus (accession numbers GSE21545 and GSE125771). Other data
will be shared pertaining a reasonable request to the corresponding
author.

In all animal experiments, mice were euthanized by cervical dislo-
cation and no anaesthesia was used. To obtain bone marrow for the bone
marrow derived mast cell culture, femurs and tibias were collected. The
animal work was performed in compliance with the guidelines by the
European Union Directive 2010/63EU and the Dutch Government, and
was approved by the Animal Welfare Body of Leiden University.

2.2. Human carotid atherosclerosis cohort

2.2.1. BIiKE cohort

Patients undergoing surgery for high-grade (>50% NASCET) [27]
carotid stenosis at the Department of Vascular Surgery, Karolinska
University Hospital, Stockholm, Sweden were consecutively enrolled in
the study and clinical data recorded on admission. Symptoms (S) were
defined as transitory ischemic attack (TIA), minor stroke (MS) and
amaurosis fugax (AFX, retinal TIA). Patients without qualifying symp-
toms within 6 months prior to surgery were categorized as asymptom-
atic (AS) and indication for carotid endarterectomy (CEA) based on
results from the Asymptomatic Carotid Surgery Trial (ACST) [28]. Pa-
tient medication encompassed cholesterol-lowering (ezetimib, HMG-
CoA reductase inhibitors), anti-diabetics (metformin, insulin), anti-
coagulants (warfarin, novel oral anti-coagulants) and anti-
hypertensives (ACE inhibitors, calcium antagonists, beta-blockers, di-
uretics, angiotensin II blockers). Of note, none of the patients received
MC stabilizers (eg. cromolyn sodium or pemirolast potassium). Carotid
endarterectomies (carotid atherosclerotic plaques) were collected at
surgery and retained within BiKE. The study cohort demographics,
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details of sample collection and processing and transcriptomic analyses
by microarrays were previously described in details [6,29,30]. Briefly,
plaques were divided transversally at the most stenotic part; the prox-
imal half of the lesion was used for RNA preparation while the distal half
was immediately fixed in 4% formaldehyde for 48 h. Non-
atherosclerotic, further referred to as normal artery, control samples (n
= 10 in total) were obtained from macroscopically disease-free iliac
arteries, from organ donors without any history of cardiovascular
disease.

2.2.2. Computed tomography angiography (CTA) image analysis

Carotid plaques were assessed in pre-operative CTAs at the admitting
hospital, using site-specific image acquisition protocols between March
2008 and October 2013 and a novel semi-automated, histopathologi-
cally validated software vascuCAP® (Elucid Bioimaging Inc., Boston,
MA) as previously described [31]. Technical details of the software and
its analysis algorithm have been described previously, including the
approach taken for histologically validated quantification of CALC,
LRNC and IPH [31,32]. Briefly, the software reconstructs CTA images
(0.625 mm thick) and creates 3D segmentations with improved resolu-
tion and soft vs. hard tissue plaque component differentiation. A patient
specific 3D point spread function restores image intensities and enables
discrimination of tissue types such as LRNC and IPH. CTA images were
analyzed in a blinded fashion by one observer (author E.K) using the
vascuCAP® software. The software then interprets the Hounsfield units
(HU) of adjacent voxels by maximising criteria that mimic the ground
truth (i.e. expert annotated histology). The analysis provides a semi-
automatically generated calcium volume of carotid plaques, which
was analyzed with a threshold of 400 HU for calcification and a ratio was
calculated (Vcalc/Vtot = calcification degree). Overall, the following
measurements were computed from each single plaque: (1) geometry,
including the total plaque volume, maximum percentage of stenosis
according to the diameter and cross-sectional area, maximum cross-
sectional dilation according to the luminal diameter and luminal area,
maximum cross-sectional luminal area/wall area ratio, and plaque
burden ratio as measured by the cross-sectional wall area or wall volume
divided by vessel area or vessel volume, respectively; and (2) tissue
composition in two dimensions at the region of maximum stenosis
(maximum CALC area, maximum IPH area, maximum LRNC area) and in
three dimensions (CALC, IPH, LRNC volumes), and their corresponding
proportions relative to the total vessel volume [33]. We have utilized
and more extensively described the practical use of this software in
recent publications from the BiKE biobank [9,13,34].

2.3. Study subcohorts

Several subcohorts from BiKE were used in this study, as illustrated
in Fig. S1. For clarification, low vs. high calcified plaques (n = 40) were
used for transcriptome profiling and for further deconvolution assess-
ment for estimation of immune cell fractions. Carotid lesions of the same
patients (n = 40) were assessed with CTA and the images were further
processed with vascuCAP software for quantification of morphological
characteristics (Fig. S1A and S1B). This subcohort from BiKE was
described in detail in the following publications [9,13] and used here for
discovery. Plaques of n = 126 additional patients and n = 10 normal
arteries were also microarray profiled, whereas plaques of n = 18 non-
overlapping patients were processed for proteomics with liquid chro-
matography — mass spectrometry (LC-MS/MS) (Fig. S1C). These two
non-overlapping subcohorts were used for transcriptomic and proteomic
validation and further investigation of the discovery data in the context
of more general atherosclerosis (not only with focus on calcification)
and also previously described in detail [6,35]. Plaques of additional n =
103 patients were used for the construction of tissue microarrays (TMAs)
for histological validation (Fig. S1D), as described previously [30,35].
Low vs. high calcified lesions (n = 6) were used for gross immunohis-
tochemistry (Fig. S1E). Finally, low vs. high calcified lesions (n = 6)
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were used for ex vivo and in vitro investigations (Fig. S1F).
2.4. Statistical analyses

Normal distribution of the data was assessed using the Shapiro-Wilks
normality test. Comparative statistics between normally distributed
groups was performed using Student’s t-test or one-way ANOVA mul-
tiple comparison test. The Kruskal-Wallis multiple comparison one-way
ANOVA or Mann-Whitney t-test were used when normal distribution
assumption was invalid. Spearman and Pearson correlation coefficient
were used to assess all correlations according to normality test result.
Multivariable linear regression analysis was used to estimate the sig-
nificance between activated MC fraction and plaque morphological
features from CT assessment. Differences between groups were consid-
ered significant at P values <0.05. All statistical analyses were per-
formed with GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego,
CA, USA).

3. Results
3.1. Mast cells associate with plaque vulnerability features

Pre-operative CTA images from patients undergoing CEA (n = 40
totally) were analyzed for the extent of CALC, LRNC, IPH and other
plaque morphological features. Matched carotid plaques were analyzed
for global gene expression by microarrays [9] and immune cell pro-
portions were estimated from these bulk microarrays using deconvolu-
tion by the CIBERSORT software [36] (Fig. 1A). For clarification, cell
populations in the referred publication were defined using an in vitro
validated list of cell-specific signature markers, consisting of totally 547
genes (Table S1), here used for estimating the relative proportions of all
22 immune cell populations [36]. According to this, MC population was
generally characterized by the high expression of markers such as TRIB2,
CMA1, CPA3, CST7, CTSG, ELANE, FCER1A, HDC, HPGDS, TPSABI and
MS4A2. MC activation was specifically characterized by higher mRNA
expression of cytokines such as IL1A, CCL1, CCL20, CCL4, CCL5, CCL7,
CCL8, CXCL3, CXCL5, as well as markers such as CD33, CD37, CD38,
CD69, CLEC7A, CSF2, typically upregulated immediately upon activa-
tion [36-38].

Our analysis confirmed the presence of MCs in plaques, with mean +
SD percentage of 2.6 & 3.6% resting and 4.8 + 4.8% activated MCs of
the total immune cell content in the whole discovery subcohort, con-
taining n = 22 less calcified (0-10% CALC content) and n = 18 more
calcified plaques (16-60%). Plaques were then stratified with respect to
CALC content into two well-separated groups of the 10 low-calcified
(0-3% CALC) vs. the 10 high-calcified plaques (30-60%) from the
whole discovery subcohort (Fig. 1B). The average percentage of both MC
populations in the total immune cell content in low-calcified plaques
was estimated to be 3.1 + 3.5% (1.7 £+ 2.2% resting and 4.3 + 4.2%
activated), while in the high-calcified plaques it was 3.2 + 3.5% (4.8 +
3.4% resting and 1.5 + 2.8% activated). These results revealed a sig-
nificant abundance of resting MCs in high-calcified plaques, whereas
low-calcified plaques contained relatively more activated MCs (Fig. 1C),
a finding that validated our previous results [9]. Multivariable correla-
tion analysis between MCs and volume proportions of CALC, IPH and
LRNC, showed that activated MCs were independently negatively
correlated with CALC (Fig. 1D), whereas they positively correlated with
IPH in a univariate analysis (Fig. S2A). In addition, univariate analysis
showed a negative correlation between activated MCs and max stenosis
by area and diameter, as well as plaque burden volume (Fig. S2B).
Together, these initial studies connecting clinical imaging and cellular
plaque analysis, showed that MC activation is negatively associated with
macrocalcification and positively with IPH.
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Fig. 1. Activated mast cells associate with key plaque morphological features.

A) Workflow of the deconvolution methodology applied in the study. Diagnostic CT angiographies of carotid atherosclerotic plaques were analyzed with the his-
tologically validated vascuCAP software for evaluating plaque calcification and other morphological features. Plaques were profiled with global transcriptomics using
microarrays. A computational deconvolution method by public CIBERSORT software was then applied to enumerate immune cell fractions from bulk plaque gene
expression profiles. B) 3D reconstructive images of low- and high-calcified carotid plaques from CT analysed with VascuCAP software, where colored components
represent the following plaque features: CALC (turquoise), LRNC (yellow) and IPH (brown). C) Resting and activated MC fractions enrichment in plaques stratified by
degree of calcification (n = 20 total; n = 10 low-calcified vs n = 10 high-calcified). Kruskal-Wallis multiple comparison one-way analysis; data expressed as mean
with SD. D) Multiple linear regression analysis between activated MC fraction and CALCVolProp, LRNCVolProp and IPHVolProp as estimated by vascuCAP analysis
(n = 40). The graph is complemented by the table with more detailed statistical analysis. Differences between groups were considered significant at P < 0.05. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

3.2. Mast cell activation in plaques is not attenuated by medication

The presence of macrocalcification, as a stabilizing factor for carotid
plaques, may be a result of medication, particularly cholesterol-lowering
therapy. Statin use has been associated with plaque remodeling pro-
cesses, depicted by the enrichment of calcification [9,39]. Here, we
employed TMAs for histological validation of MCs in plaques. TMAs are
a large-scale histological method where plaques from many patients can

granules were found spread in the proximity of the cell (Fig. 2A)
[21,40]. All MCs in plaques stained positive for tryptase, while some of
the MCs contained chymase as well, as previously described [21,40].
The number of resting and activated MCs in lesions was quantified and
normalized by tissue area (mm?) [23]. Interestingly, stratification of the
data according to medication showed that neither cholesterol-lowering,
nor anti-diabetic, anti-coagulant or anti-hypertensive therapies had any
beneficial effect on modifying the MC ratios in plaques (Fig. 2B).

be simultaneously analyzed in a standardized and mutually comparable
way (thus called ‘microarrays’) [30,35]. Indeed, staining of TMAs from
n = 103 patients with MC markers tryptase and chymase confirmed the
presence of both MCs populations (resting and activated) in lesions.
Histologically, MCs were classified as “resting” when the granules were
compacted and maintained inside the cell, while “activated” when

3.3. Mast cell markers are enriched in low-calcified plaques, even in
symptomatic patients

We also related MC activation (based on the granule localization)
with other stainings from TMAs (evaluated by semi-quantification).
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Fig. 2. Effect of patient medication on mast cell phenotype in plaques.

A) Tissue microarrays (TMAs) have been used to simultaneously analyze plaques from n = 103 patients for histological classification of resting (blue) vs. activated
(red) MCs with tryptase (red) / chymase (green) staining, respectively. B) Quantified ratio of MC phenotypes per mm? of plaque section, stratified according to the
patient medication: non-cholesterol-lowering (n = 9) vs. cholesterol-lowering (n = 78; i.e. ezetimib, HMG-CoA reductase inhibitors), non-anti-diabetics (n = 67) vs.
anti-diabetics (n = 20; metformin, insulin), non-anti-coagulants (n = 49) vs. anti-coagulants (n = 6; warfarin, novel oral anti-coagulants), non-anti-hypertensives (n
= 22) vs. anti-hypertensives (n = 65; ACE inhibitors, calcium antagonists, beta-blockers, diuretics, angiotensin II blockers). Statistical significance between groups
was assessed by Mann-Whitney test; data expressed as median with interquartile range. Differences between groups were considered significant at P < 0.05. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Histological Alizarin Red and Perl’s iron stainings for calcification and
IPH respectively, validated the bioinformatic association with MCs in a
multivariable analysis and confirmed that the total number of MCs
independently negatively correlated with calcification (n = 103; P =
0.037) (Fig. S3A). Activated MCs again showed a trend for negative
correlation with calcification (n = 103; P = 0.054) (Fig. S3B).

To further investigate the presence of markers and mediators asso-
ciated with MCs in human plaques, we queried a non-overlapping, larger
BiKE microarray dataset for a specific gene signature of MC activation
[16,37,41]. The majority of typical activated MC markers, such as CD63,
CD69, KIT, CMA1, CPA3, TPSAB1, SRGN, CLEC7A, were increased in
lesions (n = 126) compared to normal arteries (n = 10) (Fig. 3A), but
also in plaques from symptomatic patients (n = 86) compared to
asymptomatic ones (n = 40) (Fig. 3C). In particular, CD63 is expressed
by several immune cell subsets such as macrophages, neutrophils, den-
dritic cells and platelets, however, extensive body of research in MCs has
formed the notion that CD63, combined with other MC markers, can be
used as an activation marker [42], since it is required for efficient IgE-
mediated MC degranulation [43].

We also investigated this molecular signature of activated MCs spe-
cifically in transcriptomic data from plaques stratified by calcification
(n = 40). Again, an enrichment of activated MC genes was found in low-
vs. high-calcified plaques (Fig. 3B), and even in low- (n = 10) vs. high- (n
= 10) calcified plaques from symptomatic patients only (Fig. 3D).
Similar results were obtained from plaque mass spectrometry data,
where activated MC proteins were more abundant in plaques of symp-
tomatic patients (n = 9) compared to asymptomatic ones (n = 9)
(Fig. S4A). The findings related to patient symptomatology were further

A B

Normal vs. Plaques

Low- vs. high-calcified plaques
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evaluated by multivariable correlation analysis between activated MCs
and morphological features of plaques from symptomatic patients (n =
20), where activated MCs again independently negatively correlated
with CALC (Fig. S4B). Collectively, our data from BiKE revealed a robust
and specific enrichment of activated MC gene signature in low-calcified
plaques of symptomatic patients.

3.4. MCs induce matrix calcification via SMCs, which in turn attenuates
MC activation

We next sought to investigate the environment surrounding MCs in
plaques with special focus on SMCs, given that SMCs are the major cell
type that undergoes phenotypic switching during vascular calcification
[44]. Staining of plaques showed tryptase® cells in the proximity of
calcified regions abundant of a-SMA™ cells. Of interest, a-SMA coupled
to the osteo-chondrogenic RUNX2 and SOX9 markers, showed that
tryptase™ activated MCs are found in fibrous cap, shoulder and necrotic
core regions. Here, MCs were localized in proximity to a-SMA/SOX9™"
SMCs, both in low- and high-calcified plaques, and close to a-SMA/
RUNX2" SMCs in high-calcified plaques, suggesting that these cells may
play synergistic roles in macrocalcification (Fig. S5).

Ex vivo supernatant transfer methods were utilized by culturing
freshly collected low- and high-calcified plaques, as estimated from CTA
images. The plaque medium was transferred onto bone marrow-derived
MC culture (>98% MC purity), after which MC activation status was
analyzed and visualized as percentage of CD63" cells of CD117 "FceRI*
(Fig. 4A, B). In confirmation of our bioinformatic data, supernatants of
highly calcified plaques did not induce MC activation and reduced
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A) Schematic representation of atherosclerotic plaques cultured ex vivo for 24 h and supernatant transfer on bone marrow-derived MCs to assess their activation. B)
Representative FACS plots show the percentage of CD63" cells of CD117 "FceRI" for a high-calcified (CALC) plaque and a low calcified/high-lipid necrotic core
(LRNC) plaque. C) Quantification of MC activation from the supernatants of atherosclerotic plaques clustered for calcification and lipid content (3 low vs. 3 high
CALCVolProp and LRNCVol). Statistical significance between groups was assessed by Mann-Whitney t-test, data expressed as mean with SEM. D) Schematic rep-
resentation of HAoSMC calcification assay with 2.6 mM Pi for 12 days and supernatant transfer on bone marrow-derived MCs to assess their activation. E) Quan-
tification of MC activation from the supernatants of calcified HAoSMCs, illustrated in the representative FACS plots as the percentage of CD63" cells of
CD117"FceRI™. Primary cells from patient tissues were used in this experiment. Statistical significance between groups was assessed by paired Student’s t-test, data
expressed as mean with SEM. F) Quantification of mouse MIP-1a protein from the supernatants of MCs after supernatant transfer of calcified HAoSMCs for 12 days.
Statistical significance between groups was assessed by Student’s t-test; data expressed as mean with SEM. G) Schematic representation of supernatant transfer of
bone marrow-derived MCs (resting or activated) on HAoSMCs and evaluation of their calcification in presence of 2.6 mM Pi for 12 days. H) Quantification of
HA0SMC calcification with the use of Osteolmage™ mineralization assay after 12 days. Statistical significance between groups was assessed by one-way ANOVA
multiple comparison test; data presented as mean with SEM. Representative images of the calcification assay where calcification was visualized by Osteolmage
mineralization assay (magenta), HAoSMCs by ACTA2 antibody (yellow) and nuclei by DAPI (white). Scale bar 100 pm. All experiments were performed in triplicates.
Differences between groups were considered significant at P values <0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to
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inflammatory MIP-1a secretion by MCs (Fig. S6A), while supernatants
from low-calcified plaques with large LRNC induced degranulation of
MGCs (Fig. 4C).

The direct connection between MCs and SMCs in calcification was
explored in vitro (Fig. 4D). Supernatants of human aortic SMCs
(HA0SMCs) calcified in 2.6 mM Pi for 12 days inhibited bone marrow-
derived MC activation (Fig. 4E) and attenuated MIP-la secretion
(Fig. 4F), confirming our ex vivo results, while CD63 expression was
absent in the resting MC cultures (Fig. S6B). Of note, approximately
10% CD63" MC activation was reached using IgE stimulation as a pos-
itive control (as commonly observed in similar experiments by others),
which was sufficient to induce the release of inflammatory cytokines and
chemokines, such as TNFaq, IL-6, MCP-1 (CCL2), MIP-1a(CCL3) and MIP-
1p (CCL4) into the supernatant (Fig. S6C). The low MC activation per-
centage in vitro corresponds well to the physiological situation in human
plaques, yet leads to profound downstream effects. It is commonly
accepted that this continuous, low grade MC activation provides a

constant enhancement of the inflammatory response that aids plaque
vulnerability. Based on the negative and positive controls (MC supple-
mentation with inorganic Pi alone), a significant increase in MC acti-
vation was observed upon exposure to Pi stimulated SMC supernatant
compared to Pi only (Fig. S6D). Importantly, none of the experimental
conditions affected cell viability (all >96%; Fig. S6E), confirming that
the effects on MC activation were caused by SMC calcification process
itself and not Pi only.

The reverse effect of supernatants from resting and activated MC
cultures on the HAoSMC calcification was also tested in vitro (Fig. 4G).
Supplementation of HAoSMCs grown in 2.6 mM Pi culture media for 12
days with supernatants from both resting and active MC, further
increased the calcified nodules formation (Fig. 4H) compared to Pi only,
suggesting that both MC populations could induce the extracellular
matrix mineralization process. Searching for the possible mechanistic
explanation of this effect, we re-analyzed the public dataset of the
extracellular vesicles proteome from resting and activated bone marrow-
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derived mouse MCs [45], which revealed that both cell phenotypes
secrete distinct proteins related to the mineralization process (i.e. PRG4,
DCN) (Fig. S7A). Recent studies from our group showed that exogenous
administration of PRG4 modulates osteogenic SMC differentiation [14],
whereas others reported that DCN promotes arterial SMC calcification
[46]. In addition, both MC populations secrete TGF-§ implicated in
calcification by modulating SMC phenotypic plasticity [47]. To validate
the presence of TGF-p in the secretome of both resting and activated
MCs, we quantified its protein levels in MC supernatants by ELISA
(Fig. S7B), suggesting that this particular cytokine may drive the oste-
ogenic differentiation of SMCs under high Pi conditions as suggested
before by others [48]. Taken together, these in vitro data show that MCs
can induce SMC calcification independently of their phenotype, while
subsequent SMC matrix calcification dampens MC activation in return.

3.5. Mast cells reprogram SMCs towards an osteochondrogenic phenotype

To mechanistically characterize the role of MCs in promoting SMC
modulation under calcification conditions, we show that HAoSMCs
cultured in high Pi supplemented with resting or active MC supernatants
lose the expression of typical SMCs markers (ACTA2, MYH11, CNN1)
already after 6 days and this repression was even stronger than in the
case of Pi treatment alone (Fig. 5A). Concomitantly, these HAoSMCs
strongly upregulated osteochondrogenic markers SOX9, SMAD3, BMP2,
whose expression remained elevated up to day 12 (Figs. 5A, S8A and
S8B). However, these HAoSMCs did not upregulate typical osteoblastic
markers such as RUNX2 and ALPL (Fig. 5A and S8B), result which is in
line with other published studies [49]. It has been shown that in high Pi
conditions, RUNX2 upregulates the transcription of downstream target
genes that regulate bone development including BMP2 [summarized by
Chen et al. [50]] and downregulation of SMC lineage markers [51]. In
addition, high Pi supplemented with MC supernatants induced a pro-
inflammatory status in HAoSMCs in early stages up to day 6, as
observed by the upregulation of CD68 and SPPI that both were later
repressed by day 12. Moreover, a distinct expression of CCND1, a cell
cycle regulator reported to enable SMC reprograming towards a syn-
thetic phenotype [52], was activated in this condition. This was indi-
cated also by the decreased ACTA2 expression at protein level (Fig. 4H),
and no strong effects on apoptosis markers (CASP3).

Functionally, MC supernatants in combination with Pi induced
secretion of IL-1p by HAoSMCs during the mineralization process
(Fig. 5B and S8C), but MC supernatants alone did not actually promote
HAoSMCs migration or proliferation (Fig. 6A and B) [53]. This is
congruent with the cytokine panel profiling of the supernatants from ex
vivo cultured plaques, showing an upregulation for IL-1p and GM-CSF in
high- compared to low-calcified plaques (Fig. 6C) [54]. Here again,
similarly high levels of TGF-f were observed in both plaque superna-
tants, confirming our result obtained from both MC phenotypes, sug-
gesting that TGF-dependent osteo-inductive signaling is involved in
plaque calcification. Collectively, these data confirm that both resting
and activated MC supernatants in combination with high Pi can induce a
reprogramming of vascular SMCs towards an osteogenic phenotype
(Graphical Abstract).

4. Discussion

In this study, we present the first evidence for a role of MCs in
vascular calcification, showing that activated MCs are prevalent in low-
calcified carotid plaques, especially those from patients with symptoms,
whereas resting MCs are abundant in high-calcified plaques. Both acti-
vated and resting MCs are capable of inducing SMC reprogramming and
transition towards a pro-inflammatory, osteochondrocyte-like pheno-
type, while ectopic calcification ultimately suppresses MC activation.

Recent single-cell RNA sequencing data of mouse [55] and human
[41] plaques confirmed the presence of a distinct population of MCs,
however, single-cell studies are still done on a small number of samples

Vascular Pharmacology 150 (2023) 107167

and are not representative for the full spectrum of human plaque het-
erogeneity. With an aim to scale-up and enumerate the relative
enrichment of MC populations in a large patient cohort, we applied
bioinformatic microarray deconvolution method on BiKE carotid pla-
ques stratified according to the degree of calcification. This analysis
revealed that both MC fractions constitute about 8% (3% resting and 5%
activated) of all plaque immune cells. Our previous publications re-
ported an overall suppression of inflammatory pathways in high-
calcified plaques [9], while here we extend that work to the estima-
tion of active and resting MCs abundance in connection to plaque
calcification. Histopathological studies conducted in human specimens
have shown that activated MCs are present in ruptured plaques [19],
especially in calcified [56] rupture-prone shoulder regions [18], asso-
ciated with neovessels [21,23] and signs of hemorrhage and thrombosis
[20,23], and similar was found in our study where IPH was assessed
from CTA images. In addition, activated MCs promote angiogenesis
under ischemia [57] and were sporadically associated with stippling and
morula-type calcifications in human endarterectomies [26,56]. In sup-
port of our observations, research in aortic stenosis revealed that MCs
colocalized with macrophages and neovessels mainly in the calcified
regions of aortic valve leaflets [58,59] [60,61]. Of note, extracellular
tryptase has been observed at sites where calcification process starts in
the pineal gland, suggesting that MC activation could potentially
contribute to the calcification process more generally in the body [62].

The association of MC phenotypes with patient symptomatology
showed that activated MC gene signatures were consistently enriched in
plaques compared to control arteries and particularly in plaques of
symptomatic patients compared to asymptomatic ones [23,63]. These
results are in line with previous research where MC abundance was
associated with symptomatic carotid artery disease [64] and the inci-
dence of future adverse events [23]. In extension, in our study the gene
signature of activated MC was enriched even in comparison of low- vs.
high-calcified plaques from symptomatic patients only, where low-
calcified plaques are typically more lipid rich and vulnerable [9].
Another translational aspect of our study is the evaluation of MC phe-
notypes in association with patient medication. The majority of CVD
patients receive cholesterol- and blood pressure- lowering drugs, anti-
coagulant medication, and many of them also diabetes treatment
considering the relationship between these diseases. Our data indicated
that these medications do not significantly affect neither the MC abun-
dance in plaques, nor their phenotype. Despite the reports that
cholesterol-lowering drugs and warfarin (anti-coagulant) increase
calcification and attenuate plaque vulnerability via reducing inflam-
mation [6,39,65], they do not seem to exert their beneficial effects on
MC phenotype conversion in atherosclerotic lesions. In line, reduced
plasma total IgE levels were previously observed in patients receiving
cholesterol-decreasers, without any concomitant effect on plaque MC
numbers [66]. However, elevated IgE levels were associated with
hyperlipidemia and CVD [67] and experimental administration of an
anti-IgE antibody treatment reduced MC activation and plaque pro-
gression in mice [68]. Hence, a more MC-tailored, locally targeted
intervention may prove beneficial, especially taking into account that
the MC phenotype seems to be strongly influenced by the plaque
microenvironment itself.

Considering that advanced calcified plaques are dominated by clas-
sical SMCs [9] and as shown here also resting MCs, we endeavored to
explore this relationship. Our results have shown that supernatants from
calcified conditions indeed attenuated MC degranulation and cytokine
release, validating bioinformatic findings. In confirmation of the previ-
ously published studies, even though we did not show a direct associa-
tion of MCs with plaque LRNC as evaluated by CTA or histology [17],
supernatants from low-calcified plaques with large LRNC volume pro-
voked MC degranulation in vitro. On the other hand, SMCs exposure to
supernatants from both resting and activated MCs under high Pi con-
ditions led to the downregulation of typical contractile SMC markers and
switching towards the osteochondrogenic phenotype [44]. Such results
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Fig. 5. Mast cells reprogram vascular smooth muscle cells towards an inflammatory, osteochondrogenic phenotype.

A) Gene expression analysis of typical contractile markers, osteochondrogenic, inflammatory and proliferation/apoptosis markers of HAoSMCs treated with 2.6 mM
Pi and supernatant from resting or activated MCs for 6 days. Experiment was performed in biological triplicates. Statistical significance between groups was assessed
by one-way ANOVA multiple comparison test; data expressed as mean with SEM. B) IL-1p protein quantification in the supernatants of the HAoSMCs treated with 2.6
mM Pi supplemented supernatant from resting or activated MCs for 6 days. Statistical significance between groups was assessed by one-way ANOVA multiple
comparison test; data expressed as mean with SEM. All experiments performed in biological triplicates. Differences between groups were considered significant at P

values <0.05.
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Fig. 6. Functional characterization of HAoSMCs after supplementation with mast cells supernatants.

A) Proliferation assay of HAoSMCs treated with supernatants of resting and activated MCs for 24 h. Statistical significance between groups was assessed by one-way
ANOVA multiple comparison test; data expressed as mean with SEM. B) Migration scratch assay of HAoSMCs treated with supernatants of resting and activated MCs
for 24 h. Statistical significance between groups was assessed by 2-way ANOVA multiple comparison test; data expressed as mean with SEM as percentage of decrease
in wound size from time point ¢t = 0 h. All experiments performed in biological triplicates. C) Cytokine quantification of IL-1p, IL-6, GM-CSF and TGF-f in the
supernatants of low- and high-calcified carotid plaques (n = 3 vs 3). Several technical replicates were measured from each plaque, all presented individually.
Statistical significance between groups was assessed by Mann-Whitney test; data expressed as mean with SEM. Differences between groups were considered sig-

nificant at P values <0.05.

are further confirmed by immunohistochemistry of the low- and high-
calcified plaques, where Tryptase+ MCs were found in proximity of
a-SMA/SOX9" SMCs. In addition, our results are in line with the various
reported modulatory effects of MCs mediators in bone formation
[summarized in Ragipoglu et al. [69]], for example by promoting
osteoclastogenesis, osteoblast apoptosis (e.g., histamine, TNF, IL-6) or
inhibiting osteoblast activity (e.g., IL-1, TNF), or conversely stimulating
osteoblasts (e.g., TGF-B) and reducing osteoclastogenesis (e.g., IL-12,
IFN-y). Exogenous OPN produced by MCs is another mediator that can
inhibit the mineralization process by maintaining high levels of pyro-
phosphate. Among these, we showed that both resting and activated
MCs released the highly osteogenic TGF-f1 cytokine, also secreted by
both low- and high-calcified plaques (along with i.e. IL-1p and GM-CSF),
that could promote a synthetic phenotype of SMCs [70,71]. GM-CSF is
known to provide an inhibitory signal for MC differentiation and
expression of typical MC markers [72,73]. SMCs themselves also
exhibited an early upregulation of inflammatory markers, accompanied
by IL-1p release in the medium, which were repressed later when ectopic
calcification became established. It is already known that IL-1f represses
SMC marker gene expression and induces inflammation, proliferation
and calcification [74] and could act as a mechanistic driver of the
observed phenotypic changes, although this was not reflected on their
migro-proliferative capacity. Our results suggest that some of these MC
mechanisms already studied in bone formation, could be extrapolated to
SMCs osteogenic transdifferentiation in plaques. Moreover, we specu-
late that it could be a combination of various MC mediators, rather than
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one single MC-derived factor, that produces these effects. Consequently,
the functional synergies between MCs and SMCs could be an important
factor in the context of calcification and directly associated with patient
symptomatology.

4.1. Limitations and future studies

Our study represents the first comprehensive investigation of MC
role in vascular calcification from a large human atherosclerosis cohort
and the data warrant further studies to obtain deeper mechanistic
insight. For example, as BiKE cohort comprises patients with advanced
disease state and late-stage lesions only, the role of MC in disease
initiation and progression could be explored in other cohorts. Of note,
the CTA analysis was done on the whole lesion, while gene expression
microarray analysis was done only on the proximal half of the lesion
including the most stenotic part. We acknowledge that inclusion of
human MCs into the in vitro experiments would have improved the
study, however it was not technically feasible. Technical challenges and
time constraints have also impeded the collection of more human pla-
ques for ex vivo experiments that likely do not capture the full hetero-
geneity of human atherosclerosis. A more detailed mechanistic
examination of the contribution of MCs to SMC transition and matrix
mineralization using human plaque material in ex vivo studies will be of
importance. Lastly, future in vivo animal experiments in order to confirm
the functional role of MCs in SMC calcification will shed more light on
the underlying mechanisms.
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5. Conclusions

Our translational approach underpins an engagement of MCs in
atherosclerotic intimal calcification, despite being a minor plaque cell
type. Activated MCs are abundant in low-calcified plaques with a large
necrotic core that give rise to symptoms in patients, while resting MCs
are abundant in high-calcified plaques. Both MC populations are capable
of inducing SMC transition towards a pro-inflammatory, osteochon-
drocyte-like phenotype, without modulating their migro-proliferative
functions. However, extensive plaque calcification finally inhibits MC
activation, supporting our previous BiKE data [9] that macro-
calcification provides stabilization for carotid lesions on molecular and
cellular level. Based on these results, we propose that the late-stage,
already calcified plaque SMCs have a feedback effect on dampening
MC activation, which finally outweighs the effects of MCs on inducing
SMCs calcification that likely happens earlier during the
atheroprogression.

5.1. Translational perspective

Here we applied integrative, systems biology studies from a large
human biobank to explore the link between macrocalcification and MC
activation in atherosclerotic plaques. Our study is the first to establish a
negative association between MC activation and carotid plaque macro-
calcification, while positive association with features of plaque vulner-
ability was confirmed. Interestingly, no beneficial effect of typical
medications on the ratio of active vs. resting MC populations in plaques
could be shown. Mechanistically, both MC populations were capable of
inducing SMC osteogenic reprograming and matrix calcification, while
calcification in turn attenuated MC activation, offering new intervention
points for exploration of MC targeted therapies.
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