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Cardiovascular disease is the leading cause of death, with atherosclerosis the major underlying cause. While often
asymptomatic for decades, atherosclerotic plaque destabilization and rupture can arise suddenly and cause acute
arterial occlusion or peripheral embolization resulting in myocardial infarction, stroke and lower limb ischaemia.
As extracellular matrix (ECM) remodelling is associated with plaque instability, we hypothesized that the ECM
composition would differ between plaques. We analyzed atherosclerotic plaques obtained from 21 patients who
underwent carotid surgery following recent symptomatic carotid artery stenosis. Plaques were solubilized using a
new efficient, single-step approach. Solubilized proteins were digested to peptides, and analyzed by liquid
chromatography-mass spectrometry using data-independent acquisition. Identification and quantification of
4498 plaque proteins was achieved, including 354 ECM proteins, with unprecedented coverage and high
reproducibility. Multidimensional scaling analysis and hierarchical clustering indicate two distinct clusters,
which correlate with macroscopic plaque morphology (soft/unstable versus hard/stable), ultrasound classifica-
tion (echolucent versus echogenic) and the presence of hemorrhage/ulceration. We identified 714 proteins with
differential abundances between these groups. Soft/unstable plaques were enriched in proteins involved in
inflammation, ECM remodelling, and protein degradation (e.g. matrix metalloproteinases, cathepsins). In
contrast, hard/stable plaques contained higher levels of ECM structural proteins (e.g. collagens, versican,
nidogens, biglycan, lumican, proteoglycan 4, mineralization proteins). These data indicate that a single-step
proteomics method can provide unique mechanistic insights into ECM remodelling and inflammatory mecha-
nisms within plaques that correlate with clinical parameters, and help rationalize plaque destabilization. These
data also provide an approach towards identifying biomarkers for individualized risk profiling of atherosclerosis.

Proteomics
Carotid endarterectomy
Carotid artery stenosis

Introduction

Atherosclerotic plaques develop over many years and cause cardio-
vascular disease (CVD). While often asymptomatic for decades, athero-
sclerotic plaque destabilization and rupture can arise suddenly and
cause acute thrombus or embolus in crucial organs. Extracellular matrix
(ECM) remodelling can destabilize plaques, yet the mechanisms that
give rise to unstable plaques are not fully understood. In this context,
proteomic analyses of plaques, and their ECM composition have
immense potential. However, such analyses remains a major challenge

* Corresponding author.
E-mail address: davies@sund.ku.dk (M.J. Davies).
1 Contributed equally to this work.

https://doi.org/10.1016/j.mbplus.2024.100141

due to the dense network of cross-linked and fibrous proteins, which
makes their extraction and subsequent data acquisition challenging.
Thus, existing ECM proteomes are typically characterized by low protein
numbers, low sequence coverage of detected species, and poor quanti-
fication. For these reasons, ECM proteomics remains a ‘poor cousin’ of
cellular proteomics, and often results in an underestimation of the
importance of the ECM in proteome studies.

As the numerical predominance of intracellular constituents in whole
tissue lysates can interfere with the identification and quantification of
both core- and ECM-associated (together termed ‘the matrisome’)
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proteins by liquid chromatography-mass spectrometry (LC-MS), studies
on the matrisome have often employed enrichment methods. These have
typically used the low solubility of many ECM proteins to achieve this. In
most cases, a mild buffer is used to lyse cells and remove soluble cellular
material, leaving behind ECM materials. These are then analyzed via
lengthy workflows with multiple extraction steps resulting in low sam-
ple throughput and material loss [1,2]. This results in dilemmas
regarding analysis of all fractions, with adverse consequences for sample
throughput, or only the ECM-enriched fractions. Examination of only
the latter may result in material loss (e.g. due to solubility in lysis
buffer), and bias regarding the number, quality and quantification of the
proteins detected.

Recent developments in mass spectrometry (MS) instrumentation (e.
g. trapped ion mobility spectrometers) and acquisition techniques (e.g.
parallel accumulation-serial fragmentation combined with data-
independent acquisition; DIA-PASEF), may mitigate some of the
mentioned problems in matrisome proteomic studies. These new ap-
proaches potentially allow high proteome coverage within a single MS
acquisition, avoiding complex sample processing and enrichment
methods, loss of material and data, and the need to run samples under
multiple different experimental conditions [3,4]. In light of these ad-
vances, this study employed a new simple, single-step protocol to extract
proteins from human carotid artery atherosclerotic plaques, to deter-
mine in a proof-of-concept study if matrisome proteins differ between
different plaque types and whether these correlate with macroscopic
clinical examination (morphology, presence of hemorrhage, ulceration)
and ultrasound images.

Histology has been widely used to categorize atherosclerotic plaques
into stable and unstable types [5-8]. The stable plaques are typically
characterized by extensive fibrosis and calcification which macroscop-
ically is grossly expressed as ‘hard’ lesions. In contrast, unstable plaques
usually have a soft consistency, and are considered rupture-prone due to
high inflammatory activity. The unstable plaques have a thin fibrous
cap, a large necrotic lipid core, and often intraplaque hemorrhage [5-8].
These characterizations are consistent with ultrasound echogenicity
findings, with echogenic plaques expressing calcification and fibrosis
being categorized as hard/stable, whereas echolucent plaques are
assigned as unstable/soft [9-11]. However, plaques are highly heter-
ogenous, particularly in advanced disease, and there is a need for a more
reliable identification of unstable plaques and the drivers of instability.
Such data could contribute to a more personalized risk stratification and
patient-centric management of CVD, including an improved and more
subtle selection of patients for carotid surgery, aggressive medical
treatment, or a combination of both.

Currently, methods to assess plaque morphology in situ depend on
imaging modalities, including ultrasound, computed tomography (CT)
and magnetic resonance imaging (MRI). Regardless of the method,
reliable and individual plaque morphology classification based on im-
aging is challenging, and not clinically implemented in symptomatic
plaques and only to a limited extent in asymptomatic plaques [12].
Furthermore, such data have not been correlated with the ECM
composition of plaques and proteomic data. This study aimed to deter-
mine: 1) whether a new single-step extraction procedure, combined with
state-of-the-art LC-MS, would provide high-quality data on plaque pro-
teomes and particularly the matrisome, without the need for prior
enrichment or fractionation; 2) whether plaque types differentiate into
specific clusters on the basis of their ECM protein composition; 3)
whether such unbiased cluster analysis correlates with clinical assess-
ment of the plaques into soft/rupture prone versus hard/stable on the
basis of their macroscopic and ultrasonic characteristics; and 4) which
biological pathways are modulated between cluster types.
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Results
Coverage of the plaque proteome

Human symptomatic carotid atherosclerotic plaques (21 in total),
obtained from patients who underwent carotid endarterectomy (for
summary of patient data, see Supplementary Table 1), were analyzed
using the protocol outlined in Fig. 1A. In total, 6839 proteins were
identified at a 1 % false-discovery rate cut-off. After filtering out single
peptide identifications and proteins with more than 10 missing values
across all 21 samples, 4498 proteins were identified and quantified,
including 354 matrisome proteins (137 core matrisome; 217 matrisome-
associated) (Fig. 1B). The total proteome coverage, those categorized as
cellular/plasma, total matrisome, and core matrisome / matrisome
associated were all significantly greater than achieved in previous
studies (Fig. 1B, C) [13-15], indicating that this single-step extraction
procedure can provide high-quality and broad coverage of plaque pro-
teomes and particularly the matrisome, without the need for prior
enrichment or fractionation.

Quantitative analyses, as indicated by intensity-based absolute
quantification (iBAQ) scores, show that core matrisome (Fig. 2A, green
coloration) and matrisome-associated proteins (purple coloration) were
among the most abundant proteins, when compared to the cellular and
plasma division, in all plaques. The top 30 most abundant proteins from
each division (cellular and plasma, matrisome, and matrisome associ-
ated) are presented in Figs. 2B-D respectively. Proteins are designated
by gene names, with the rank numbers referring to their abundance
(iBAQ score) in the total dataset. The number of peptides detected from
each identified protein are also reported. The fractions of the total iBAQ
intensity comprising cellular/plasma versus core matrisome and
matrisome-associated species is presented in Fig. 2E, and that corre-
sponding to different matrisomal sub-classes is presented in Fig. 2F.

Comparison of total proteome and matrisome data between
plaques

Unsupervised clustering analysis was conducted using Monte-Carlo
reference-based consensus clustering [16] to examine differences be-
tween the total proteomes of the atherosclerotic plaques, and whether
these form well defined clusters depending on their protein composition.
The Relative Cluster Stability Index reached a maximum at k = 2
(Fig. 3A), indicating a strong and consistent grouping of the data from
the plaques into two clusters; a Monte Carlo p-value of < 0.05 atk = 2
supports this conclusion (Fig. 3B). Multidimensional scaling (MDS) an-
alyses of the entire proteome dataset (Fig. 3C) and also the matrisome
dataset (Fig. 3D) confirmed the presence of two distinct and well-
separated clusters. Hierarchical clustering analysis, and the heatmap
of the consensus index (Fig. 3E), confirmed the presence of two clusters
based on the protein content of the plaques. These analyses strongly
associate with independent (blinded) analysis of clinically-determined
parameters including macroscopic morphology (soft/unstable, mixed,
hard/stable; assessed visually), macroscopic presence of hemorrhage
and plaque ulceration (both markers of potential plaque instability), as
well as ultrasonic morphology (classification of the plaques on the basis
of echolucent/echogenic image data) (Fig. 3E). Thus, the plaques clas-
sified macroscopically into soft and mixed were grouped, and strongly
associated with Cluster 2, whereas those categorized as hard were
strongly associated with Cluster 1.

Differences were detected in protein abundance between the two
clusters, with 714 proteins of the total proteome dataset showing sig-
nificant differential abundance using a false discovery rate (FDR)
adjusted P value of < 0.05 (Fig. 4A). Among the proteins showing sig-
nificant differential abundance, 59 were core matrisome proteins and 54
were ECM-associated proteins (Fig. 4B). The proteins (identified by gene
names) with the largest fold changes in the total proteome dataset were
examined for previous association with atherosclerosis through text
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Fig. 1. Overview of the project workflow and liquid chromatography-mass spectrometry (proteomic) analysis. (A) Schematic overview of the experimental work-
flow. Plaques extracted during carotid endarterectomy were solubilized, cleaned-up, digested and analyzed by LC-MS as described in the Methods. (B) Bar plot
showing the number of protein identifications and quantifications in this study and previous human plaque proteomics studies by Vaisar et al., Langley et al. and
Parker et al. [13-15]. Plots present all protein identifications (grey bars), cellular and plasma proteins (black), and matrisome species, with the last of these further
differentiated into core matrisome (purple) and matrisome-associated (green) proteins. (C) Upset plot showing the overlap of cellular and plasma protein identi-
fications between this and previous studies. (D) As (C), except for matrisomal protein identifications. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Protein ranking by estimated absolute abundance. (A) Violin plots showing the distribution of intensity-based absolute quantification (iBAQ) values for
cellular and plasma (grey), matrisome-associated (purple) and core matrisome (green) proteins, respectively. Crossbars indicate the median iBAQ values for each
group. The full dataset is provided in Supplementary Table 2. (B - D) Identification and rank order of the 30 most abundant cellular and plasma (grey, panel B),
matrisome-associated (purple, panel C) and core matrisome (green, panel D) proteins as designated by gene names. The number of identified peptides from each
protein are also indicated. (D) The fraction of iBAQ intensity arising from cellular, core matrisome and matrisome-associated proteins. (E) The fraction of the total
iBAQ intensity of proteins in each category (cellular/plasma, black; core matrisome, green; matrisome-associated, purple). (F) The fraction of iBAQ intensity within
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Fig. 3. Sample classification using consensus clustering of plaque proteome profiles. (A) Relative Cluster Stability Index for cluster numbers (k) 2-10 obtained by
Monte Carlo reference-based consensus clustering. (B) P values for the distribution of stability scores being different from the null distribution at each k, indicating a
statistically-significant preference for formation of two clusters. (C) Multidimensional scaling (MDS) plot of distances between protein abundance profiles for the
total plaque proteome. Each sample is plotted on a two-dimensional scatterplot of the first two components of a MDS analysis for the top 500 most variable proteins,
with each dot representing an individual plaque. Dots are color-coded according to their cluster assignment at k = 2. (D) As (C), but for the detected proteins present
in the matrisome division of the plaque samples. (E) Cluster dendrogram and heatmap of consensus index (frequency of the sample pair being in the same cluster) for
k = 2. Each sample is annotated with its assigned cluster, the macroscopic morphology of the plaque, the presence of plaque hemorrhage, ulceration of the
endothelial layer, and classification of the plaque based on ultrasound imaging.
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Fig. 4. Comparison of protein abundances between sample clusters. (A) Volcano plot of the total plaque proteome compared between Cluster 1 and Cluster 2 using
robust linear modelling. Each point represents a protein with a log2 fold change between the samples compared (x axis), plotted against false discovery rate (FDR)—
adjusted P (—1og10 transformed, y axis). Black circles: cellular and plasma category; green circles: core matrisome; purple circles: matrisome associated. Gray circles
indicate non-significant changes (adjusted P value > 0.05). The non-axial vertical lines denotes + 1 fold change. (B) Lollipop plot of scores for association of total
proteome dataset with atherosclerosis. According to the DISEASES database, the top 20 up- and downregulated proteins between Cluster 1 and Cluster 2 are shown
with text mining scores for association with the term atherosclerosis. A score > 1 indicates substantial evidence for implication in atherosclerosis, where a lower score
suggests few or no studies have reported previous links. A nonaxial vertical line at 1 indicates the median text mining score for all proteins in the database. Dot colors
indicate the log2 fold change between Cluster 1 and Cluster 2 for each protein. (C) Tile plot showing Pearson correlation scores between protein label-free quan-
tification (LFQ) intensities and plaque ultrasound classifications as well as log fold-change between Cluster 1 and Cluster 2. Only proteins with correlation score > 0.8
and FDR-adjusted p-value < 0.05 are shown. Black symbols: cellular and plasma proteins; purple symbols: matrisome-associated proteins; green symbols: core
matrisome proteins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

mining. Proteins that were more abundant in the plaques of Cluster 1 Identification of pathways and processes that show differential regulation
(categorized by gross morphology as ‘hard’) are presented in the upper between the plaques in Cluster 1 versus Cluster 2

part of Fig. 4C, whereas those that were more abundant in Cluster 2

(categorized macroscopically as ‘soft/mixed’) are presented in the lower Processes and pathways associated with each cluster (i.e. those
part, with these color-coded to the protein division (as above). Corre- potentially associated with plaque stability / destabilization), were
lations between the protein intensities (as determined by label-free examined using gene ontology (GO) enrichment (Fig. 5A, B) and Reac-
quantification, LFQ) and log-fold change between Clusters 1 and 2, tome pathway analyses (Fig. 5C), with the fold changes between the
are presented in Fig. 4C, with the proteins categorized to their division plaque clusters used for ranking and scoring. These analyses indicate
by color coding. that multiple pathways related to ECM structure and organisation,

ossification and mineralization, responses to wound healing, blood
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of this article.)

clotting and platelet activation/degranulation were enriched in the
plaques in Cluster 1 (categorized macroscopically as ‘hard’ plaques;
Fig. 3E). In contrast, the plaques in Cluster 2 (categorized macroscopi-
cally as ‘soft/mixed’; Fig. 3E) showed strong associations with inflam-
mation (e.g. leukocyte activation, immune response pathways, cytokine
production), reactive oxygen species/reactive nitrogen species (ROS/
RNS) production and oxidoreductase activity, proteolytic activity
(metallopeptidase and hydrolase activity and autophagy) and transition
metal binding.

Protein-protein interaction network analysis

The Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) tool was used to examine protein—protein interactions within
the matrisome protein division. The resulting network is presented in
Fig. 6. The nodes colored in red were detected as over-abundant in the
plaques of Cluster 2 (‘soft/mixed’), whereas those colored blue were
over-abundant in Cluster 1 (‘hard’). This analysis clearly indicates two
strong and significant network clusters of over-abundant matrix metal-
loproteinases (MMPs 7, 8 and 9), together with a common inhibitor of
these (TIMP1) enzymes, and cathepsins (A, B, D and L) in Cluster 2, with
these (and particularly the MMPs) interacting with large numbers of

core ECM structural proteins. Furthermore, multiple enzymes involved
in collagen processing and modification (P4HA1, PLOD1 and 2) were
also upregulated in Cluster 2 and show strong interactions with multiple
collagen species as expected. In contrast, the plaques from Cluster 1
(‘hard’ plaques) showed significant upregulation and strong interactions
between a very large number of ECM structural proteins, integrins and
clotting proteins and coagulation factors.

Discussion

To succeed with personalized management of patients with CVD,
new methods to distinguish the unstable plaque from stable, at an in-
dividual level, are needed. An increased understanding of the
biochemical processes occurring within human atherosclerotic plaques
may facilitate this [8,17].

The data reported here indicate that the fast, single-step, ‘SPEED’
extraction method is efficient in releasing both total proteins and ECM
materials from human carotid artery plaques. The described approach
allowed for a 70 % increase in detectable matrisome proteins compared
to previous proteomic studies [13-15,18], and identified ~ 4500 pro-
teins from human carotid plaques, including more than 350 matrisome
proteins. Importantly, this method did not impair data breadth and
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matrisome proteins according to the matrisome database as indicated on the right side of the panel. Lines connecting nodes indicate interactions between core
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indicate the confidence of interaction (only interactions with confidence > 0.4 are shown). Nodes with no interactions with confidence > 0.4 are omitted. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

quality, as only four previously-identified matrisome proteins were not
detected when compared to literature data [13-15,18]. Division of the
total pool into cellular/plasma, matrisome associated and core matri-
some groups, showed that the matrisome, and particularly core matri-
some proteins were highly abundant and over-represented in the total
pool of proteins detected (Fig. 2A), though they were significantly less
abundant in terms of the number of proteins identified (Fig. 2E). The
matrisome division showed a wide spectrum of different classes of core
and associated proteins (Fig. 2F). These data highlight the importance of
the ECM and associated species in different types of plaques.

Cluster analysis of the total protein compositions of the plaques
showed that these separated into two distinct, and significantly-
different, groups (Fig. 3A, B). This separation was supported by multi-
dimensional analyses carried out on both the total proteome (Fig. 3C),
and those proteins ascribed to the matrisome division (Fig. 3D). This
conclusion is supported by the unsupervised hierarchical clustering
(Fig. 3E), with dramatic differences observed in the heat map between
clusters 1 and 2. Of particular interest and importance, is the observa-
tion that this unbiased proteome analysis strongly matches the macro-
scopic clinical assessment of the plaques, with cluster 1 being assessed
(independently from the proteome analysis) on the basis of gross
morphology, as hard plaques, and cluster 2 as soft and mixed plaques.
Similar associations were seen for the presence/absence of hemorrhage
and ulceration, which were reported almost exclusively for the cluster 2
plaques. Classification of the ultrasound images into Types 1-5 also
supported the clustering analysis, with all the plaques in cluster 2 being
Type 1-3, signifying the presence of echolucent areas in the plaque
imaging to a major (whole plaque; Type 1), or lesser extents (present but
less that < 50 %; Type 3). Plaques in cluster 1 included ultrasound
morphology Type 4 (more or less entirely echogenic) and interestingly
also Type 5, which are interpreted as being heavily calcified over their
entirety, although it is impossible to determine by ultrasound what lies

behind acoustic shadowing. However, the proteomic data verify that the
plaques classified by ultrasound as Types 4 and 5 are associated with an
over-abundance of ECM structural proteins and those associated with
calcification (see also below). The protein cluster analysis confirms the
correlation between the gross macroscopic and ultrasound morphology,
with the stable/unstable assumptions; hard plaques are echogenic on
ultrasound implying greater plaque stability, while soft and mixed pla-
ques showed considerable echolucent areas on ultrasound examination,
indicating plaques with instability.

Over-representation analysis showed major differences in the abun-
dance of 714 proteins between cluster 1 (hard/stable plaques) and
cluster 2 (soft/unstable and mixed plaques), with a large number of the
significant differences being core matrisome and matrisome-associated
proteins (green and purple data points in Fig. 4A). These species also
account for many of largest changes in abundance (i.e. those with the
largest positive and negative log2 fold changes in Fig. 4A).

Detailed analysis indicates that cluster 1 (hard/stable plaques) have
a higher level, and broader range of ECM materials. This may arise from
increased ECM synthesis and deposition in these plaques, or alterna-
tively increased ECM protein degradation via proteolytic or oxidative
activity in cluster 2 (soft/unstable or mixed plaques). The data for
matrisome proteins are summarized in Table 1; the full data set is pre-
sented in Supplementary Table 2. These data are consistent with pre-
vious studies on human carotid plaques [13,14]. Thus, Vaisar et al [13]
reported that approximately 40 % of the proteins in ruptured plaques
(soft plaques, categorized based on gross macroscopic evidence of ul-
ceration and thrombus/hemorrhage) were altered in abundance. These
include higher levels of proteins associated with proteolysis, inflam-
matory signalling, cell adhesion, cellular cytoskeleton and apoptosis,
and decreased basement-membrane (ECM) proteins. Somewhat similar
results have also been reported for carotid plaques by Langley et al [14].
However, less marked changes were detected in this earlier work for
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Table 1 Table 1 (continued)
Summaw of 51gr1.1ﬁca.nt changes (adjusted p value < 0.05) in the a.bundance of Gene name Protein name(s) Known or potential function
matrisome proteins in ‘soft’ versus ‘hard’ plaques. Related proteins from the in artery wall
same family have been grouped in some cases. >
MEGF6 Multiple epidermal growth Predicted to enable Ca*"
Gene name Protein name(s) Known or potential function factor-like Domains 6 binding.
in artery wall NTN1 Netrin-1 May direct retention of

Overabundant in ‘soft’ plaques

PLOD2, PLOD3

Procollagen-Lysine, 2-oxogluta-
rate 5-dioxygenases 2 and 3

Hydroxylation of Lys in
collagen-like peptides used to
generate ECM crosslinks.

F2, F7, F9, F10

Prothrombin (F2), Coagulation
factors 2, 7, 9, 10

macrophages, promoting
inflammation.

Serine proteases involved in
blood coagulation cascade.

Activation of p-integrins KNG1 Kininogen-1 / a-2-thiol Inhibitor of cysteine
VWASA Von Willebrand factor A Unknown. p.rot'einase inhibitor ) proteasejs. N
domain-containing protein 5A FGA Fibrinogen alpha chain Forms fibrin in blood clots.
ADAMDEC1 A disintegrin and Matrix degradation PPBP Pro-platelet basic protein Platelet-derived growth of
metalloproteinase like decysin the C)FC chemokine famil.y.
PLXNC1 Plexin family Transmembrane receptors PF4 Platelet factor 4 Cytokine of CXC chemokine
for semaphorins. Potential faml%}’- Promotes blood
regulation of cell migration, clotting.
and immune response. HPX Hemopexin Heme binding.

FCN3 Ficolin-3 Innate immunity through SLP1 Secretory leukocyte peptidase Inhibits trypsin,
activation of the lectin inhibitor-1 chymotrypsin, elastase, and
complement pathway. ) ) Cz.ithepsirf G. '

TIMP1 Tissue inhibitor of matrix Inhibition of tissue VIN Vitronectin Binds to integrin “Vﬁ?
metalloproteinases-1 degradation by MMPs. promoFmg cell adhesion and

CTSB, CTSD, Cathepsins-B, -D and -H Cysteine (B,H) or Aspartate ) spreading.

CTSH (D) proteases involved in PDGFA Platelet-derived growth factor Regulates cell growth and
protein turnover subunit A division.

S100A9 $100 calcium-binding protein  Calcium- and zinc- CLEC3B C-Type Lectin Domain Family 3 Enables Ca*", heparin and
A9 / migration inhibitory binding protein. Key role in Member B k"l"‘gle domain b1r'1d1ng
factor-related protein 14 the regulation of activity. Im{olved in
(MRP14) / calgranulin B. Forms inflammatory processes and mineralization.
calprotectin with S100A8 immune response S100A6, Members of the S100 protein Regulate proliferation,

MMP7, MMP9 Matrix metalloproteinases-7 Proteolysis of multiple ECM S100A10, family apopt0§1s, cytoskeleton
and —9 components S100A13, dynamics, and cell response

ANXA3 Annexin A3 Regulation of cell growth and 5100A16 to SU’ESS: )

signal transduction. Inhibitor SOD3 Extracellular (Cu-Zn) Conversion of superoxide
of phospholipase A2 and superoxide dismutase-3 radicals to hydrogen
cleavage of inositol 1,2-cyclic peroxide and oxygen.
phosphate. Role in anti- MGP Matrix Gla protein Inhibitor of vascular
coagulation. mineralization.

P4HA1 Prolyl 4-hydroxylase subunit Formation of 4-hydroxypro- LPA Lipoprotein(a) LDL variant. l.hsk factor for
alpha-1 line and assembly of new ) ) ) atherosclerosis. ' '

collagen chains. SPP1 Osteopontin / bone sialoprotein  Integral part of mineralized

PCSK6 Proprotein Convertase Processing of protein 1/ .earl'y T-lymphocyte ECM. Prol.)ably mjlportant for
Subtilisin / Kexin Type 6 precursors trafficking activation / se.creted cell-ECM interactions.

through secretory pathway. phosphoprotem 1

CD109 Cluster of differentiation 109 Localises to surface of VCAN Versican La.rge ECM proteog?y‘can
platelets, activated T-cells, with bound chondritin and
and endothelial cells. Binds keratan sulfate chains. Binds
and negatively regulates ] ) LDL. -
TGF- B signaling NID1, NID2 Nidogens 1 and 2 (entactin) Sulfated glycoproteins of

SNED1 Sushi, Nidogen, and EGF-like Proposed to enable Notch basen.lent me.mbran.es.tightly
Domains binding activity and be as'soc1ated with laminin.

involved in cell-matrix Binds collagen IV and
adhesion. perlecan. Role in cell-ECM

SEMA3C Semaphorin 3C Required for normal . interactions. )

cardiovascular development IGF2 Insulin-like growth factor 2 Growth-regulating, insulin-
Binds to plexin family like and mitogenic activities.
proteins Binds to IGF-1 receptor.

MXRA5 Matrix-remodeling associated Possible anti-inflammatory IGFBP1, Member of the {nsghn-hke ) Prolong Fhe ‘hf_ilf'hfe ‘0f IGFs
protein 5 and anti-fibrotic properties IGFBP2, growth factor binding protein and can inhibit or stimulate

Limits cytokine induction, IGFBP3, family their growth-promoting
fibronectin and collagen IGFBPS o ef‘fec.ts. o
expression in response to FST Follistatin Binding and neutralisation of
inflammatory stimuli. men?bers of the TGF-

TNFSF13B Tumour necrosis factor Stimulation of B- and T-cell ) ) family. )
superfamily member 13b function. Regulation of OGN Osteoglycin / mimecan Small proteoglycan involved

apoptosis. in mineralization.

ST14 Suppressor of tumourgenicity- Serine protease. COL1A2 Collagen-1, alpha-2 chain Fibril-forming collagen.

14 / Matriptase COL5A1, Collagen-5, alpha-1, —2and —3  Fibrillar collagen.

Overabundant in ‘hard’ plaques COL5A2, chains

MATN2 Matrilin 2 Formation of filamentous COL5A3

networks in ECM. COL6A1, Collagen-6, alpha-1, —2and —3  Beaded filament collagen
CHAD Chondroadherin Leucine-rich, matrix COL6A2, chains involved in cell adhesion.
protein involved in cell COL6A3
adhesion. COL12A1 Collagen-12, alpha-1 chain Fibril-associated collagen.
COL18A1 Collagen-18, alpha-1 chain Multiplexin collagen.

(continued on next page)
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Table 1 (continued)

Gene name Protein name(s) Known or potential function Gene name Protein name(s) Known or potential function
in artery wall in artery wall

COL21A1 Collagen-21, alpha-1 chain Collagen secreted by smooth PODN Podocan Small leucine-rich repeat
muscle cells and may protein. May function to
contribute to ECM assembly. inhibit smooth muscle cell

BGN Biglycan Small leucine-rich ECM proliferation and migration
proteoglycan. Involved in following arterial injury.
bone growth, muscle AEBP1 Adipocyte Enhancer Binding Carboxypeptidase A protein
development/regeneration, Protein 1 family member. May
and collagen fibril assembly. function as a transcriptional
May regulate inflammation repressor and in smooth
and innate immunity. muscle cell differentiation.
Associated with ANGPTL6 Angiopoietin Like 6 Predicted to enable signalling
atherosclerosis. receptor binding activity and

LUM Lumican Small leucine-rich ECM be involved in angiogenesis
proteoglycan. Binds collagen and cell differentiation.
fibrils and may regulate their Associated with collagen-
growth. containing ECM.

PRELP Proline And Arginine Rich End Leucine-rich repeat ECM FRZB Frizzled Related Protein Modulator of Wnt signalling.

Leucine Rich Repeat Protein / protein that functions to Regulation of mineralization.
Prolargin anchor basement membranes PRG4 Proteoglycan 4 Large proteoglycan with
to connective tissue. Binds chondroitin sulfate and
collagens-1 and —2. keratan sulfate.

MFAP4 Microfibril Associated Protein4 ~ ECM protein involved in cell OMD Osteomodulin / Osteoadherin Predicted to be involved in
adhesion and intercellular cell adhesion and regulation
interactions. of mineralization.

INHBE Inhibin subunit beta E Member of the TGF- CI1QTNF3, C1q and TNF Related proteins 3 ~ Predicted to be part of
superfamily. Regulates cell C1QTNF7 and 7 collagen trimers. Negative
proliferation, apoptosis, regulation of NIK/NF-kB
immune response and signalling, and regulation of
hormone secretion. cytokine production.

TGFB2 Transforming growth factor Binds various TGF- p ASPN Asporin Small leucine-rich

beta 2 (TGF- $2) receptors. Recruits and proteoglycan family
activates SMAD family member. Binds collagen and
transcription factors and Ca®t and may induce
regulates gene expression. mineralization.

DPT Dermatopontin ECM protein involved in cell- TINAGL1 Tubulointerstitial Nephritis Secreted glycoprotein.
matrix interactions and Antigen Like 1 Induced by oxidised LDL.
matrix assembly. Proposed to SPON1 Spondin 1 Vascular smooth muscle cell
modify TGF-p activity via growth-promoting factor.
interactions with decorin. ECM structural component.

MFGE8 Milk Fat Globule EGF And Preproprotein processed to SERPINA10 Serpin Family A Member 10 Serine or cysteine proteinase

Factor V/VIII Domain multiple products, including inhibitor. Inhibits the activity
Containing lactadherin which promotes of coagulation factors Xa and
phagocytosis of apoptotic XIa. Mutations associated
cells. Further processed to with venous thrombosis.
medin, the major protein of
aortic medial amyloid.

SEMA3B Semaphorin 3B Class-3 semaphorin/ collagens [13], unlike the current study, where an over-abundance of

;ﬂlaﬁgﬁzgpﬁfﬁen multiple collagen isoforms was detected in hard plaques (COL1A2,
y X

FGL2 Fibrinogen Like 2 Protein similar to the beta- COL5A1/A2/A3, COL6A1/A2/A3, COL12A1, COL18A1, COL21Al;
and gamma-chains of Table 1). This could reflect more efficient protein extraction. Further-
fibrinogen. more, multiple other core ECM proteins were also detected in this study

GAS6 Growth Arrest Specific 6 Gamma-carboxyglutamic as being over-abundant in hard plaques (MATN, FGA, FGL2, VCAN,
ajf (fig)t?;ﬁ;“vlgfv 5;"1:‘“ NID1, NID2, BGN, LUM, MFAP4, DPT, HABP2, PODN, SPON1; Table 1)
Etir:ulating cell proliferation. consistent with a greater extent of ECM synthesis and assembly. This is
Associated with venous probably due to the higher numbers of synthetic smooth muscle cells in
thromboembolic disease. hard (stable) p]aques.

HABP2 Hyaluronan Binding Protein 2, S1 family of serine proteases.

LTBP1, LTBP2,
LTBP3,
LTBP4

C170rf58

THSD4

Factor VII-Activating Protease

Latent Transforming Growth
Factor Beta (TGF-b) Binding
Proteins 1-4

Chromosome 17 Open Reading
Frame 58

Thrombospondin Type 1
Domain Containing 4

Binds hyaluronic acid and
involved in coagulation and
fibrinolysis. Mutations
associated with venous
thromboembolism.

Binds TGF-f, and targets
complexes to the ECM.

Part of collagen-containing
ECM. Associated with
posterior myocardial
infarctions.

Predicted ECM structural
constituent and involved in
elastic fiber assembly.

10

The current data are consistent with the limited previous literature
[13,14] suggesting that the instability of soft plaques (cluster 2) arises
(at least partly) from an enhanced rate and extent of ECM degradation.
This is supported by the text mining data presented for the top 20 up-
and down-regulated proteins in Fig. 4B, with many of the scores showing
a strong positive association (score > 1) for association with athero-
sclerosis. The current study shows (Table 1) a significant enrichment in
multiple proteases in cluster 2 plaques including MMPs-7, -8 and -9;
matriptase (ST14), cathepsins-B (CTSB), -D (CTSD) and -H (CTSH), and a
disintegrin and metalloproteinase like decysin (ADAMDEC1), together
with tissue inhibitor of matrix metalloproteinases (TIMP1). Elevated
levels of these proteins are consistent with enhanced ECM fragmentation
and degradation.

Gene ontology (Fig. 5A, B) and Reactome analysis (Fig. 5C) further
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support a role for proteolysis and oxidant generation in cluster 2 pla-
ques, with the term ‘ROS and RNS production in phagocytes’ being the
top Reactome pathway enrichment term (red density plots). Enhanced
protease activity in cluster 2 (soft/unstable plaques) may be driven by,
and synergistic with, oxidation-induced alterations, as a major phago-
cyte- (neutrophil/monocyte) derived protein, myeloperoxidase and its
oxidation product, hypochlorous acid (HOC) are able to convert inac-
tive pro-MMPs to their active forms. This has been demonstrated in vitro
for MMP-7 [19], MMP-8 [20] and MMP-9 [21,22]. In addition, ECM
modification by oxidants, including HOCI and peroxynitrous acid/per-
oxynitrite, can modulate the expression and release of MMPs and
ADAMTs, by both smooth muscle [23,24] and endothelial cells [25], and
products consistent with such reactions have been detected in human
arteriae femuralis and aortae abdominalis plaques [25-29]. In contrast,
cluster 1 (‘hard/stable’) plaques showed (blue density plots) multiple
terms and pathways associated with matrix synthesis and maintenance,
as well as coagulation pathways, wound healing, calcium binding
(calcification), cell adherence and binding and growth factor
production.

Langley et al [14] have reported that symptomatic carotid plaques
have a ‘signature’ that includes MMP-9, chitinase 3-like-1, S100
calcium-binding proteins A8 and A9 (S100A8 and S100A9), cathepsin B,
fibronectin and galectin-3-binding protein. Several of these proteins
(MMP-9, S100A9, cathepsin B), but not all, were detected as over-
represented in the cluster 2 (soft/unstable) plaques in the current
study. Some of these, and particularly MMP-9, have been reported to be
involved in [30,31], and predictive of, major adverse clinical events (e.
g. stroke and fatal cardiovascular disease [32,33]). The presence of both
proteases and pro-inflammatory/oxidant-generating proteins that are
released from activated neutrophils, and which stimulate phagocyte
migration and activate endothelial cells (via Toll-like receptor 4 sig-
nalling), strongly support the hypothesis that high levels of ongoing
inflammation and proteolysis contribute to enhanced ECM turnover in
soft and mixed plaques.

Interestingly, high levels of 9 subunits of the V-type ATPase complex
(ATP6V*) and carbonic anhydrase 12 (CA12) were observed in ‘soft’
plaques (Supplementary Table 2). The latter is a membrane-associated
enzyme of the carbonic anhydrase family, reported to be expressed in
colon, pancreas, kidney (including some carcinomas), prostate, ovary,
testis, salivary gland and activated lymphocytes, but not erythrocytes,
and therefore does not appear to arise from intra-plaque hemorrhage.
The V-type ATPase family can activate proteases, and both enzyme
families can demineralize the ECM through extracellular release of H"
and CI', and are associated with osteoclast-like cell activity. In ApoE
knockout mice [34] both V-ATPase subunits, and multiple proteins
associated with calcification including osteoactivin (GPNMB in
humans), osteopontin (SPP1), bone sialoprotein 2 (IBSP), matrix Gla
protein (MGP) and proteoglycan 4 (PRG4), were strongly increased in
mature plaques containing large numbers of macrophages. A number of
these proteins were also detected in the current study (SPP1, MGP,
PRG4) in ‘hard’ plaques, together with other proteins associated with
mineralization (osteoglycin/mimecan, OGN; osteomodulin, OMD;
asporin, ASPN; the cellular protein alpha-2-Heremans-Schmid glyco-
protein/fetuin A, AHSG) and signaling pathways associated with such
processes (insulin-like growth factor-2, IGF2; and corresponding binding
proteins, IGFBPs). This suggests a high and active turnover of calcified
structures, indicating that mineralization / demineralization is an active
process in advanced human carotid plaques. Previous studies have re-
ported that ‘spotty’ (micro) calcification is associated with plaque
rupture whereas extensive calcification is inversely correlated with
rupture (reviewed [35]). Thus the crude description of plaques as ‘hard’
is a misleading and oversimplistic description (see also below). Whether
microcalcification is associated with overexpression of the above pro-
teins in specific regions of a plaque remains to be established, and in-
dicates the need for spatially-resolved proteomic studies. It is also
possible that extensively calcified regions of plaques may become less
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highly calcified, and more susceptible to rupture, as a result of demin-
eralization processes as a result of overexpression of proteins that limit
or reverse calcium deposition (e.g. ASPN, AHSG), or remove ECM spe-
cies (e.g. specific glycosaminoglycans and proteoglycans) that act as
calcification scaffolds. On the other hand, the surgeon’s gross macro-
scopic “on-the-table” categorization into hard and soft plaque and its
association with ultrasound and protein plaque analyses strengthens our
findings’ clinical perspective.

IGFBP1 and 5 are known to regulate smooth muscle cell migration
and proliferation, cellular responses to cAMP, and are associated with
fibrosis. GAS6 is also associated with cell growth and survival (including
of endothelial cells), prevention of apoptosis, cell adhesion and cell
migration. Several other highly-regulated matrisome proteins that have
not been implicated previously in the pathophysiology of atherosclerosis
have also been identified.

A major strength of this study is that it shows that proteomic iden-
tification and quantification of the proteins present in plaques correlates
strongly with empirical clinical macroscopic assessment of plaque types.
The unbiased cluster analyses of the protein complements of the plaques
mirrors almost exactly with the plaque classification assessed by gross
morphology, presence of hemorrhage or ulceration, and ultrasound
analyses. Thus, the biochemistry of the plaques closely matches the
clinical assessment of plaque type.

A further significant strength of this study is that we have developed
and tested a workflow that allows efficient proteomic analysis of
atherosclerotic plaques, with excellent coverage of intracellular and
matrisome proteins. This method avoids the need for enrichment or
fractionation steps and allows greater sample throughput. It also sim-
plifies protein quantification since all precursor signals are present
within a single MS acquisition. As both the extraction and clean-up are
straightforward, analysis of larger sample numbers is practical and
should allow better analysis of plaque variations, including those arising
from age, sex, ethnicity and comorbidities. The relatively modest
number of samples examined here (21), and the consequent lack of
statistical power to examine these factors is a weakness, though suffi-
cient to provide a clear proof-of-concept. Further weaknesses are a lack
of data from asymptomatic plaques (as only symptomatic patients are
operated in Denmark), data from earlier stages of atherosclerosis (which
could not be obtained for ethical reasons), the weaknesses that subjec-
tive categorization (‘hard’, ‘mixed’ and ‘soft’) introduces, and an
absence of complementary histology data, as the requirements for this
are inconsistent with the proteomic processing employed.

The analysis of plaques in their entirety also carries certain draw-
backs and limitations, as does the over-simplistic categorization of the
plaques as ‘soft’, ‘mixed’ and ‘hard’. Carotid plaques are heterogenous
with different degrees of arteriosclerotic changes, calcification and
multiple cell types. Proteome changes in the plaque shoulder regions
may be particularly important for stability, disease severity and devel-
opment [36]. This may be of particular relevance for mixed and ultra-
sound Type 3 plaques, in which soft and echolucent areas could
respectively be identified but involve <50 % of the total plaque. Spatial
assessment of the proteome within the plaque is not possible with the
current approach, but recent technological advances have made it
possible to link protein abundance to cellular phenotypes while pre-
serving their spatial context [37].

Protein abundances from the current proteomics dataset clearly
cluster into two groups as determined by multiple methods including
cluster stability analysis via a Monte Carlo consensus approach, multi-
dimensional scaling and hierarchical heatmaps. Around half of the
proteins have been associated (to at least some extent) with athero-
sclerosis before, but a large number have no published association. This
highlights a significant knowledge gap and further strengthens the need
for new methods. These new identifications may be novel targets for
therapeutic strategies aimed at unstable plaques. Additional work is
required to clarify the role of these proteins and whether they can be
manipulated therapeutically to minimize cardiovascular disease risk.
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We and others have shown that proteomic analyses can provide
unbiased and detailed biochemical data, but samples obtained through
surgery have limited use in clinical assessment and patient management.
In a recent proof-of-principal study, we showed that plaque proteins
were retained on angioplasty balloons used during percutaneous inter-
vention (PCI), and that this material could distinguish stable and un-
stable disease [38]. We speculate that a similar approach may be
applicable to assess the stability of carotid atherosclerotic plaques
without invasive surgery. Furthermore, proteins related to instability
might be detected non-invasively e.g. by advanced ultrasound imaging.
In such cases, plaques at high risk of causing future thrombotic events
might be identified, and invasive or more aggressive treatment applied
selectively for such cases.

While investigation of circulating tissue-derived biomarkers was
outside the scope of the current study, others have used tissue data to
guide the detection of plaque-derived materials in plasma [13-15].
Parker et al. used targeted MS-acquisition to identify species in the
circulation that might disclose arterial disease [15]. However, this
previous study did not address plaque instability, and it is unknown if
and how such markers reflect the risk of complications. In another study,
plaque stability was addressed by comparing symptomatic and asymp-
tomatic carotid plaques [14], but these were not sub-grouped or strati-
fied according to morphology. Proteomic and transcriptomic analyses
identified four candidate markers that accurately reflected advanced
atherosclerosis as measured by ultrasound, and improved risk prediction
in two separate cohorts [14]. Interestingly, 3 of the 4 biomarkers
(MMP9, CTSD and calprotectin) were also identified as being differen-
tially expressed between soft and hard plaques in the current study.
However, this previous study only identified 136 proteins in total, and
only 30 proteins were differentially expressed between symptomatic and
asymptomatic plaques at a modest (10 %) false discovery rate [14].

In conclusion, this study indicates that an efficient, single-step
extraction procedure coupled with LC-MS/MS and data-independent
acquisition allows unprecedented and reproducible identification and
quantification of proteins from carotid plaques, including large numbers
of previously unidentified species. Over 700 proteins have been identi-
fied with differential abundance between two clusters of plaques, that
correlate with gross morphological and ultrasound analyses as hard
(stable, cluster 1, echogenic) and soft (unstable, cluster 2, considerable
echolucent areas) plaques. The second group (cluster 2) contains much
lower levels of ECM proteins, and elevated levels of proteins involved in
inflammation, oxidant formation and ECM remodelling. These data
provide a unique insight into inflammatory mechanisms and ECM al-
terations as an explanation for plaque destabilization.

Experimental procedures

An expanded and detailed methods section is supplied in the Sup-
plementary Data file.

Subjects and sample size

This study was designed as a proof-of-concept study, and thus we
chose a sample size (7 hard, 7 soft, and 7 mixed, 21 in total) that would
provide sufficient power to detect robust differences between the three
plaque types in the presence of some technical variation.

Ethics

The study was conducted according to the Helsinki declaration, and
data and biological materials were collected after patients’ written,
verbal, and informed consent. Study approval was obtained from The
Danish National Committee on Health Research Ethics (journal number
H-20002776).
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Tissue samples

Carotid plaques from consecutive symptomatic patients, recently
diagnosed with cerebral embolic ischaemia (stroke, transient ischaemic
attack) or retinal ischaemia (complete vision loss, amaurosis fugax)
were included. Patients were diagnosed, initially medically treated and
subsequently referred for vascular surgery by departments of neurology.
Internal carotid artery endarterectomy (surgery) for all patients was
carried out at the same department of vascular surgery. Plaques were
removed in toto using standard surgical techniques and then processed as
described in the Supplementary Data. Immediately after the procedure,
plaques were categorised as ‘soft’, ‘hard’ or ‘mixed’, based on gross
macroscopic morphology by a consensus decision between the operating
vascular surgeon and by the research-responsible vascular resident (KY,
co-author). Besides overall consistency of plaque, details considered for
categorization included calcification and fibrosis in ‘hard’ plaques and
disintegrated content in ‘soft’ plaques, while mixed plaques had ele-
ments of both. In addition, the macroscopic presence of intraplaque
hemorrhage (bleeding) and ulceration were noted by the operating
surgeon, as such data are required documentation for standard patient
care, and were not carried out specifically for this study. The macro-
scopic plaque categorization was determined before and independently
of the proteomics analyses, with these carried out in a blinded manner.

Ultrasound analyses and classification

Extensive ultrasound imaging was performed on all carotid plaques
by the research-responsible vascular resident (KY, co-author) 1-3 days
before the operation. The imaging was recorded as short video clips
(cine loops) in sweeping axial and longitudinal planes to capture the
whole carotid plaque. Based on these ultrasound imaging cineloops, the
plaques were categorized based on sonographic morphology using an
established modified Gray-Weale classification as follows [40-42]; Type
1: > 90 % uniformly echolucent (dark); Type 2: predominantly echo-
lucent with < 50 % echogenic areas; Type 3: predominantly echogenic
plaque with < 50 % echolucent areas, and Type 4: > 90 % uniformly
echogenic (bright). Type 5 plaques are those that could not be imaged
properly by ultrasound due to shadowing, with this presumed to be due
to heavy calcification [42]. The echogenic reference point was set as the
vessel adventitia. Representative ultrasound images for all 5 types are
shown in Supplementary Fig. 1.

Protein extraction, clean-up and digestion for proteomic analysis

Proteins were extracted from plaques using the Sample Preparation
by Easy Extraction and Digestion (SPEED) protocol [43], and then
cleaned up and digested as described by Batth et al [44] and in the
Supplementary Data. Proteins were reduced and alkylated, digested
using Lys-C and trypsin, then stored at — 80 °C until analysis. A sche-
matic overview of the experimental workflow is presented in Fig. 1A.

Liquid chromatography-mass spectrometry (LC-MS/MS)

Samples were separated by LC and analyzed using a timsTOF mass
spectrometer operated in a data-independent acquisition with parallel
accumulation and serial fragmentation mode (DIA-PASEF; as described
by Meier et al [4] and in the Supplementary Data).

Data analysis and statistical treatment

DIA-PASEF data were processed in DIA-NN [45,46] in library-free
mode (see Supplementary Data). Peptides from digestion of the orig-
inal proteins were identified by comparison with the UniProtKB protein
database, including common contaminants. Intensity-based absolute
quantification (IBAQ) values were calculated as described by Schwan-
hausser et al [47]. Further data analysis and visualisation were
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performed as described in the Supplementary Data, with Benjami-
ni-Hochberg adjusted p-values <0.05 considered significant [48,49].

The data in this report are either in the main text or Supplementary
Data except for the raw MS files which have been deposited with the
ProteomeXchange. This can be accessed as indicated in the text

All data are available within the article, in the Supplementary Data
or, for mass spectrometry proteomics data, deposited to the Proteo-
meXchange Consortium via the PRIDE [39] partner repository with the
dataset identifier PXD039077.
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