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BRIEF REVIEW

False Utopia of One Unifying Description of the 
Vulnerable Atherosclerotic Plaque: A Call for 
Recalibration That Appreciates the Diversity of 
Mechanisms Leading to Atherosclerotic Disease
Gerard Pasterkamp , Hester M. den Ruijter , Chiara Giannarelli  

ABSTRACT: Atherosclerosis is a complex disease characterized by the formation of arterial plaques with a broad diversity of 
morphological phenotypic presentations. Researchers often apply one description of the vulnerable plaque as a gold standard 
in preclinical and clinical research that could be applied as a surrogate measure of a successful therapeutic intervention, 
despite the variability in lesion characteristics that may underly a thrombotic occlusion. The complex mechanistic interplay 
underlying progression of atherosclerotic disease is a consequence of the broad range of determinants such as sex, risk 
factors, hemodynamics, medications, and the genetic landscape. Currently, we are facing an overwhelming amount of data 
based on genetic, transcriptomic, proteomic, and metabolomic studies that all point to heterogeneous molecular profiles of 
atherosclerotic lesions that lead to a myocardial infarction or stroke. The observed molecular diversity implies that one unifying 
model cannot fully recapitulate the natural history of atherosclerosis. Despite emerging data obtained from -omics studies, a 
description of a natural history of atherosclerotic disease in which cell-specific expression of proteins or genes are included is 
still lacking. This also applies to the insights provided by genome-wide association studies. This review will critically discuss the 
dogma that the progression of atherosclerotic disease can be captured in one unifying natural history model of atherosclerosis.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Atherosclerosis is a complex condition with many 
manifestations and underlying causes. Yet, the sci-
entific community is striving for descriptions to 

reflect this complexity in one unifying model. This has 
led to widely appreciated classifications based on patho-
logical descriptions of affected blood vessels obtained 
from patients who died of acute myocardial infarction in 
different age strata.1,2 These classifications go back to 
the early 1990s and are still used as a gold standard 
in scientific studies that test new drugs in experimen-
tal models or the diagnostic potential of biomarkers for 
advanced atherosclerotic disease. Despite the fact that 
the histological characterization of late-stage atheroscle-
rotic plaques has brought many insights into the mecha-
nisms of atherosclerosis, research achievements over the 

last decades have revealed a diversity in cell-cell interac-
tion that drives gene regulation, protein expression, and 
underlying subsequent pathology in atherosclerosis. The 
complex mechanistic interplay underlying progression of 
atherosclerotic disease is also a logical consequence of 
the broad range of characteristics that are of influence 
such as sex, risk factors, hemodynamic factors, medica-
tions, and the genetic landscape. The observed molecu-
lar diversity of atherosclerotic lesions implies that one 
unifying model may not fully recapitulate the natural his-
tory of atherosclerosis.

The observed variability in (epi)genetic and transcrip-
tomic profiles in addition to histological classifications 
will provide in depth insight into the diverse pheno-
types of plaques that give rise to clinical manifestations 
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of atherosclerotic disease (Figure). Appreciation of the 
significant variability of phenotypes that characterize 
the so-called vulnerable plaque will also ask for a care-
ful consideration and recalibration of end points used in 
experimental studies.

THE DIVERSITY IN PATHOLOGY 
CLASSIFICATIONS OF PLAQUES 
THAT ASSOCIATE WITH MYOCARDIAL 
INFARCTION
Human studies have already convincingly shown that 
in addition to plaque rupture, fibrous plaques can also 
be the underlying pathological substrate for myocardial 
infarction because of plaque erosion.3,4 Current concepts 
for potential mechanisms leading to plaque erosion have 
been recently reviewed in study by Kolte et al5 and Libby 
et al.6 Research on the mechanism of plaque erosion has 

implicated circulating and adherent neutrophil granulo-
cytes7 and T lymphocytes in both preclinical and clinical 
studies.5 The endothelial layer gets disrupted by either 
apoptosis or cell detachment—because of gelatinases 
(MMP-2 [matrix metalloproteinase-2]) and collage-
nases that breakdown the subendothelial matrix—events 
prompt the formation platelet rich thrombi and adhesion 
of neutrophils. Triggers for an inflammatory response 
that specifically attract the polynuclear leucocytes are 
danger-associated molecules that, by binding the toll like 
receptor 2, activate the NFkB-dependent inflammatory 

Nonstandard Abbreviations and Acronyms

CAD	 coronary artery disease
GWAS	 Genome-Wide Association Study
MMP	 matrix metalloprotease

Highlights

•	 There is an overwhelming amount of data that all 
point to heterogeneous molecular profiles of athero-
sclerotic lesions that lead to a myocardial infarction 
or stroke.

•	 The use of one unifying concept and definition of 
the vulnerable plaque narrows our field of view and 
can lead to interpretations of experimental research 
that only covers part of the patient load.

•	 Novel insights could lead to diverse phenotypic 
descriptions of the plaque at risk for an adverse car-
diovascular event that includes hereditary genetic, 
plaque transcriptomic, and pathological criteria.

Figure 1. The most widely used workflow in search for determinants of progression of atherosclerotic disease.
A, Plaques are obtained from patients who suffered from a major ischemic event (MI or stroke) or who died at different age strata. Plaques have 
been characterized and the observed phenotype is used as a gold standard for future studies. B, The classical description of the vulnerable 
plaque is subsequently used. (1) As most important measure in search for genes, proteins and cell characteristics that may destabilize 
atherosclerotic lesions; (2) interpretation of imaged characteristics of human lesions. (3) Interpretations of phenotypic changes in the plaques 
observed in atherosclerotic genetically modified mice. C, The gene specific effects on lesion phenotypes in mice are also often translated 
to human disease by assessment of RNA and/or protein expression in human specimen that fulfill the classical description of the vulnerable 
plaque (the gold standard). 
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pathway.8 Another proposed, less frequent, mechanism 
for plaque thrombosis is associated to the presence of 
calcified noduli,9 where a lesion with fibrous cap disrup-
tion and thrombi is associated with eruptive, dense, cal-
cific nodules. This plaque pathology could be the result 
of plaque healing.

Although the atheromatous inflammatory plaque is 
the most dominant end point used in preclinical and clini-
cal studies, the prevalence of the fibrous plaque as path-
ological substrate of a clinical event is gaining ground 
because of drastic improvements in therapy and lifestyle 
changes in recent decades.10,11 In addition, serial imag-
ing of nontarget lesions showed that only in a minority 
of cases the traditionally described vulnerable atheroma-
tous plaque resulted in a clinical event.12 Accordingly, the 
PDAY STUDY revealed that 20% of young subjects <35 
years old already present Type IV and V lesions accord-
ing to the AHA classification.13

Pathology studies have also shown that the diversity 
in morphological presentation goes beyond a distinc-
tion in rupture, erosion or calcified nodules. The vessel 
wall is capable of a strong adaptive geometric response 
when atherosclerotic plaque volume changes. Geometric 
remodeling is a double-edged sword. Expansive remod-
eling is associated with initial preservation of the lumen 
area but is associated with local inflammation, MMPs 
activity, atheromatous plaques and clinically with the 
presentation of unstable angina, non ST-elevation myo-
cardial infarction and stroke.14 Constrictive remodeling 
typically results from fibrous smooth muscle cell and col-
lagen rich lesions and is more associated with the pre-
sentation of stable angina and mild cerebral symptoms 
such as amourosis fugax.15 This variety of geometric 
remodeling can be found in one patient and even in a 
single arterial segment.16

In summary, although pathological observations have 
been the hallmark for the current most widely used 
description of the natural history of atherosclerotic 
plaque destabilization, it also shows a large variability in 
underlying substrates that can lead to a clinical adverse 
cardiovascular event.

INSIGHTS BEYOND ATHEROSCLEROTIC 
PATHOLOGY, THE AWARENESS OF 
INCREASING DIVERSITY IN MECHANISMS
Screening the literature on the “natural history of ath-
erosclerosis” tells us that our knowledge of the disease 
is mostly based on pathology9 and imaging modali-
ties.17–20 Local hemodynamic changes have a significant 
impact on the progression of atherosclerotic disease 
by differentially affecting the size and composition of 
atherosclerotic plaques depending on their location in 
the arterial tree.21,22 Despite emerging data obtained 
from -omics studies and a single-cell RNA seq study 

of atherosclerosis progression and regression in mice,23 
comprehensive studies that fully describe the natural 
history of atherosclerosis with cell-specific expression 
of proteins or genes are lacking. This also applies to the 
insights provided by genome wide association studies 
(GWAS) that have shown that genetic architecture con-
tributes to up of 40% of the risk of heart attack.24–26 The 
number of reports on potential new mechanisms for pro-
gression of atherosclerosis according to human GWAS 
and animal studies is enormous. Indeed, hereditary and 
acquired mutations in the DNA are associated with 
acute cardiovascular events.27–29 It has become clear 
that, in addition to hereditary genetic variants, some spe-
cific somatic mutations increase the chance of having 
a cardiovascular event.28 To make the field even more 
complex, cells present unique plasticity dictated by the 
plaque microenvironment. Cell populations previously 
considered homogeneously stabilizing can transdif-
ferentiate and phenotypically have a deleterious effect 
on plaque composition.30,31 Lineage tracing studies in 
mice show that smooth muscle cells can differentiate 
into cells that no longer express ACTA-2 but do express 
macrophage marker CD68, and the endothelium can 
undergo a phenotypic shift by differentiating into a mes-
enchymal cell.31,32

Also, environmental factor interactions with the afore-
mentioned associations can influence the expression of 
genes and proteins via epigenetic and transcriptomic 
changes.33 For example, established risk factors for 
atherosclerosis enhance the downstream transcription 
effect of genetic risk loci.34 Although risk factors for ath-
erosclerotic lesion development may vary, it appears that 
the common denominator is that they all promote a (vas-
cular) inflammatory response.

Lifestyle and medication use have changed the path-
ological landscape of atherosclerotic disease.35 Statins 
have pleiotrophic effects resulting in alterations in plaque 
characteristics.36 Physical activity tones down hemato-
poietic stem and progenitor cell proliferation via modula-
tion of their niche and reducing hematopoietic output of 
inflammatory leukocytes.37 On the other hand, acute men-
tal stress stimulates proatherogenic innate responses 
and plaque destabilization because of higher leucocyte 
vascular wall infiltration.38 Chronic stress reprograms 
monocytes and to a hyperinflammatory phenotype39 that 
could contribute to aggravated atherosclerosis following 
chronic stress in mice.40

These and many other new insights indicate the 
enormous complexity of mechanisms implicated in the 
development and progression of atherosclerotic disease 
over the lifespan. Hereditary and acquired DNA muta-
tions as well as epigenetic changes may influence gene 
transcription and subsequent expression of proteins and 
metabolites. The differences in transcriptomic, protein, 
and metabolite expression between human atheroscle-
rotic plaques may provide a basis for new and more 
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diverse classifications of human plaques that better 
stratify lesions and patients for risk for an ischemic event.

SEX-SPECIFIC CHARACTERISTICS 
OF ATHEROSCLEROTIC PLAQUE 
PHENOTYPES
Differences in atherosclerotic disease between women 
and men are widely acknowledged with women being 
more prone to plaque erosion and stable symptomatic 
lesions. While sex-stratification in biobanks is still limited, 
mainly because of the limited number of women in bio-
bank studies, knowledge gaps are being addressed.

It has been convincingly demonstrated that signifi-
cant differences exist between sexes in the underlying 
pathology of atherosclerosis and its gene regulation.41 
Women develop more diffuse atherosclerotic disease 
with relatively more plaque erosion as an underlying 
cause of coronary artery disease (CAD), while men 
more often suffer from acute plaque rupture.3,42 These 
nonruptured eroded plaques have specifically been 
observed in young (smoking) females and with an early 
menopause.43 Recent outcomes of CAD GWAS studies 
showed that genetic loci can be associated with CAD 
risk in a sex specific manner.29

Transcriptomic studies using vascular specimen 
derived from females revealed a crucial involvement of 
gene regulation in endothelial cells and smooth mus-
cle cells phenotype switching during development and 
progression of plaques.41 The effect of sex on plaque 
development has also been shown in mouse models: 
XX sex chromosome complement promoted intestinal 
lipid absorption and subsequent bioavailability of dietary 
resulting in atherosclerosis progression.44 In addition, 
escapees of X chromosomal transcription of the second 
X chromosome is another mechanism by which sex dif-
ferences in cardiovascular disease can be explained45

DIVERSITY IN GENETIC RISK 
DETERMINANTS THAT INFLUENCE 
PLAQUE CHARACTERISTICS
Many genomic risk variants that contribute to CAD or 
stroke have been identified by GWAS. Combined, these 
loci explain an estimated 30% to 40% of heritability in 
CAD that account for ≈40% of all cases.46 A signifi-
cant number of GWAS risk loci are associated with lipid 
metabolism47 or inflammation.48 Many of these described 
GWAS risk loci are unrelated with known genes that have 
been extensively explored in the pathogenesis of athero-
sclerotic disease.27 Moreover, a significant number of 
loci were observed in noncoding regions, which hampers 
the identification of their biological function and causal-
ity with CAD.49 The functional context of many genes 

that can be linked with a risk locus has been studied in 
genetically modified mouse models. In most experimen-
tal studies, plaque area or classical pathology determi-
nants of the “vulnerable plaque” (defined as lipid rich 
inflammatory plaques with thin fibrous cap) were applied 
as a surrogate end point for establishing a causal effect 
of individual genes on lesion development. A knowledge 
gap remains on how the genetic risk loci influence the 
characteristics of human advanced plaques. Such exer-
cise requires large sample sizes to reach sufficient power 
because individual genetic loci likely confer only a small 
percentage in risk that likely corresponds to modest dif-
ferences in plaque phenotypes.

Human lesion characterization with computed tomog-
raphy angiography revealed that a polygenic risk based 
on GWAS increases CAD risk through an increased bur-
den of coronary atherosclerosis rather than promoting 
specific plaque features.50 The association of risk loci 
with wall thickness was also observed in a human carotid 
magnetic resonance imaging study where mutations in 
the SERPINA9 gene showed race-specific associations 
with characteristics of carotid atherosclerotic plaques.51 
Studies that associate genetic variants with human 
plaque pathological descriptions are even more scarce. 
For example, variants in HDAC9 have been associated 
with increased risk for stroke.52 In mice, the proportion of 
Mac3-positive macrophages was higher in plaques from 
HDAC9(−/−)ApoE(−/−) mice.53 Subsequent analysis of 
human atherosclerotic plaques revealed no association 
between the specific HDAC9 variant and specific plaque 
characteristics.53 In the GWAS CARDIoGRAM study, 
risk loci (9p21 and 6p24) in the PHACTR1 gene were 
identified that associated with coronary calcium score.54 
However, plaque progression and calcification are highly 
correlated and therefore genetic association studies may 
be confounded by genes that mainly control atheroscle-
rosis predisposition rather than calcification itself55

In the Athero-Express, human plaque biobank asso-
ciations were found between loci described in CAD 
GWAS studies and pathological plaque characteristics. 
A total of 21 established risk variants nominally associ-
ated to a pathology-based plaque characteristic. Despite 
the limited power, one variant (rs12539895, risk allele A) 
at 7q22 associated to a reduction of intraplaque lipids.56

In recent years, there has been an explosive growth 
of atherosclerotic plaque biobanks, especially of carotid 
plaques. Leveraging existing tissue specimens for suf-
ficiently powered genome-wide analyses will likely allow 
the identification of rare and common variants associ-
ated with various forms of pathological presentation of 
human advanced atherosclerosis.

In summary, the search for associations between 
common risk variants of CAD and human pathological 
characteristics may elucidate candidate mechanisms of 
atherosclerotic disease, but these studies will require 
increasing amounts of data.

D
ow

nloaded from
 http://ahajournals.org by on A

pril 21, 2022



Brief


 
Review




 - 
AL

Pasterkamp et al The Diversity of Lesion Development

e90    April 2022� Arterioscler Thromb Vasc Biol. 2022;42:e86–e95. DOI: 10.1161/ATVBAHA.121.316693

SOMATIC MUTATIONS AND CLONAL 
EXPANSION
Somatic DNA mutation are acquired with aging and 
some specific mutations of hematopoietic stem cells in 
the bone marrow are known to increase the risk of can-
cer and cardiovascular disease.28 In fact, in most cases, 
somatic mutations have little or no consequences, as 
most mutations have no effect on cellular function. How-
ever, a somatic mutation that confers competitive advan-
tage to the mutant cell may lead to clonal expansion and 
detrimental consequences. Four genes (DNMT3A, TET2, 
ASXL1, and JAK2) are known to harbor somatic muta-
tions with aging that increase the risk for hematologic 
cancer. The observation in large epidemiological stud-
ies of whole exome sequencing data that the mortality 
risk in the group patients with these somatic mutations 
was mainly attributed to cardiovascular death was a 
surprising incidental observation. Interestingly, TET2 
alters DNA demethylation, transcriptional activation and 
mediate transcriptional repression by recruiting histone 
deacetylases to gene promoters.57 In atherosclerotic 
mice, the loss of Tet2 resulted in clonal hematopoiesis 
and accelerated lesion development.58 Macrophages 
lacking Tet2 presented a higher expression of cytokines 
and chemokines and specifically the overproduction of 
IL-1β, suggesting that these cells can sustain a strong 
pro-inflammatory environment and plaque progression.58 
Transcriptomic studies of circulating leucocytes revealed 
that DNMT3A mutant cells exhibit a highly inflamed gene 
expression profile.59

Clonal expansion of cells in atherosclerotic lesion 
may not just be induced by mutations in somatic cells 
in the bone marrow. Recent observations in animal 
models indicate that clonal expansion in the vas-
cular wall may also occur by other mechanisms that 
give cells a survival advantage. During atherogenesis, 
single smooth muscle cells gives rise to the clones of 
cells that coat the cap of atherosclerotic plaques, a 
process that is regulated by Integrin B3.60 In another 
study using multicolor lineage tracing mouse models, 
it was observed that mature smooth muscle cell can 
give rise to a hyperproliferative cell which appears to 
promote inflammation via elaboration of complement-
dependent anaphylatoxins.32 Smooth muscle cells may 
escape immune surveillance of macrophages, a pro-
cess that depends on the key antiphagocytic molecule 
CD47, thereby exacerbating its relative survival advan-
tage.32 The extent clonal expansion in plaques and its 
contribution to human vascular lesion development 
remains to be established. Moreover, it is not unlikely 
that future DNA sequencing studies of human plaques 
will demonstrate the occurrence of somatic mutations 
directly in human atherosclerotic plaques that influ-
ence cell survival, transdifferentiation, or clonal expan-
sion and ultimately plaque pathology and fate.

VASCULAR-OMICS: WILL IT CONTRIBUTE 
FUTURE DETERMINANTS IN PLAQUE 
PHENOTYPING?
A considerable increase in –omics studies in human ath-
erosclerotic plaques have been reported. Most associative 
analyses, however, still apply the traditional pathological 
description of vulnerable plaques as the gold standard in 
search for genes and proteins relevant for destabilization 
and thrombotic events. This can be regarded as a missed 
opportunity because when -omics derived data associ-
ate with clinical presentation these can theoretically also 
be implemented in novel (multiple) phenotypic descrip-
tions of the lesions that give rise to myocardial infraction 
or stroke. Even more, it is expected that the examina-
tion of the outcomes of plaque derived -omics studies 
will reveal that the landscape of atherosclerotic disease 
progression is more complex and diverse than currently 
understood, making it virtually impossible to catch all 
destabilizing determinants in one unifying concept.

A study using micro array data of the BIKE study 
demonstrated the feasibility to associate the transcrip-
tomic signature of plaques with CT angiography out-
comes. The authors concluded that it would be possible 
to develop a virtual transcriptomics imaging protocol 
based on a combination of advanced morphological and 
molecular characterization of atherosclerotic plaques 
and machine learning and artificial intelligence meth-
ods to determine per-patient molecular level signa-
tures.61 Despite the progress being made, at present, a 
validated multi-omics measure of plaque destabilization, 
based on clusters or networks of genes and proteins, 
which can be used as surrogate end point in vascular 
biology research is still lacking.

To achieve this goal, future studies that merge genetic 
data, polymorphisms observed in the large GWAS studies, 
with RNA expression in vascular tissue will help identify 
gene-networks that links the observed genetic asso-
ciations with biological functional differences between 
plaque types. Indeed, transcriptome-wide association 
studies integrate genome-wide association studies and 
gene expression datasets to identify gene-trait associa-
tions62 and can point to causal genes at GWAS risk loci.

FUTURE PERSPECTIVE: CELL 
TRANSCRIPTOMICS-BASED 
CATEGORIZATION OF ATHEROSCLEROTIC 
PLAQUES
The increased numbers with which bulk sequencing of 
atherosclerotic lesions is performed will allow to regroup 
lesions based on the associations with clinical presenta-
tion. Indeed, most systems genetics studies have been 
based on bulk RNA-seq that averages transcriptional 
expression across cells. Single-cell sequencing can 
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further differentiate plaque phenotypes based on cell 
specific characterization with regard to biological func-
tion, cell-cell interaction, and possibly cell differentiation. 
Therefore, single-cell technologies are ideal for uncov-
ering new alterations of the complex hierarchical set of 
molecular and cellular networks that contribute to athero-
sclerotic cardiovascular disease and clinical outcomes. 
The identification of the complex cell type composition 
and functional states of cells in atherosclerotic plaques is 
crucial for the identification of the cellular contribution to 
disease and of new druggable cellular targets.63

An increasing number of publications in which human 
plaques have been characterized by single-cell sequenc-
ing indicate a wide variety of cell types that are indistin-
guishable on the basis of single epitopes.64,65 Cell types 
that were previously considered to represent one homo-
geneous cluster seem to express gene networks that 
clearly point to differential functions and also to states of 
transdifferentiation.31,41 The recent reports on single-cell 

sequencing of human plaques confirm the complexity 
and multiplicity of biological processes with spatial and 
temporal variation. Cells are clustered on the basis of 
gene expression and the gene-based cell clusters often 
overlap between patients. However, the expression pat-
terns of individual genes in the clustered cell types differ 
greatly from patient to patient. The latter may be partly 
explained by the underrepresentation of cells that are 
less viable or lost during digestion procedures.

Single-cell analysis of gene expression is labor-inten-
sive, time-consuming and expensive, disadvantages that 
make it difficult to obtain such large amounts of data 
to allow associative studies with risk factors, drug use, 
etc. It will take some time before the large numbers of 
patients required to stratify plaques and patient groups 
based on single-cell seq data that robustly associate with 
an acute cardiovascular event. The increase in the diver-
sity of cell types found and the lack of knowledge of the 
cell-specific biological function in plaque destabilization 

Figure 2. Future perspective.
A, A manifestation of ischemic adverse events is recognized by many underlying mechanisms and risk factors resulting in a broad diversity 
of atherosclerotic plaque phenotypes. B, Next to a pathology based description, future plaque phenotyping can be executed including bulk 
transcriptomics and proteomics as well as single cell analyses. These analyses need to be executed in a sex stratified manner. C, The analyses 
result in the appreciation of a diversity of lesion types that will ask for stratification by clustering. D, The novel combined pathology AND -omics 
based plaque clusters will influence the interpretation of experimental outcomes in mouse models and will ask for a search of the best stratified 
matches between mouse and men.
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require large numbers of observations to contribute to 
the recalibration of the description of high-risk plaques. 
The plaque single-cell sequencing efforts does also 
facilitate the application of deconvolution methods that 
allows the dissection of cellular components found in 
whole plaque transcriptomes.66

The growth of single-cell transcriptomic studies will 
provide an efficient solution to identify the heteroge-
neous subpopulations and establish the spatiotemporal 
dynamic model of vascular biology and pathological cell 
composition.67

A PLETHORA OF MECHANISMS OF 
PROGRESSION OF ATHEROSCLEROTIC 
DISEASE: WHAT ARE THE IMPLICATIONS 
FOR THE INTERPRETATIONS OF CLINICAL 
AND EXPERIMENTAL RESEARCH?
Human atherosclerosis develops over decades, and pro-
gression and rupture are followed by healing and sta-
bilization,68,69 all of which complicates studies on the 
mechanisms underlying plaque destabilization in humans.

Genetically modified mice are the most widely applied 
models to study mechanisms of atherosclerotic disease. 
A large number of treatments have been shown over the 
past decades to be effective in mice but never reached a 
clinical stage because of lack of successful translation to 
human disease. Many genes that have significant effect 
on the cardiovascular phenotype in atherosclerotic mice 
fail to pass a test involving human genetic risk loci.70

Multiple triggers and mechanisms can underlie the 
(also diverse) pathological substrates of myocardial 
infarction and stroke but in experimental research we still 
follow the oversimplified concept of the gold standard 
for lesion destabilization: the lipid rich, smooth muscle 
cell poor, and inflammatory plaque with a thin fibrous 
cap. It has already been demonstrated in mouse models 
and humans that differential changes in shear stress can 
result in lesion growth with different plaque morpholo-
gies.71,72 The same local hemodynamic determinants can 
be observed in the vascular system of human species 
that together with genetic diversity and risk factors can 
influence lesion phenotype. Unlike mouse models of 
disease, the human species is characterized by genetic 
diversity, acquired risk factors, and environmental trig-
gers that together influence lesion phenotype. In preclini-
cal research, the genetic background and environmental 
factors are intentionally harmonized, and it can be ques-
tioned what mouse strain reflects the human disease at 
best? As stated in a recent review paper, “we must and 
should continue to mine studies on mice for the incred-
ibly valuable mechanistic insight they provide. Yet, we as 
a community could consider more carefully some of the 
barriers to glib extrapolation of the results of experiments 
in mice to human disease”.73

The genetic background of the strain of wild-type 
mice being used should be taken into account, as this 
can significantly affect the development of atheroscle-
rosis.74 The diverse processes promoting atherosclerosis 
in humans demand for different mouse models. A road-
map has been proposed that should facilitate current and 
future researchers to choose an adequate mouse model 
for their studies.75 A nice example of the way forward 
was the study in 100 inbred mouse strains that provided 
a comprehensive systems genetic analysis of traits rel-
evant to atherosclerosis.76 This study showed that many 
of the factors associated with atherosclerosis in human 
populations were replicated in mice strains and provided 
a rich resource for studies of the complex genetic and 
metabolic interactions that underlie the disease. The 
study in the 100 inbred mouse strains also showed sig-
nificant differences in atherosclerotic lesion develop-
ment between male and female mice in most identical 
strains.76 It is, therefore, important to use both male and 
female mice in studies that are designed to translate 
human (transcriptome based) strata of atherosclerotic 
disease to experimental animal models.

The reported and ongoing bulk and single cell sequenc-
ing efforts of human plaques will facilitate the search for 
stratified matches of mice models with human athero-
sclerotic disease (Figure [B]). The integration of human 
and mouse single-cell datasets could help achieve a dual 
goal by providing information on the relevance in humans 
of mechanisms identified in experimental models and on 
the most suitable experimental model to study in vivo the 
shared mechanisms across species.63 The first reports 
already emerge that correlate single cell transcriptomic 
characteristics of mice and men.77

A surrogate marker for plaque stabilization is consid-
ered a holy grail in clinical pharmaceutical studies that 
aim to decrease the risk of myocardial infarction. Numer-
ous imaging modalities and circulating biomarkers have 
been tested for their associative and predictive value of a 
major adverse cardiovascular event because of progres-
sive atherosclerosis. Atherosclerosis is a chronic inflam-
matory process and many studied biomarkers are based 
on this concept that inflammatory cells and proteolysis 
complicate disease. For example, C-reactive protein is 
an indicator of augmented inflammation and in the pres-
ence of a thin fibrous atheromatous plaque high levels 
(>10 mg/L) increase the chance of an adverse event.78 
Appreciating the diversity and complexity of atheroscle-
rotic disease progression and complication can enforce 
the demand for multimarker panels that represent the 
diverse mechanisms of disease and enable determi-
nation of large numbers of proteins in small sample 
volumes.79 But then, first we will have to face a major 
challenge: unravel what blood-derived genes or proteins 
reflect the differential gene networks that are currently 
being discovered and explored in plaques that, via differ-
ent mechanisms, lead to an adverse event.
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In summary, the widely used pathology-based clas-
sification of atherosclerosis is in need of revision. The 
enormous increase in insights into mechanisms of arte-
riosclerosis and the associated strong variation in cell-
specific expression of genes and proteins indicate a 
plethora of natural histories of arteriosclerosis. The use 
of one unifying concept and definition of the vulnerable 
plaque narrows our field of view and can lead to inter-
pretations of experimental research that only covers 
part of the patient load. The increase of -omics data in 
growing cohorts of patients may facilitate the fine tun-
ing of the definitions of the vulnerable plaque. We fore-
see that these novel insights could lead to a phenotypic 
description of the plaque at risk for an adverse cardio-
vascular event that includes a description of hereditary 
genetic, plaque transcriptomic, and pathological crite-
ria. However, this will have a downside: the disease will 
show more diverse and complex end stages in human 
plaques and the idea of ​one unifying concept of athero-
sclerotic disease progression will be abandoned. This 
will also have implications for mouse-to-human trans-
lation and will require human-to-mouse transcriptomic 
validation to map which animal model best matches 
which plaque type.
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