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The fibrous cap is formed by smooth muscle cells that accumulate beneath the
plaque endothelium. Cap rupture is the main cause of coronary thrombosis,
leading to infarction and sudden cardiac death. Therefore, the qualities of the
cap are primary determinants of the clinical outcome of coronary and carotid
atherosclerosis. In this mini-review, we discuss current knowledge about the
formation of the fibrous cap, including cell recruitment, clonal expansion, and
central molecular signaling pathways. We also examine the differences between
mouse and human fibrous caps and explore the impact of anti-atherosclerotic
therapies on the state of the fibrous cap. We propose that the cap should be
understood as a neo-media to substitute for the original media that becomes
separated from the surface endothelium during atherogenesis and that
embryonic pathways involved in the development of the arteria media
contribute to cap formation.
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1. Introduction

Each year,millions of deaths occur due to plaque rupture of atherosclerotic lesions in arteries

supplying the heart or brain (1). Rupture occurs when the fibrous cap, which overlies a necrotic

core, becomes too weak to withstand the forces of pulsatile blood flow, resulting in its breakage.

The rupture may be large resulting in the expulsion of necrotic core material into the

bloodstream or be limited to a small tear in the surface of plaques (sometimes called fissure)

(2). In both cases, the exposure of core material and collagens may activate thrombocytes and

the coagulation system and lead to occluding thrombosis (Figure 1A) (3).

Structurally, the fibrous cap in advanced plaque consists of layers of smooth muscle cells

(SMCs) embedded in a collagen and elastin-rich matrix (Figure 1A). The cap SMCs express

contractile proteins, such as ACTA2 (actin alpha 2, smooth muscle) and MYH11 (myosin

heavy chain 11), but unlike SMCs of the healthy arterial media, the myofilaments are restricted

to the cytoplasmic periphery, while the interior is occupied by an abundant endoplasmic

reticulum and Golgi bodies, consistent with active extracellular matrix production (4).

In human pathology, the cap is often defined as the tissue that separates a necrotic core

from the lumen (4, 5). This definition is meaningful considering the critical importance of

this tissue for plaque stability. However, the accumulation of subendothelial SMCs is also

found in regions of advanced plaque where no necrosis is present, and in experimental

research in mouse models, the fibrous cap is often simply defined as the layer of ACTA2+

SMCs in the subendothelial space. It is helpful to bear in mind that these different

definitions exist and are being used interchangeably in the literature on fibrous cap

formation.
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FIGURE 1

Stable vs. ruptured atherosclerotic plaque (A) and similarities between embryonic arterial media development and fibrous cap formation in atherosclerosis
(B). (A) A simplified scheme depicting the media and neointima of a stable murine lesion with a thick collagen-rich fibrous cap overlying a necrotic core
(left). The fibrous cap is highlighted by double or single dashed lines according to the first (i.e., space between the endothelium and the necrotic core) or
the second definition (i.e., subendothelial SMCs), respectively. In contrast, lesions with thinner fibrous caps and large necrotic cores are at risk for
rupturing and precipitating thrombosis (right). (B) NOTCH, PDGF, and TCF21 signaling control SMC recruitment and differentiation during mouse
embryonic artery development (top) and fibrous cap formation in atherosclerosis (bottom). Mesenchymal precursor differentiation (either from the
neural crest, mesoderm, or the epicardium) towards the SMC fate and away from other lineages (i.e., osteochondrocytes and fibroblasts) requires
active PDGF and NOTCH signaling (ON) and silencing of TCF21 (OFF). Fibrous cap SMCs are primarily originated by migration and clonal expansion of
medial SMCs and blockade of NOTCH, PDGF, or TCF21 signaling is sufficient to impair cap formation.
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According to the first definition of the cap, which refers to the

tissue separating the necrotic core from the lumen, the cap of

human plaques initially consists of the original intimal tissue.

As lesions developed into fibroatheromas, this tissue is

gradually replaced by a denser SMC-rich layer with more

collagen (6). The thickness of the cap tissue is the most

important factor determining the risk of rupture, and coronary

plaques rarely rupture if it is thicker than 65 µm (7). In mouse

models of atherosclerosis, the tissue separating the core from

the lumen is often dominated by big macrophage foam cells

(Figure 1A), and therefore, its thickness does not provide a

clear measure of cap strength.

By the second definition of the cap, which defines it as the layer

of subendothelial SMCs (Figure 1A), cap formation serves to restore

the supportive layer of SMCs beneath the surface endothelium. This

endothelial-SMC connection is present in normal arteries but is

temporarily lost or challenged during plaque formation. Notably,

the two definitions overlap in human fibroatheroma, the typical

precursor of acute coronary events, as the tissue separating

necrotic cores consists mainly of subendothelial SMCs and the

matrix they produce. This brief review examines cap formation in

the sense of the second definition.
Frontiers in Cardiovascular Medicine 02
The stability of atherosclerotic plaques relies on a delicate

balance between the formation and degradation of the fibrous

cap. Several previous reviews have focused on cap degradation

resulting from SMC senescence and death (8), as well as the

breakdown of collagen and other extracellular matrix

components (9–11). Here, we examine the fibrous cap from the

opposite perspective. We aim to provide an overview of the

main mechanisms by which SMCs in experimental models are

recruited to the subendothelial space and form the cap.

Furthermore, we explore the overlap in underlying molecular

mechanisms with embryonic artery development. Finally, we

review the effects of therapies and interventions aimed at

reducing atherosclerosis on the condition of the fibrous cap.
2. Mechanisms of cap formation

2.1. Clonal expansion of medial SMCs

SMCs have been classically identified by the expression of

contractile proteins defined as SMC lineage markers (e.g.,

MYH11, ACTA2). However, lineage tracing studies in the past
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decade have demonstrated that atherosclerotic plaques are

dominated by cells with an SMC origin, which have lost the

expression of canonical SMC markers (12). These cells are

commonly referred as SMC-derived cells.

Multicolored SMC lineage-tracing reporters, such as Rosa26-

Confetti or Rosa26-Rainbow mice combined with Myh11-CreERT2

or Acta2-CreERT2 mice, have been used to assess the clonal

structure of SMCs investing into plaques (13–16). In these

models, labeled cells were found to be organized in large

monochromatic patches indicating that SMC-derived plaque cells

originate from a limited number of founder SMCs in the arterial

media that clonally expand to populate the lesion (13, 14).

Each of these founder SMCs possesses the plasticity to produce

plaque cells with different phenotypes (13, 14): (i) cap SMCs,

which are located in the subendothelial space and express

contractile SMC proteins such as ACTA2; (ii) chondrocyte-like

SMCs or chondromyocytes (17), which may promote calcification

in the plaque and express chondrocyte markers (SOX9,

COL2A1); (iii) fibroblast-like SMCs or fibromyocytes (18), which

provide tensile strength and plaque stability by producing

collagens and fibronectin and express fibroblast markers (LUM,

BGN, DCN, OPG); and (iv) lipid-loaded SMCs or inflammatory

SMCs (14), which accumulate lipids and take part in the

inflammatory state of the plaque by producing pro-inflammatory

cytokines. Because these last SMC-derived cells show expression

of myeloid markers such as CD68, some authors have speculated

about smooth muscle-to-macrophage differentiation in the

plaque (19). However, there is a growing body of evidence

challenging this theory (18, 20).

Misra et al. found that a few medial SMCs migrate into the

intima at the shoulder of the growing plaque, proliferate, and

first give rise to fibrous cap SMCs that express ACTA2 and

PDGFRB (platelet-derived growth factor receptor beta).

Subsequently, cap SMCs produce progeny that migrate into the

core, downregulate SMC lineage markers, and differentiate into

alternative mesenchymal phenotypes that promote lesion growth

(15). Alencar et al. demonstrated that around two-thirds of

SMC-derived cells express or have passed through a modulated

state expressing LGALS3 (galectin 3) during their investment

into the lesion. However, most cap SMCs do not pass through

this intermediate stage (21). Collectively, these findings suggest

that cap SMCs originate from medial SMCs that migrate to the

subendothelial space without passing through the highly

modulated phenotypes characteristic of SMC-derived cells in the

plaque interior.

The separation in pathways leading to cap SMCs and

modulated SMC-derived cells has significant implications for

anti-atherosclerotic therapies. Targeting the entire SMC

population in atherosclerosis may compromise SMC investment

into the fibrous cap, leading to reduced cap thickness, and

increased risk of thrombotic complications (15, 22, 23). However,

strategies that target modulated SMC progeny in the lesion core

could potentially represent a viable therapeutic approach,

reducing plaque size without compromising fibrous cap integrity

(21). Therefore, identifying the mechanisms that determine

different SMC fates in plaque and how interventions might affect
Frontiers in Cardiovascular Medicine 03
the balance between plaque-stabilizing and plaque-destabilizing

SMC states will be a key area for exploration in the future.

It should be noted that the mechanisms of cap formation in

humans may differ from those of mice. Human lesions

preferentially form in regions of the arterial tree where the

arterial intima has a large pre-existing population of SMCs (24).

These intimal SMCs constitute the initial cap tissue and are the

most likely sources of the fibrous cap throughout lesion

development (6). Furthermore, it remains unknown whether

human cap SMCs, like murine, are the product of oligoclonal

proliferation. Studies of X chromosome inactivation patterns in

homogenates of micro-dissected plaques from women with

heterozygous polymorphisms on X-encoded genes provided

evidence that the SMC population in the cap contains large

clones (25, 26). However, subsequent studies found that such

clones also exist in normal arteries raising the question of

whether the clonal expansion occurs during artery development,

physiological intimal thickening, or atherosclerosis (26, 27). New

approaches are needed to settle this question in upcoming years.
2.2. Other cellular sources for cap SMCs

Cap SMCs in mice are primarily derived from local medial

SMCs that undergo clonal expansion (13, 14, 28–30). However,

when recruitment of medial SMCs is impaired, additional

sources of cap SMCs may become quantitatively important, such

as endothelial-to-mesenchymal transition of surface endothelial

cells (31). One may speculate that the existence of these

alternative mechanisms would increase the resilience of the cap

SMC layer to thinning, but the reality is that thin-cap

fibroatheromas still form and cause clinical events (7). This raises

several questions: Do this alternative source of cap SMCs also

contribute quantitatively to human fibrous caps? What are the

cues necessary to initiate the transitioning process? Can it be

forced to strengthen the fibrous cap and ultimately prevent

plaque rupture? These are important questions for future research.
2.3. Recapitulation of embryonic pathways
in SMCs during atherosclerosis

In normal arteries, the endothelium is positioned adjacent to a

supporting layer of medial SMCs, which provides mechanical

stability to the wall and enables the endothelium to regulate

arterial diameter for optimal blood flow. The accumulation of

plaque material in the intima disrupts this symbiotic relationship.

Being a layered SMC structure in the subendothelial space, it is

reasonable to consider that the cap is essentially a neo-media

that substitutes for the lost connection to the arterial media. This

interpretation is supported by the finding that three embryonic

artery developmental programs are reactivated to recruit SMCs to

form the fibrous cap: NOTCH, PDGF (platelet-derived growth

factor), and TCF21 (transcription factor 21) signaling (Figure 1B).

Embryonic medial SMC differentiation relies on Notch

signaling, which guides local mesenchymal precursors toward
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adopting SMC fate while suppressing the osteochondrogenic

program (32, 33). In the development of the aortic arch, the

expression of JAG1 (jagged canonical Notch ligand 1) on the

endothelium triggers Notch signaling in neighboring neural

crest-derived mesenchymal cells, initiating the formation of a

subendothelial layer of SMCs in the maturing artery. The

recruited SMCs themselves express JAG1 and can thereby

propagate sequential waves of SMC differentiation leading to a

multilayered arterial media (33). Notably, JAG1 and NOTCH3

(the typical Notch receptor in SMCs) are also expressed in cap

cells of human and murine fibroatheromas, suggesting that

Notch signaling could orchestrate cap formation through a

similar mechanism (30). This was addressed in murine

atherosclerosis by blocking Notch signaling in SMCs, which

effectively reduced their ability to produce ACTA2 + cap SMCs

(30). Notably, loss of Notch signaling did not affect the total

recruitment or SMC-derived cells in plaques or the modulation

to other SMC-derived subtypes, and gain-of-function

experiments indicated that reduced Notch signaling is even

required for proliferation and phenotypic modulation in murine

atherosclerosis (30). Precise regulation of the Notch signaling

cascade thus appears necessary to build the cap SMC population.

This involves sequential loss of Notch signaling (for SMCs to

exit the media, proliferate, and accumulate in the forming

plaque) followed by a gain of Notch signaling (to acquire the

SMC identity in the cap), in a process that bears similarities to

arterial medial development.

PDGF signaling is also key for the radial construction of the

developing arterial wall in murine and avian embryos (34–36).

PDGFB (platelet-derived growth factor subunit B), which is secreted

by nascent endothelial tubes, recruits and stimulates PDGFRB+

mural cell precursors to mature into successive layers of SMCs from

the inside out. As the SMCs mature, the expression of PDGFRB is

downregulated, and they acquire lineage SMC markers such as

ACTA2, TAGLN (transgelin), and MYH11 (34). Notably, PDGFRB

is re-expressed in early cap SMCs in murine atherosclerotic plaques

(15, 37). PDGF acts as a chemoattractant and mitogen for SMCs

(38, 39), and persistent PDGF signaling through PDGFRB is

necessary for SMC investment and retention within the fibrous cap

(31, 40). Mechanistically, PDGF promotes SMC migration and

transitioning to an extracellular matrix-synthetic state through

metabolic reprogramming, thus playing a dual role in cap formation

(31, 39). Blocking PDGF signaling leads to alternative sources of cap

SMCs through an endothelial-to-mesenchymal-transition mechanism

driven by IL1B (interleukin 1 beta) and TGFB (transforming growth

factor beta). However, these alternative sources cannot sustain

fibrous cap formation and maintenance within advanced

atherosclerotic lesions (31), highlighting the relevance of the PDGF

pathway for stable cap formation.

TCF21 is a transcription factor that controls cell fate decisions in

the developing epicardium. TCF21 shifts epicardial progenitor cells

away from the SMC lineage and is switched off in coronary

vascular SMCs, but persistently expressed in epicardium-derived

cardiac fibroblasts (41, 42). However, upon vascular injury, TCF21

is re-expressed in vascular wall SMC precursors and promotes

SMC proliferation, migration, and phenotypic modulation towards
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a fibroblast gene expression program (18). TCF21 + cells are found

in the fibrous cap of advanced human and murine atherosclerotic

lesions (43). TCF21 inhibits SMC differentiation by blocking the

myocardin-serum response factor pathway (44). Deletion of

TCF21 in the SMC lineage reduces its ability to undergo

phenotypic switching and decreases the proportion of SMC

lineage cells in the fibrous cap (18). Altogether, TCF21 expression

in the adult vascular wall might be a trait of a SMC precursor cell

that, in a pathological setting, shifts SMCs away from their

mature, contractile function towards a more fibroblast-like

phenotype and contributes to forming the fibrous cap.
3. Impact of therapies on the fibrous
cap

Therapies that strengthen fibrous caps have been a clear goal

for researchers since plaque rupture was discovered as the main

underlying cause of myocardial infarction. Table 1 shows a non-

exhaustive list of current therapies and interventions in human

or murine experimental models that have been reported to affect

the fibrous cap thickness or SMC content. The targets are varied

and include plasma cholesterol and glucose, SMCs, inflammation,

the extracellular matrix, and cellular senescence.

Studies in humans have used intravascular optical coherence

tomography to measure cap thickness and have found that both

cholesterol-lowering (45, 46) and SGLT2 (sodium-glucose

cotransporter 2) inhibition (47) may increase cap thickness

(distance from lumen to a necrotic core). Whether this results

from strengthening cap formation or less degradation is not

known. Anti-inflammatory therapies, such as IL1B antagonism

and colchicine, reduce the incidence of clinical events in patients

with advanced atherosclerosis (52, 53), but whether this is

achieved partly by increasing cap thickness is also unknown.

Curiously, inhibition of IL1B in murine atherosclerosis inhibited

cap formation (48). If this effect is conserved in human

atherosclerosis, it could partly offset the beneficial effect of

dampening macrophage-driven inflammation. Another potential

modifier of fibrous cap thickness in patients is imatinib, which is

a tyrosine kinase inhibitor used for the treatment of chronic

myeloid leukemia that inhibits PDGFRB and limits cap

formation in mice (31).
4. Discussion

Cells deriving from SMCs have complex roles in atherosclerosis

driving plaque growth through modulation and proliferation and

stabilizing the formed plaque by forming the fibrous cap. More

research into the mechanisms that control the fate decisions of

SMC-derived cells is needed to inform the development of

therapies that can reduce plaque growth without jeopardizing the

mechanical resilience of the plaque to rupture.

Recent findings in animal models suggest that the fibrous cap

forms by a process resembling arterial media development. First,

the cap has the structure of a media, consisting of layers of
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TABLE 1 Impact of current therapies and interventions on fibrous cap state.

Intervention Specie Target General effect Effect in fibrous cap Evaluation by Reference
Statin treatment in patients with
acute coronary syndrome

Human 3-hydroxy-3-
methylglutaryl
coenzyme A (HMG-
CoA) reductase

Decreased cholesterol
synthesis and
ultimately reduced LDL
levels in blood

Increased fibrous cap
thickness in coronary and
carotid plaques

Optical coherence
tomography

(45)

Treatment of acute coronary
syndrome patients with evolocumab

Human Proprotein convertase
subtilisin/kexin type 9
(PCSK9)

Increased LDL
receptors on hepatic
cells and thus decreased
LDL circulating levels

Increased fibrous cap
thickness and reduced
macrophage infiltration in
coronary and carotid plaques

Optical coherence
tomography

(46)

Treatment of type 2 diabetes
patients with ischemic heart disease
with SGLT2 inhibitors

Human Sodium-glucose
cotransporter 2
(SGLT2)

Reduced glycemia and
inflammatory state

Increased fibrous cap
thickness

Optical coherence
tomography

(47)

Reduction in lipid and
macrophage content

Inactivation of Notch signaling in
SMCs in PCSK9-expressing mice
after 20 weeks of high fat diet (HFD)

Mouse Notch signaling in
smooth muscle cells

Reduced SMC
investment in lesions

Reduced number of
ACTA2 + cells in the fibrous
cap

Histological and
immunohistochemical
analysis

(30)

(a) Knockout of Pdgfrb in SMCs or
(b) pharmacological inhibition
(imatinib) of PDGFRB signaling in
ApoE-/- mice after 26 or 18 weeks of
HFD, respectively

Mouse PDGFRB signaling in
smooth muscle cells

Inhibition of SMC
recruitment and
proliferation

(a) Reduced collagen and
SMC lineage cells in the
fibrous cap and increased
intraplaque hemorrhage

Histological and
immunohistochemical
analysis

(31)

(b) Reduced SMC lineage
cells in the fibrous cap

Knockout of Tcf21 in SMCs in
ApoE-/- mice after 16 weeks of HFD

Mouse TCF21 signaling in
smooth muscle cells

Blockade of TCF21-
dependent modulation
into a fibroblast-like
phenotype

Reduced numbers of SMC
lineage cells in the fibrous cap

Histological and
immunohistochemical
analysis

(18)

Knockout of Klf4 in SMCs in
ApoE-/- mice after 18 weeks of HFD

Mouse KLF4 signaling ni
smooth muscle cells

Disruption of KLF4
-dependent phenotypic
modulation

Smaller lesions, thicker
fibrous caps, increased plaque
stability indices, and higher
numbers of ACTA2 + cells in
the fibrous cap

Histological and
immunohistochemical
analysis

(12)

Knockout of Oct4 in SMCs in
ApoE-/- mice after 18 weeks of HFD

Mouse OCT4 signaling in
smooth muscle cells

Reduced SMC
investment in lesions

Bigger lesions, decreased
plaque stability indices, and
fibrous caps with reduced
collagen and fewer ACTA2 +
cells

Histological and
immunohistochemical
analysis

(22)

(a) Knockout of Il1r1 in SMCs or (b)
treatment with a neutralizing IL1B
antibody in hyperlipidemic ApoE-/-
mice

Mouse IL1B signaling in
smooth muscle cells

Reduced SMC
investment and
outward remodeling in
lesions

Less SMCs, less collagen, and
more anti-inflammatory
macrophages (ARG1 + cells)
in the fibrous cap

Histological and
immunohistochemical
analysis

(48)

Treatment of hyperlipidemic
ApoE-/- mice with a neutralizing
CXCL10 antibody

Mouse CXCL10 signaling Reduces the activation
and recruitment of
inflammatory cells

Increased collagen and
ACTA2 + cells in the plaque

Histological and
immunohistochemical
analysis

(49)

Overexpression of MMP9 in
macrophages of ApoE-/- mice

Mouse Macrophage
proteolytic activity

Increased extracellular
matrix degradation

Increased features of plaque
rupture

Histological and
immunohistochemical
analysis

(50)

Treatment with navitoclax in
hyperlipidemic Ldlr-/- mice

Mouse Anti-apoptotic BCL-2
pathways

Clearance of senescent
cells

Enhanced fibrous cap
thickness and more elastin
and ACTA2 + cells in the
fibrous cap

Histological and
immunohistochemical
analysis

(51)
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SMCs with contractile protein expression that provide mechanical

support for the plaque endothelium. Therefore, the fibrous cap of

atherosclerotic lesions may be thought of as a neo-media, restoring

the junction between the SMCs and the endothelium that is

temporarily lost in early atherosclerosis due to the accumulation of

lipids and inflammatory cells in the arterial intima. It should be

noted, however, that although medial SMCs do not transition

through the intermediate LGAS3 + state to give rise to cap cells

(21), some degree of phenotypic modulation is required (i.e.,

transient downregulation of NOTCH signaling) (30). Nevertheless,

the phenotypic changes in cap SMCs are much more subtle than

the ones experienced by the highly modulated SMC-derived
Frontiers in Cardiovascular Medicine 05
phenotypes found in the lesion core, which, contrary to cap

SMCs, do transition through an intermediate LGALS3 + state (21).

This is in line with the observation that the cap SMCs do not

show the full medial SMC phenotype, having lower levels of

contractile protein and higher levels of extracellular matrix

production. Furthermore, it is unknown whether the cap can

contract and whether the normal endothelial-to-SMC crosstalk is

reestablished. Second, fibrous cap formation requires reactivation

of embryonic pathways seen in arterial media development, which

are otherwise dormant in adult vascular SMCs. It is tempting to

speculate that other pathways that orchestrate vascular SMC

formation and differentiation during development (i.e., BMP9-10/
frontiersin.org
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SMAD7, WNT/b-Catenin) could also have an impact in fibrous cap

formation (54, 55).

In the coming years, research on cap SMCs is anticipated to

generate significant progress. By uncovering the molecular and

cellular processes that govern SMC fate, migration and

extracellular matrix production, scientists may identify novel

therapeutic targets for preventing cap thinning and plaque

rupture. Furthermore, advancements in imaging techniques,

molecular profiling, gene editing technologies, and regenerative

medicine may offer innovative approaches to modulate SMC

behavior and promote cap stabilization, thereby providing new

avenues for more effective atherosclerosis treatment.
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