@ESC

Cardiovascular Research (2021) 117, 2525-2536

European Society doi:10.1093/cvr/cvab303

of Cardiology

Inflammation during the life cycle of the
atherosclerotic plaque

Peter Libby

*

Division of Cardiovascular Medicine, Department of Medicine, Harvard Medical School, Brigham and Women’s Hospital, 77 Avenue Louis Pasteur, Boston, MA, USA

Received 17 May 2021; editorial decision 12 September 2021; accepted 20 September 2021; online publish-ahead-of-print 22 September 2021

Abstract

Inflammation orchestrates each stage of the life cycle of atherosclerotic plaques. Indeed, inflammatory mediators
likely link many traditional and emerging risk factors with atherogenesis. Atheroma initiation involves endothelial ac-
tivation with recruitment of leucocytes to the arterial intima, where they interact with lipoproteins or their deriva-
tives that have accumulated in this layer. The prolonged and usually clinically silent progression of atherosclerosis
involves periods of smouldering inflammation, punctuated by episodes of acute activation that may arise from in-
flammatory mediators released from sites of extravascular injury or infection or from subclinical disruptions of the
plague. Smooth muscle cells and infiltrating leucocytes can proliferate but also undergo various forms of cell death
that typically lead to formation of a lipid-rich ‘necrotic’ core within the evolving intimal lesion. Extracellular matrix
synthesized by smooth muscle cells can form a fibrous cap that overlies the lesion’s core. Thus, during progression
of atheroma, cells not only procreate but perish. Inflammatory mediators participate in both processes. The ultimate
clinical complication of atherosclerotic plaques involves disruption that provokes thrombosis, either by fracture of
the plaque’s fibrous cap or superficial erosion. The consequent clots can cause acute ischaemic syndromes if they
embarrass perfusion. Incorporation of the thrombi can promote plaque healing and progressive intimal thickening
that can aggravate stenosis and further limit downstream blood flow. Inflammatory mediators regulate many aspects
of both plaque disruption and healing process. Thus, inflammatory processes contribute to all phases of the life cy-
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cle of atherosclerotic plaques, and represent ripe targets for mitigating the disease.
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This article is part of the Spotlight Issue on Cardiovascular Immunology.

We now recognize that inflammation contributes to all phases of athero-
sclerosis. This essay aims to place inflammatory pathways into the
broader context of the life cycle of atherosclerotic lesions from initiation
to the ultimate thrombotic complications. While we can take justifiable
pride in much of the progress in elucidating inflammatory mechanisms in
atherosclerosis over the last decades, we need to learn much more and
we should remain humble regarding these important knowledge gaps.

1. Inflammation and lesion initiation

Inflammation appears to accompany the earliest phase in generation of
atherosclerotic plaques, fatty streak formation (Figure 1A and B).
Experimentalists typically provoke atherosclerotic lesion formation in
animals by initiating a diet rich in cholesterol and saturated fat, and/or by

introducing genetic modifications that elevate atherogenic lipoproteins.
Under hyperlipidaemic conditions, lipoprotein particles, often in aggre-
gates, accumulate in the intima. The expression of leucocyte adhesion
molecules on the endothelial apical surface ensues, preceding the accu-
mulation of leucocytes in the intima.”

In the commonly used animal preparations for study of atherosclero-
sis, the intimal layer consists of a monolayer of endothelial cells abutting
a basement membrane bordered ablumenally by the internal elastic lam-
ina, which forms the border with the tunica media, the artery’s middle
layer. Human arteries, however, have a more complex intimal structure
preceding the development of atherosclerotic plaques. Even in utero,
certain regions of the arterial tree display intimal cushions consisting of
smooth muscle cells and extracellular matrix (ECM). Indeed, the human
arterial intima generally contains resident smooth muscle cells well be-
fore atheroma formation. The proximal left anterior descending
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Figure | A depiction of the life cycle of an atherosclerotic plaque.
(A) Depicts a normal artery. (B) Portrays the initiation of a fatty streak
with mononuclear phagocyte recruitment and foam cell formation. The
fatty streak may be reversible. (C) A fibrofatty lesion forms when
smooth muscle cells lay down extracellular matrix in the intima that
enrobes the foam cells. Some smooth muscle cells also accumulate lipid
and take on the appearance and markers of foam cells derived from leu-
cocytes of the myeloid series. With further evolution of the plaque,
foam cells and smooth muscle cells undergo death and extracellular
lipid accumulates from the debris of dying or dead cells and accumu-
lated lipoproteins, forming a lipid core forms in many plaques. A fibrous
cap typically forms above the lipid core. Due to decreased synthesis and
increased breakdown of extracellular matrix macromolecules such as
collagen, this fibrous cap thins creating a thin-capped atheroma (D).
Other plaques may evolve to accumulate more matrix and less lipid.
For example, the typical substrate of a plaque that has undergone
thrombosis due to superficial erosion lacks an organized lipid core, but
contains abundant proteoglycan and glycosaminoglycans. This type of
plaque does not have a thin fibrous cap and may harbour many smooth
muscle cells (E). The thin-capped fibroatheroma can rupture and pro-
voke thrombosis (F). The more fibrous atheromata can undergo ero-
sion (G). The thrombus that complicates eroded plaques is generally an
eccentrically located sessile mural thrombus that is more platelet-rich
(white thrombus) that the fibrin and erythrocyte rich red thrombus typ-
ically provoked by plaque rupture. The ruptured plaque more often
gives rise to an ST segment elevation myocardial infarction (STEMI)
than a non-ST segment elevation myocardial infarction (NSTEMI)
whereas superficial erosion more often gives rise to NSTEMI than
STEMI. Regardless of the mechanism of plaque disruption, the resultant

coronary artery and carotid siphon, common sites for atheroma forma-
tion, may harbour such intimal cushions early in life.>* Thus, the human
tunica intima furnishes a prepared ‘soil’ for atherogenesis, as pointed out
sagely by the late Stephen M. Schwartz.*

Although hyperlipidaemia generally triggers experimental atheroscle-
rosis, in human plaques, we must plead ignorance regarding the stimuli in-
cite endothelial activation and hence the initiation of leucocyte
recruitment and the local inflammatory response. Evidence abounds sup-
porting the causality of the key atherogenic lipoprotein low-density lipo-
protein (LDL). Indeed, exposure to LDL likely plays a permissive role in
human atherosclerosis. Individuals with lifetime lower levels of LDL de-
termined by genetic variants enjoy relative protection from atheroscle-
rosis.>® Yet, many atherosclerotic events occur in humans who have
LDL concentrations considered ‘average’ or within the accepted normal
range.

The mechanisms by which LDL provokes lesion formation remain un-
settled, however. In the protected environment of the intima, seques-
tered from plasma antioxidants, LDL can undergo oxidative
modification. Oxidized LDL accumulates in both experimental and
human atherosclerotic plaques‘7 Oxidized LDL elicits a myriad of pro-
atherogenic and pro-inflammatory functions of cells involved in athero-
genesis, and can promote atherosclerosis in mice. Despite this abundant
and convincing body of experimental work and human observations, nu-
merous strategies for combatting oxidative stress in human arteries have
not mitigated atherosclerotic events in clinical trials. Perhaps, such inter-
ventions come too late in the life cycle of the atherosclerotic plaque to
exert a measurable beneficial function.

Other than oxidative modification, LDL can exert a pro-inflammatory
function in other ways. Aggregates of LDL, often decorating ECM macro-
molecules in the intima, may undergo phagocytosis by leucocytes con-
tributing to foam cell formation. Curiously, native LDL appears to
activate T lymphocytes more readily than the oxidized lipoprotein.”
Moreover, human observations suggest that LDL itself does not strongly
stimulate inflammation, at least as disclosed by elevated concentrations
of the inflammatory biomarker C-reactive protein, measured with a
high-sensitivity assay (hsCRP).'®"" In contrast, elevated concentrations
of triglyceride-rich lipoproteins or remnant lipoprotein particles associ-
ate with hsCRP elevations much more strongly than LDL. Thus, while
the apolipoprotein B-bearing lipoprotein particles doubtless contribute
causally to atherogenesis, remnant lipoproteins appear more pro-
inflammatory than LDL itself. These human observations have particular
importance in the context of the pandemic of type 2 diabetes, a condi-
tion that often associates with elevated concentrations of triglyceride-
rich lipoproteins. These triglyceride-rich particles may account for a
greater proportion of atherosclerotic risk in people with diabetes type 2
in the current era of increasingly effective control of LDL with the

thrombi provoke a wound healing response due to elaboration of medi-
ators such as PDGF and TGF-f that augment extracellular matrix syn-
thesis and promote smooth muscle cell migration. Thrombin itself is a
mitogen for smooth muscle cells. The incorporation of thrombus pro-
vides a provisional matrix replicating within the previously disrupted in-
tima recapitulating the well-known stages of wound healing. The
accumulation of extracellular matrix in the healing plaque can lead to in-
creasing luminal stenosis. Such healed, layered plaques tend to have a
thicker fibrous cap, less likely to rupture, but these stenotic lesions can
give rise to chronic stable angina as depicted by the electrocardiogram
characteristic of a positive stress test (H).
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introduction of potent and now inexpensive and generally well-tolerated
therapies. How triglyceride-rich lipoproteins exert their pro-
inflammatory effect likewise remains unsettled. Apolipoprotein C-IlI
appears to elicit inflammatory responses from cells involved in athero-
sclerosis, providing one hint in this regard.>"*

In any case, the initiation of atherosclerotic lesions likely depends on
more than increased concentration of circulating risk factors such as lipo-
proteins or systemic risk factors ranging from hypertension, tobacco
smoking, air pollution, obesity, disturbed sleep, poor nutrition, and the
like. While these factors associated with atherosclerosis risk expose the
entire arterial tree, atherosclerotic lesions develop focally. Part of this
regionality may reflect the anatomical distribution of the intimal cushions
that form early in life in humans.? The focal formation of incipient athero-
sclerotic plaques also reflects the local hydrodynamic environment.
Laminar shear stress maintains homeostatic and atherothrombosis resis-
tant properties of the endothelium. Disturbed flow activates many func-
tions of endothelial cells that may favour lesion formation.”"”

In addition to expression of adhesion molecules that recruit leuco-
cytes and the elaboration of chemokines that can direct their migration,
other endothelial behaviours can contribute to early atherogenesis. In
particular, endothelial cells can acquire characteristics of mesenchymal
cells, a process known as endothelial-mesenchymal transition (EMT).
Endothelial cells that have undergone EMT can migrate into the intima,
no longer residing quiescent in an ordered monolayer on the intimal sur-
face."®" These endothelial cells that have acquired mesenchymal charac-
teristic may contribute to intimal thickening and inflammation as the
atherosclerotic process takes root in the intima.

In sum, despite over a century of experimental probing and exquisite
dissection of mechanisms of lesion initiation in experimental animals and
in cell culture, we must admit that we lack certitude regarding the mech-
anisms of initiation of the human atherosclerotic plaque. The optimistic
slant on this situation is that we have much to learn about potential tar-
gets for intervention that could instruct us in primordial prevention as a
way to forestall the ravages of advanced atherosclerosis. Despite ac-
knowledged agnosticism regarding the detailed mechanisms of athero-
sclerosis initiation, we can today strive to implement healthier lifestyles
particularly in youth. Regular physical activity, adopting healthier dietary
patterns, avoiding smoking, sugar sweetened beverages, and avoiding
obesity could slow or limit atherosclerosis initiation particularly in youn-
ger individuals in whom initiating pharmacotherapy presents many chal-
lenges. Inheritance places a sketch on the canvas of an individual's
atherosclerotic risk, but behaviours and exposures during life complete
the portrait of propensity to develop atherosclerotic events. Thus, the
development of polygenic risk scores for predicting atherosclerotic po-
tential early in life may help to direct the intensity of primordial preven-
tion interventions in youth.*°

2. Progression of atheroma

2.1 Human atherosclerosis progresses
discontinuously in time

Tradition holds that atherosclerosis is a chronic ‘degenerative’ process
that progresses continuously and inevitably during ageing. Current evi-
dence suggests a more complex, and perhaps more optimistic view. Yes,
atherosclerotic plaques do typically form over many years or even many
decades. Yet, a number of lines of evidence suggest that the process by
no means progresses monotonically upward.”" Periods of acute evolu-
tion appear to punctuate the chronic indolent inflammatory and

proliferative process within the typical atherosclerotic plaque. Human ar-
terial imaging studies indicate episodic rather than continuous lesion evo-
lution. Early studies with contrast angiography performed serially
indicated an uneven progression of stenoses with time.2% Serial intra-
vascular ultrasound studies have likewise demonstrated discontinuous

. - L
evolution of human atherosclerotic lesions.

2.2 Triggers for episodic progression of
plaques

The triggers for episodes of more rapid progression of established
atherosclerotic plaques have become better understood.”* We know
that inflammatory processes remote from the atheroma itself can
evoke ‘echoes’ within the plaque.”® Infectious processes and a num-
ber of stimuli associated with cardiovascular risk can augment haema-
topoiesis and leucocyte recruitment to the plaque as well as
activation of intrinsic vascular cells and leucocytes resident within
atheroma.”® Pathogen-associated molecular patterns (PAMPs) and
damage associated molecular patterns (DAMPs) elaborated from
non-vascular sites of inflammation, infection, or injury can impinge on
quiescent arterial intimal lesions and arouse them from and incite a
round of inflammatory activation. For example, a remote Gram-
negative infection (e.g. of the urinary tract) can cause release into
blood bacterial endotoxin (a PAMP) that can elicit an ‘echo’ of local
inflammation in a distant atheroma.”’ Myocardial cells injured by
ischaemic injury or leucocytes recruited to the can elicit the release
of soluble mediators such as IL-1 or IL-6 that can travel to arterial
lesions and amplify arterial inflammation. Pain and anxiety during an
infarction can activate the sympathetic nervous system and cause cat-
echolamine release that can stimulate leucopoiesis in the bone mar-
row that can foster further accumulation of inflammatory cells in
atheroma.’®%’ Inflammatory diseases such as rheumatoid arthritis,
systemic lupus erythematosis, and psoriasis can likewise release pro-
inflammatory mediators from joints and other sites that can augment
arterial inflammation and potentially potentiate progression of

.30
atherosclerosis.

2.3 Cellular proliferation and death during
atheroma progression

The recognition of inflammation as fundamental to atherogenesis did not
always prevail, however. The ability to grow smooth muscle and endo-
thelial cells in fairly homogeneous culture ushered in an era of the cell bi-
ological analysis of atherosclerotic plaques. A good deal of
atherosclerosis research then focused on the proliferation of arterial
smooth muscle cells as a key to lesion growth and evolution, rather than
inflammation.">* The identification of platelet-derived growth factor
(PDGF) galvanized the field in the last quarter of the last century. Initial
formulations of the response to injury hypothesis of atherogenesis envis-
aged denuding injury to the endothelium followed by platelet accumula-
tion and release of PDGF as the initiating event in atherosclerosis. This
viewpoint considered lipid accumulation largely secondary, and ascribed
a major role to a bland accumulation of smooth muscle cells. >3
According to this formulation, atherosclerotic plaques resembled a leio-
myoma of the artery wall. Evidence for monotypia of smooth muscle
cells in human atheromata supported the possibility of clonal expansion
of these mesenchymal cells.>*=” Defining that the simian sarcoma virus
oncogene v-sis encoded the B chain of PDGF supported this focus on
smooth muscle proliferation as primordial in atherogenesis.*® Eventually,
the recognition of inflammatory cells by microscopic study and the use
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of specific monoclonal antibodies characterized more rigorously various
cell types in lesions and paved the way for a greater recognition of inflam-
matory contributions to atherogenesis.

We now view cellular accumulation not merely as the result of prolif-
eration, but as the net sum of proliferation, migration, and cell death.
Smooth muscle cells can migrate into the intima from the tunica media,
joining the resident smooth muscle cells found in the typical human inti-
mal layer, adding to their accumulation. Smooth muscle proliferation and
migration clearly participate in the hyperplastic complications of arterial
interventions such as angioplasty and stenting. Mononuclear phagocytes,
the most abundant leucocyte in the atherosclerotic plaque, also undergo
proliferation and death as well as ongoing recruitment. Experimental
studies in mice suggest that monocyte recruitment predominates in the
initial phases of atherogenesis while local proliferation typifies the estab-
lished atherosclerotic plaque.®® Knowledge of leucocyte kinetics in hu-
man plaques is much less complete.

2.4 Inflammation modulates extracellular
matrix metabolism during atheroma

progression

Much of the volume of human atherosclerotic plaque consists of ECM.
Smooth muscle cells elaborate much of the plaque’s ECM. The composi-
tion of the matrix and its regulation have undergone vast study.
Transforming growth factor beta (TGF-B) and allied mediators strongly
augment the production of interstitial collagens and other matrix macro-
molecules from smooth muscle cells.*° In addition to collagen, elastin,
proteoglycan, and glycosaminoglycans contribute to the intimal ECM.
These matrix constituents retard the emigration of lipoprotein particles
and can contribute to their aggregation and modification. As with cellular
accumulation, the build-up of intimal ECM depends not only on its syn-
thesis but its breakdown as well. The mechanisms of ECM breakdown
and its regulation by infllmmatory processes have undergone extensive
study.*™™ Breakdown of interstitial collagen contributes to the thinning
of the plaque’s fibrous cap (Figure 1D). A trio of specialized interstitial col-
lagenases catalyse the breakdown of this usually very stable molecule.
These enzymes belong to the matrix metalloproteinase (MMP) family:
MMPs 1,8, and 13 (Figure 2). After initial cleavage by these collagenases,
gelatinases such as MMP-2 and MMP-9 continue collagen catabolism.
Pro-inflammatory cytokines induce the expression and in some cases ac-
tivation of the zymogens of these collagen-degrading MMPs.***¢ The
growth of human atherosclerotic plaques for much of the life history is
outward. Luminal encroachment occurs later in the history of the plaque.
The outward remodelling likely involves ECM breakdown as well.

A complication of atherosclerosis, aneurysm formation—outward
remodelling taken to an extreme—doubtless entails elastinolysis.
Fragmentation of elastic lamina characterizes human abdominal aortic
aneurysms. In addition to matrix metalloelastase (MMP-12) and neutro-
phil elastase (a serine proteinase, also expressed by macrophages*’), a
separate series of elastolytic enzymes regulate elastin breakdown. The
cysteinyl proteinases cathepsins S, K, and L possess potent elastinolytic
properties and participate in atherogenesis and aneurysm formation.*
Pro-inflammatory cytokines elaborated by vascular cells and lesional leu-
cocytes can stimulate not only the production of members of the MMP
family specialized in catabolism of collagen but also of elastin. For exam-
ple, interferon-gamma elicits the overproduction of members of the sulf-
hydryl cathepsin family particularly adept at elastin breakdown. The
balance between the endogenous inhibitors of these various classes of

proteolytic enzymes and the proteinases themselves ultimately regulates
all of these aspects of arterial remodelling involved in atherosclerosis.

As in the case of smooth muscle cells and matrix, the contributions of
inflammatory cells during progression of atheroma involves a tightly or-
chestrated balance between pro-inflammatory and anti-inflammatory
functions. In addition to the well-known menu of pro-inflammatory cyto-
kines and chemokines, vascular cells and lesional leucocytes can elabo-
rate mediators that mitigate inflammation. TGF- itself can exert anti-
inflammatory actions. Among anti-inflammatory cytokines, Interleukin
(IL)-4 and IL-10 can mute inflammation. While endothelial cell nitric ox-
ide can exhibit anti-inflammatory actions, uncoupling of endothelial nitric
oxide synthase or induction of high-capacity forms of nitric oxide syn-
thase in leucocytes, particularly in the presence of certain reactive oxy-
gen species, can give rise to highly pro-oxidant species such as
peroxynitrate (ONOQO").

2.5 An inflammatory balance prevails
during atheroma progression

The adaptive immune cells in plaques can prove pro-inflammatory or
anti-inflammatory.**° ‘Classical’ mononuclear phagocytes elaborate typ-
ically pro-inflammatory cytokines such as IL-1 and tumour necrosis fac-
tor while reparative macrophages can elaborate IL-4 and IL-10. T-helper
1 lymphocytes (Th1) typically produce interferon gamma (IFNYy), which
can activate mononuclear phagocytes and thus promote inflammation.
The role of Th17 cells in atherosclerosis remains controversial>'
Various leucocyte subclasses can mute inflammation by production of
anti-inflammatory mediators including ILs-4, 5, 9, 10, TGF-$, and special-
ized pro-resolving lipid molecules.>® For example, regulatory T and B
cells produce TGF-f and IL-10. Th2 lymphocytes typically secrete some
of the anti-inflammatory cytokines mentioned above.**** B lymphocytes
as well can augment or moderate lesion growth and evolution.>>*¢ B1
lymphocytes produce natural antibodies, which can combat atherogene-
sis. B2 cells on the balance can aggravate atherosclerosis.

In addition to anti-inflammatory mediators, a class of well-
characterized lipid mediators may promote resolution of inflammation
distinct from an anti-inflammatory aspect.®”® This distinction has impor-
tance as anti-inflammatory mediators may interfere with host defences
and augment susceptibility to infection and interfere with tumour surveil-
lance. Boosting pro-resolving mediators could mitigate atherosclerosis
with less liability for impaired host defences.>”

As noted above, cell death opposes proliferation of both smooth mus-
cle cells and mononuclear phagocytes. Current understanding suggests
that smooth muscle cells may also give rise to foam cells within athero-
sclerotic plaques that masquerade as macrophages.®*®" Dead and dying
cells and their debris coalesce in the core of the plaque underlying the fi-
brous cap made of extracellular matrix molecules elaborated by smooth
muscle cells (Figure 1D). The clearance of dead and dying cells, a process
known as efferocytosis, can limit the size of the necrotic core according
to mouse experiments.®> Defective clearance of dead cells can favour
the expansion of the plaque’s necrotic or lipid core.

Plaque disruption, often due to rupture of the fibrous cap that overlies
the lipid core, can cause many acute thrombotic complications of athero-
sclerosis as discussed below (Figures 1F and G and 2). Yet, many and per-
haps most plaque disruptions will not cross the threshold of clinical
manifestation but will remain silent. Foci of formation of thrombus, plate-
let degranulation, neutrophil recruitment and activation can however
stimulate a ‘crisis’ in the history of a given atherosclerotic plaque. Even
without causing occlusive thrombus formation or even eliciting clinical
symptoms, such events can elicit a healing response.”> Thrombin can
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Figure 2 Contrasting mechanisms of plaque disruption due to fibrous cap rupture vs. superficial erosion. These two forms of plaque disruption involve
distinct vascular cellular protagonists: Smooth muscle cells produce the interstitial collagens that lend strength to the plaque’s fibrous cap. Plaque regions
depleted of smooth muscle cells have impaired ability to repair and maintain the collagenous extracellular matrix of the plaque’s protective fibrous cap. In
contrast, endothelial cell death and desquamation proves pivotal in plaque disruption due to superficial erosion. The interstitial collagenases, matrix metal-
loproteinases (MMPs) -1, 8, and -13, attack the fibrillar collagen (types | and Ill) mostly produced by smooth muscle cells that protect the plaque from rup-
ture. In contrast, the Type IV collagenases, MMPs -2 and -9, degrade the non-fibrillar Type IV collagen in the basement membrane underlying the
endothelial cell monolayer thus dissolving the substrate on which endothelial cells attach to the intimal surface. Deprived of their extracellular matrix sub-
strate, endothelial cells can undergo death by anoikis and slough more readily. Oxidative stress due to hypochlorous acid (HOCI) generated by myeloper-
oxidase or superoxide anion (O; ) produced by NADPH oxidase can damage the endothelial monolayer and promote desquamation. Pro-inflammatory
cytokines including interleukin-1f, tumour necrosis factor, and CD40 ligand participate in plaque rupture by inducing the interstitial collagenases and tissue
factor, the instigator of thrombosis in ruptured plaques. In superficial erosion, NETs contribute to thrombosis and can amplify and propagate endothelial
damage through NET-associated interleukin-1o.. The main cellular effectors of rupture vs. erosion differ as well, foam cells derived from monocytes or
smooth muscle cells predominate in the pathophysiology of fibrous cap rupture. These cells can eventually die from apoptosis or oncosis. In superficial
erosion, polymorphonuclear leucocytes appear prominent and can undergo NET formation. Activated platelets contribute to thrombus formation and
growth in both forms of plaque disruption. However, thrombi produced by plaque rupture appear more fibrin rich, entrapping erythrocytes, forming ‘red’
thrombi. In contrast, plaques disrupted by erosion tend to generate platelet-rich ‘white’ thrombi. As noted in Figure 1, fibrous cap rupture causes ST seg-
ment elevation (STEMI) more commonly than non-ST segment myocardial infarction (NSTEMI) whereas eroded lesions more frequently associate with
NSTEMI than STEMI.
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stimulate smooth muscle cell proliferation and matrix production. As
noted above, during thrombosis, platelets release TFG-3 and PDGF that
can stimulate further smooth muscle cell migration and matrix
elaboration.

Many advanced atherosclerotic plaques in humans show evidence
for a prior plaque disruption as evidenced by a ‘buried cap’ (Figures
1H and 3).°* Often a layer of ECM, bearing markers of more recently
laid-down collagen, overlies the site of prior disruption. In some
cases, a neo-lipid core can form above the site of prior fibrous cap
fracture. Imaging with optical coherence tomography has demon-
strated the presence of such ‘layered’ plaques in humans in vivo as
well.3¢%¢ Sych cycles of disruption followed by healing can account
for some of the discontinuities in the evolution of human atheroscle-
rotic plaques observed in imaging studies described above. The con-
cept of incorporated thrombus harkens back to the concept of
Rokitansky in the mid-nineteenth century, a viewpoint that opposed
the concept promulgated by Virchow regarding inflammation and cel-
lular proliferation.®” We now recognize that both processes partici-
pate in the progression of human atherosclerotic plaques.®®

Within the atheroma, cells can undergo senescence, a process associ-
ated with inflammatory mediators as part of the senescence-associated
secretory pathway (SASP).°””° In particular, IL-6, a pro-inflammatory cy-
tokine implicated causally in human atherogenesis, typifies the SASP.
Genetic manipulation to forestall cellular senescence or the administra-
tion of ‘senolytics’ may mitigate the progression of atherosclerotic pla-
ques. This concept provides a relatively new wedge into control of
plaque progression.”’

Indeed, among the risk factors for atherosclerosis, ageing ranks first.
The recent recognition that somatic mutations in bone marrow stem
cells can give rise to clones of mutant myeloid cells in the peripheral
blood provides a new link between ageing and atherosclerosis.”> The
genes mutated in this condition, denoted clonal haematopoiesis of inde-
terminate potential, are known driver genes for leukaemia. Individuals
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who harbour these mutant clones, however, have a much higher risk of
cardiovascular disease than of developing acute leukaemia.”*”* A num-
ber of lines of evidence link inflammatory mediators to the accelerated
atherosclerosis associated with clonal haematopoiesis.”>”>7¢

As plaques progress, they often develop calcification. In experimental
atheromata, foci of calcification co-localize with indices of inflamma-
tion.”” Current concepts accord a seeding role to microparticles se-
creted by smooth muscle cells to nucleate calcium mineral
accumulation.”® Initially distributed as punctate microscopic accumula-
tions of calcium mineral, sometimes attributed macrophage death, such
smaller accumulation of calcium mineral can coalesce, and form calcified
plaques. Punctate calcification as visualized on computed tomographic
studies associates with clinical events along with imaging evidence of out-
ward remodelling and accumulation of lipid cores. Assessment of coro-
nary artery calcification by radiographic techniques provides a powerful
prospective marker of cardiovascular events.”” Yet we currently possess
no tools for reducing calcification. Indeed, the statin class of drugs which
markedly lower LDL and strikingly decrease cardiovascular events actu-
ally increase coronary calcification.2®! The study of the mechanisms of
calcification and its potential modulation provides yet another opportu-
nity for intervention into plaque progression, which is currently
unexploited.

3. Inflammation and the acute
complications of atherosclerosis

The acute manifestations of coronary atherosclerosis bring patients to
the attention of physicians most dramatically. These events arise typically
because of thrombosis. Until recently, the acute coronary syndromes
encompassed unstable angina pectoris, non-ST-segment elevation myo-
cardial infarction (NSTEMI), and ST-segment elevation myocardial infarc-
tion (STEMI) (Figure 1F and G). It is curious that we use a technology that

Calcium plate

g “__ Fibrous

atheroma

Neovessel

Healing
intima

Figure 3 Shows a healed plaque with different strata of an intima without a lipid-rich core but plates of calcium, areas of neovascularization, and a layer
of extracellular matrix probably laid down after a plaque disruption (labelled Healing Intima, surrounded by a corona of microvessels), yielding a substantial
narrowing of the coronary arterial lumen. Indicated are components of this healed plaque. There are also calcium plates at 5 and 7 O’clock in the intima.
Richard N. Mitchell MD, PhD, Department of Pathology, Brigham and Women’s Hospital, generously provided this photograph..
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emerged in the early twentieth century to classify myocardial infarction
based on the pattern of repolarization on the scalar electrocardiogram
introduced in 1904, and for which, Einthoven received a Nobel Prize in
1924, nearly a century ago.®* This situation illustrates that we have con-
siderable room for improvement in our classification and diagnosis of
acute coronary syndromes. The categorization of unstable angina has un-
dergone re-evaluation in the current era and is near extinction.®> With
assays of biomarkers of myocardial injury of increasing sensitivity, notably
the more recent fifth-generation troponin assays, episodes of accelerated
ischaemic chest discomfort (angina pectoris) now most often meet crite-
ria for NSTEMI (detection of an elevated cardiac troponin value above
the 99th percentile upper reference limit). Moreover, in the current era,
patients with accelerating angina pectoris generally undergo revasculari-
zation which typically alleviates these symptoms.

Based on autopsy studies, much attention has focused on the rupture
of the plaque’s fibrous cap as a trigger to most coronary thrombosis.
Indeed, a fracture or fissure of the plaque’s fibrous cap permits the blood
with its latent coagulation proteins contact with thrombogenic material
in the lipid core, including the potent pro-coagulant tissue factor, thus
triggering thrombus formation (Figure 1F). Such events occur most often
in plaques with a thin fibrous cap (< 65 ) overlying the lipid core®*
Plaques with such morphology have been denoted thin-capped fibroa-
theroma (TCFA), often referred to as ‘vulnerable plaques.’ Autopsy stud-
ies consistently identified plaques of this morphology as cause of most
fatal myocardial infarctions. Yet, autopsy studies cannot disclose how
many plaques with the thin-capped morphology do not cause a fatal
event. Such information has emerged from human intravascular imaging
studies. In the landmark PROSPECT study, plaques with the thin-capped
morphology did not cause a clinical event more than 95% of the time
during a greater than three-year follow-up period.85 This result chal-
lenges the very nomenclature ‘vulnerable plaque’ to describe thin-
capped lesions, as less than 5% of such lesions would provoke an event
during follow-up. Moreover, the autopsy studies that disclosed fracture
of the fibrous cap as a cause of fatal myocardial infarction were con-
ducted in a period before widespread use of effective preventive thera-
pies such as statins.%

Indeed, we have argued that human atherosclerosis is changing in the
current era of increasingly effective control of LDL, hypertension, smok-
ing cessation, and other preventive interventions.®” Human atheroscle-
rotic plagues now show less lipid accumulation and fewer inflammatory
cells than in the past.2® Human imaging studies likewise show that effec-
tive LDL lowering can shrink lipid cores, and in some cases reduce lesion
volume, yielding actual plaque regression.®”~"" Studies with magnetic res-
onance imaging of human carotid plaques show that LDL reduction asso-
ciates with an increased proportion of plaques made up of ECM, an
alteration that corresponds to reinforcement of the fibrous cap demon-
strated in experimental studies of rabbits and mice subjected to lipid low-
ering interventions.”"3 Thus, as therapeutics advance and dissemination
of preventive therapies increase, plaque rupture may be on the wane.

Beyond rupture of the plaque’s fibrous cap, pathologists have long rec-
ognized that another mechanism of disruption denoted superficial ero-
sion causes a large minority of fatal acute coronary events.”*”® Recent
observations have highlighted the growing significance of superficial ero-
sion as a mechanism of plaque disruption (Figures 1G and 2).°¢'®
Lesions that have caused coronary events due to erosion have morpho-
logic characteristics in some ways diametrically opposed to the TCFA
(Figure 2). Eroded plaques show an intact fibrous cap, and indeed are ma-
trix rich rather than depleted of collagen as TCFAs. They contain smooth
muscle cells but relatively few leucocytes. The thrombi associated with

superficial erosion display characterization of ‘white’ or platelet-rich
thrombi as opposed to the ‘red’ fibrin and erythrocyte-rich thrombi
more often associated with plaque rupture.

Contemporary studies using optical coherence tomography (OCT),
which can readily classify culprit lesions of acute coronary syndromes as
ruptured indicate that erosion causes approximately a third of acute cor-
onary syndromes in the current era.'®! In addition, plaques classified by
OCT as not ruptured or as definite erosion associate more frequently
with NSTEMI rather than STEMI.28 The clinical presentation of acute cor-
onary syndromes has under gone a shift in recent decades. NSTEMI has
surpassed STEMI. This crossover began before the introduction of the
current generation of highly sensitive component assay, so it does not re-
sult solely from a reclassification of unstable angina to NSTEMI. ACS due
to erosion associates more commonly with NSTEMI than STEMI (Figures
1E and 4). Thus, the waning proportion of ACS due to STEMI may reflect
more erosion in the current era of effective preventive therapies that
can improve characteristics of plaques associated with rupture.

Recent work has augmented understanding of the mechanisms of pla-
que disruption and its links to inflammation. Heightened activity of colla-
genolytic enzymes and reduced ability of smooth muscle cells to
synthesize new collagen due to exposure to IFNy secreted by Th1 lym-
phocytes in the plaque a thin and friable fibrous cap liable to rupture.*'
We have demonstrated that lipid lowering reduces expression of colla-
genolytic enzymes and reduces tissue factor pro-coagulant expression
by cells found in atheromata.

The mechanisms of superficial erosion likely involve an initial activation
of endothelial cells to sensitize them to death or desquamation. We have
explored one pathway of endothelial activation, ligation of the pattern
recognition receptor Toll-like receptor 2 (TLR2) perhaps in response to
endogenous ligands such as lower molecular weight fragments of hyal-
uronic acid. Plaques that have undergone superficial erosion exhibit par-
ticularly high concentrations of this glycosaminoglycan.102 In vitro, TLR2
stimulation sensitizes endothelial cells to apoptosis, impairs their ability to
repair a wounded monolayer, and absence of TLR2 prevents impairment
of endothelial integrity in experimental plre|:>au*ations.103

Our observations in human atherosclerotic plaques associate neutro-
phil extracellular traps (NETs) with plaques with erosive morphology
more commonly than those with the rupture-prone characteristics.'®
NETs can augment endothelial injury, amplifying and extending erosive
damage in experimental preparations, and promote thrombosis.'**%>
NETSs present myeloperoxidase at the intimal surface providing a genera-
tor of the pro-oxidant species hypochlorous acid which can provoke en-
dothelial cell apoptosis and induce tissue factor expression.mé"107
Interleukin-1 alpha (IL-1ot) associated with NETs can likewise induce tis-
sue factor expression on endothelial cells and elicit leucocyte adhesion
molecule expression (Figure 4)."® We and others have implicated ca-
thepsin G in augmenting local IL-10t activity associated with NETs,'%81%
This granulocyte-derived serine proteinase itself associates with NETs.

The enzyme peptidyl arginine deiminase-4 (PAD4) participates in NET
formation by inverting basic arginine to neutral citrulline, disturbing the
jonic bonds that restrain DNA to the histone multimers in nucleo-
somes."'® Our studies in experimental preparations devised to replicate
some of the characteristics of plaque superficial erosion show that ge-
netic or chemical inhibition of PAD4 activity can limit endothelial damage
in arterial regions that replicate features of superficial erosion.”" "2

Adaptive immunity may also contribute to superficial erosion. In hu-
man studies led by Ulf Landmesser, CD8 lymphocytes appear more
commonly associated with lesions characterized as non-rupture or ero-
sion by OCT vs. those classified as culprits that have undergone plaque



2532

P. Libby

Hemorrhagic
plague
Saccular
aneurysm

Ilnlwlllwllpmlm

0 i 2

M B

b
BA-20-001086

BWH Pathology

Figure 4 This specimen of a human atherosclerotic aorta shows that ulcerated lesions harbouring a thrombus can coexist with raised fibrous lesions
shown in pale yellow and atheromata that more resemble a fatty streak. This aorta also developed a small saccular aneurysm. These simple morphological
observations show the idea that an individual’s plaques share the same stage in the life cycle is erroneous, as plaques of different characteristics can coexist
in close proximity as demonstrated here. Richard N. Mitchell MD, PhD, Department of Pathology, Brigham and Women'’s Hospital, generously provided

by this photomicrograph.

rupture.’ Local concentrations of the effector enzymes granzyme B
and perforin increase at sites of ACS culprit lesions classified as erosion
by OCT. Thus, mediators derived from CD8 ‘killer’ T lymphocytes spe-
cialized in cell damage may likewise propagate endothelial injury and pro-
mote erosive complications of human plaques.

4. Therapeutic implications

We have made much progress in therapeutics to modify atherogenesis
and its complications. | have summarized some of these contemporary
therapeutic interventions above. Despite current preventive measures
and increasingly effective revascularization interventions, the residual risk
in individuals with manifest atherosclerosis remains unacceptably high.
Particularly in individuals with advanced age or multiple comorbidities,
recurrent acute coronary syndromes can occur in a fifth of individuals de-
spite optimum standard of care therapy in the first year."™ While we
take satisfaction in our current armamentarium for combatting athero-
sclerosis, much remains undone.""® The introduction of newer therapies
that can drive LDL concentrations even lower than statins alone and
anti-diabetic medications such as the glucagon-like peptide-1 receptor
agonists and the sodium-glucose cotransporter-2 inhibitors (SGLT-2i)
may provide enhanced protection from first ever or recurrent athero-
sclerotic complications.

The advent of an era of anti-inflammatory therapies provides another
potential avenue for interventions orthogonal to LDL lowering that may
improve further the risk that persists despite current standard of
care.""®"" The demonstration that IL-1 beta neutralization reduced re-
current cardiovascular events in individuals with atherosclerosis pro-
vided the first proof in humans of the inflammatory contribution to this
disease.’®""? The subsequent demonstration in two large independent
studies that colchicine can reduce recurrent atherothrombotic events
reinforces this opportunity.’%'?" Yet, finding the ‘sweet spot’ of limiting
pathways of inflammation relevant to atherosclerosis, while avoiding

undue interruption of host defences or producing unwanted actions,
provides an opportunity for further innovation in this regard. Anti-
inflammatory interventions under consideration for atherosclerosis in-
clude neutralization of IL-6 and the inflammasome.'**™'%

In the lipid arena, targeting triglyceride-rich lipoproteins with novel
therapeutics such as monoclonal antibodies, RNA therapeutics, or selec-
tive PPARo modulators merits evaluation as additional strategies for re-
ducing residual risk. As noted above, primordial prevention depends
largely on public health measures. Perhaps, atherosclerosis would be-
come an orphan disease were lifestyle measures adopted more strin-
gently and if targeted pharmacotherapy were deployed. Indeed, physical
activity and diet may exert some of their benefits on cardiovascular out-
comes by muting inflammation."**"” It matters little if we have effective
therapies to prevent atherosclerosis and its complications if they do not
penetrate into practice. We need to learn from modern behavioural
economics and implementation science to overcome barriers in this re-
gard. Moreover, access to preventive therapies encounters many bar-
riers due to health disparities and societal inequities. In addition to our
scientific mission, health professionals bear a responsibility to strive to
close these gaps to bring the fruits of our research in an equitable fashion
to all segments of society.

5. Conceptual implications for
moving forward

As in therapeutics, we can take considerable pride in the success of our
enterprise in unravelling the pathogenesis of atherosclerosis and its com-
plications. Yet, even with contemporary powerful methodology and in-
vestigative approaches, much remains to be done. This essay has focused
on infllmmatory aspects that govern the life cycle of an atherosclerotic
plaque, but in reality, the human arterial tree typically contains lesions at
all stages dealt with herein (Figure 4). One can commonly see a fatty
streak adjacent to a raised plaque nearby an ulcerated lesion with
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evidence of thrombosis. Thus, plaques at different points in their life cycle
coexist even within centimetres in a human arterial tree. This observa-
tion indicates how oversimplified is the categorization into phases of initi-
ation, progression, and complication used to organize this discussion.
Such schemata that imply a linear progression of atherosclerosis seri-
ously underestimate the complexity of the clinical disease in a human in-
dividual. In our experimental preparations, we often turn on the stimulus
for atherogenesis like throwing a light switch. Yet, atherogenic risk fac-
tors, behaviours, and exposures bombard humans in a highly dispersed
distribution in time.

The discussion above describes subtypes of various lesions. But single-
cell technology and high-dimensional -omics including proteomics and
cyTOF have revealed a much greater heterogeneity than generally ac-
knowledged and appreciated in the past.'*®'>’ The application of these
technologies is providing finer and finer divisions of subpopulations of
various cells and has even blurred the identity of different cell types.
Examples include the ability of endothelial to undergo EMT, and of
smooth muscle cells to undergo metaplasia into foam cells with charac-
teristics of mononuclear phagocytic leucocytes. This fine splitting of cell
types is currently in a primarily descriptive phase. We have much work
to do to ascribe functions to the various subtypes of cells revealed by
high-dimensional-omic technologies. We have previously noted that the
reductio ad absurdum of this rush to catalogue cellular heterogeneity
would classify each cell as its own subtype.”® As remarked, while quite
possibly true as a limiting case, this concept is not particularly helpful or
actionable from a therapeutic perspective. We face the challenge of har-
nessing these novel and powerful technologies to ascribe functions to
various cell types and unravel ways in which to address the balance for
their pro- and anti-atherosclerotic actions.

We also must strive to avoid glib extrapolations of animal data to hu-
man atherosclerosis.">®"3" We previously highlighted a tendency to gloss
over issues of expression of various functions of cells involved in athero-
genesis in space and in time. Moreover, many of our animal preparations
involve manipulations that create degrees of hyperlipidaemia far greater
than those encountered in contemporary clinical practice. While practi-
cally necessary to achieve results within a reasonable period of time, we
should remain cognizant that such exaggerated hyperlipidaemia may not
reflect the rather indolent inflammatory process underway in the human
atherosclerotic plaque. Mouse and cell culture experiments provide nec-
essary and extremely useful avenues to probing various mechanisms and
principles. However, we must always strive to acknowledge the com-
plexity of human atherosclerosis and exercise humility in interpreting the
results of our experiments to the human situation. Combining the best
of laboratory science with reference to the human disease as a touch-
stone provides a potentially productive path forward to close the gaps in
our understanding and improve cardiovascular wellness. Reduction to
practice of the burgeoning knowledge of inflammation in the life cycle of
atherosclerotic plaques promises to help achieve this goal."”
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