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Abstract—Atherosclerosis is initiated by the subendothelial accumulation of apoB-lipoproteins, which initiates a sterile

inflammatory response dominated by monocyte—macrophages but including all classes of innate and adaptive immune
cells. These inflammatory cells, together with proliferating smooth muscle cells and extracellular matrix, promote the
formation of subendothelial lesions or plaques. In the vast majority of cases, these lesions do not cause serious clinical
symptoms, which is due in part to a resolution—repair response that limits tissue damage. However, a deadly minority of
lesions progress to the point where they can trigger acute lumenal thrombosis, which may then cause unstable angina,
myocardial infarction, sudden cardiac death, or stroke. Many of these clinically dangerous lesions have hallmarks of
defective inflammation resolution, including defective clearance of dead cells (efferocytosis), necrosis, a defective scar
response, and decreased levels of lipid mediators of the resolution response. Efferocytosis is both an effector arm of the
resolution response and an inducer of resolution mediators, and thus its defect in advanced atherosclerosis amplifies
plaque progression. Preclinical causation/treatment studies have demonstrated that replacement therapy with exogenously
administered resolving mediators can improve lesional efferocytosis and prevent plaque progression. Work in this area
has the potential to potentiate the cardiovascular benefits of apoB-lipoprotein—lowering therapy. (Arterioscler Thromb
Vasc Biol. 2017;37:183-189. DOI: 10.1161/ATVBAHA.116.308036.)

Key Words: apoptosis B atherosclerosis B efferocytosis ® inflammation ® macrophages B necrosis B resolution

his article is based on the 2016 Russell Ross Memorial

Lecture in Vascular Biology presented at the American
Heart Association Scientific Sessions Annual Conference,
November 12 to 16, New Orleans, LA. Although atherogenesis
is triggered by the subendothelial retention of apoB-lipoproteins
in focal areas of the arterial tree,'? the question of how this incit-
ing event leads to the series of complex cell biological processes
termed atherosclerosis is perhaps the most fundamental ques-
tion in this field of research and is the topic of the lecture and
this article. It is indeed an honor to be have been awarded this
lectureship in memory of Dr Ross because it was his paradigm-
shifting work in exactly this area that stimulated many of us to
focus our research on this question. The evolution of Dr Ross’s
concepts on this topic is highly instructive, moving from an ini-
tial theory that imagined a role for overt endothelial injury and
smooth muscle cell proliferation to one that considered the role
of more subtle changes in endothelial function, including inflam-
matory changes.** Through the work of many researchers from
this time forward, including leaders such as Peter Libby, Goran
Hansson, and many past Ross Lectureship awardees, the concept
that atherosclerosis is driven by inflammation—in essence, the
most important response to lipoprotein retention—has been sup-
ported by thousands of papers using causation models in mice
and observational studies in humans.>® Most importantly, work
in this area has led to the first anti-inflammation cardiovascular
causation trials in humans, which are being led by the coura-
geous efforts of Paul Ridker et al.”®

See Insight Into Ira Tabas on page 190

Initiation of Atherosclerosis and Its

Therapeutic Implications
The intense interest in and enthusiasm for the concept that
inflammation drives atherosclerosis should not lead us to
forget how atherosclerosis begins. Inflammation does not
arise spontaneously but rather is a response to either invad-
ing pathogens or to nonpathogen sterile stimuli, including
those that arise from tissue injury. Whereas we refer to the
pathogen-derived inflammatory stimuli as pathogen-associ-
ated molecular patterns, tissue injury molecules have been
termed damage-associated molecular patterns (DAMPs).’
The inflammatory response to tissue damage probably
evolved as a way to prevent secondary infection and to initi-
ate tissue repair, which, as we shall see in the following sec-
tions, is integrated with inflammation as part of the so-called
resolution response.

With this background, what is the trigger for inflamma-
tion early in atherogenesis? Although many theories have
proposed links to bacterial or viral infections, the evidence
is scant. On the other hand, we know that an early event
in atherogenesis is the subendothelial retention of plasma-
derived apoB-lipoproteins, notably low-density lipoprotein
(LDL) and chylomicron remnants.'> These lipoproteins
accumulate at sites of disturbed flow in medium-sized
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arteries—sites that are uniquely destined to become filled
with atherosclerotic plaque. Lipoprotein retention occurs
before the appearance of inflammatory cells,'* and blocking
retention through genetic engineering or other means blocks
early atherogenesis in mice.!"'> Most importantly, drugs that
lower apoB-lipoproteins have shown unequivocal cardiovas-
cular and mortality benefit in many millions of subjects and
over decades of clinical study,'* and there is now convincing
genetic evidence linking mutations that affect apoB-lipopro-
tein levels to cardiovascular risk.'

From a mechanistic standpoint, molecules embedded in
apoB-lipoproteins, including those that become modified
after subendothelial retention, can act as DAMP-like mole-
cules when added to immune cells in vitro. Examples include
fragmented and oxidized apoB, cholesterol, oxidized sterols
and phospholipids, and saturated fatty acids and cerami-
des.’™2? There is also evidence that an adaptive immune
response is mounted against native and modified apoB-lipo-
proteins and that this response may also contribute to ath-
erosclerosis.”® Accordingly, the response to apoB-lipoprotein
retention is dominated by the entry of monocyte-derived
macrophages but also involves dendritic cells, neutrophils,
other innate immune cells, and adaptive immune cells, nota-
bly T effector cells.>® Thus, the success of LDL-lowering
therapy is completely predictable within the framework of
the sterile inflammatory response and the response-to-reten-
tion concept, just as removing a sterile splinter is predicted
to curtail the redness and pain at its insertion site and prevent
further tissue damage.

Two additional points deserve attention. First, the key role
of apoB-lipoprotein retention in atherogenesis is not meant to
diminish the importance of prelesional endothelial changes
(activation), which are mediated by flow disturbances and other
factors at arterial sites destined to become atherosclerotic.’*?
Indeed, endothelial activation may contribute to lipoprotein
retention itself by promoting permeability and possibly trans-
cytosis,” and flow-mediated activation likely primes endothe-
lial cells to respond to the subsequent inflammatory stimulus of
retained lipoproteins.”” However, the fact remains that athero-
sclerosis will not form at sites of endothelial activation if the
level of apoB-lipoproteins falls below a certain threshold level,
whereas atherosclerosis will form at nonflow-disturbed sites if
apoB-lipoproteins rise to high levels.'?

Second, how can the overall lowering of plasma LDL over
the past 3 decades, that is, after the introduction of statins, be
reconciled with the fact that atherosclerotic vascular disease
remains the leading cause of death.?® Despite the enormous
life-saving success of statins, issues related to potency, real
or perceived drug safety and side effects, patient compliance,
and patient and provider education have limited our ability to
lower LDL to the types of level, and at an early enough age,
that would be needed to remove atherosclerotic disease from
the leading killer list.?” The availability of PCSK9 inhibitors
may help us get closer to this goal.** However, these efforts are
being counterbalanced by the worldwide epidemic of obesity
and insulin resistance, which are conditions that lower the ath-
erogenic threshold to apoB-lipoproteins.®' Thus, more intense
lipoprotein lowering is needed to achieve the same result in
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the face of this epidemic, which is predicted to continue well
into the 21st century.®

Progression of Atherosclerosis

There have been many excellent reviews on the series of ath-
erosclerotic events that occur after lipoprotein retention and the
initial entry of monocytes, and I refer to some of these with
only brief outline here.***® The subendothelial areas that ini-
tially accumulate lipoproteins, referred to as intima, expand
as a result of (1) increasing numbers of both innate and adap-
tive inflammatory cells through continual entry and prolif-
eration, (2) proliferation of myofibroblast cells that originate
from vascular smooth muscle cells (VSMCs), and (3) extra-
cellular lipid and matrix molecules. Each of these processes
has been studied widely and is driven by complex processes
involving hundreds of molecules and various combinations
of cell—cell interactions. I would like to emphasize here 2 key
points about the progressing lesion. First, lipoprotein reten-
tion is amplified as lesions progress,* probably as a result of
the synthesis of apoB-lipoprotein-binding proteoglycans by
inflammatory cells. Therefore, the inflammatory response to
these lipoproteins is persistent and amplified.'? Persistence of
a sterile inflammatory stimulus creates a scenario of chronic,
nonresolving inflammation, analogous to what occurs when
a splinter is not removed from a finger—or, more accurately,
if additional splinters were continually added to the inflamed
digit. Second, despite the expansion of the intima, the lumen
remains patent because of outward remodeling and compensa-
tory enlargement of the arterial wall.*? Thus, atherosclerosis at
this stage is largely asymptomatic. Indeed, in any given indi-
vidual with multiple atherosclerotic lesions, the vast majority
of lesions—perhaps as many as 95%—will not cause acute
thrombo-occlusive vascular disease.*

With this scenario in mind, one of the most important goals
in atherosclerosis research is to understand the unique molecular
and cellular events that lead to the formation of the small minor-
ity of plaques that account for virtually all acute atherothrom-
botic vascular events, including unstable angina, myocardial
infarction, sudden cardiac death, and stroke. Recent pathological
analyses suggest that these clinically dangerous plaques fall into
2 categories*: (1) those that have numerous inflammatory cells,
lipid-rich necrotic cores, and thin collagenous fibrous caps that
overlay the core and (2) those that are characterized by an abun-
dance of extracellular matrix and endothelial apoptosis. Necrotic
plaques, which are often called vulnerable plaques, can pre-
cipitate all categories of acute atherothrombotic events but are
particularly associated with ST-segment—elevation myocardial
infarction. These plaques have been widely studied, and much
is known about the mechanisms that lead to their formation
and their thrombotic consequences, as described below. Less
in known about the matrix-rich category of dangerous plaques,
which is often associated with non—ST-segment—elevation myo-
cardial infarction.* On the basis of the results of in vitro experi-
ments and in vivo observations, the mechanism of plaque
erosion may involve prothrombotic activation and death of
endothelial cells via activation of Toll-like receptor 2.4

In contrast, necrotic plaques are susceptible to frank rup-
ture, which triggers acute lumenal thrombosis via exposure
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of blood platelets to procoagulant/thrombotic factors, notably
tissue factor, in the necrotic core.* Moreover, necrotic cores
are filled with DAMP-like molecules,***” which amplifies
the inflammatory response. The mechanism of necrotic core
formation involves the death of lesional cells, mostly mac-
rophages but also smooth muscle cells,*® coupled with poor
phagocytic clearance of these dead cells by a process called
efferocytosis.*® In the setting of defective efferocytosis, the ini-
tially intact membranes of apoptotic cells begin to break down,
leading to a type of cellular necrosis known as postapoptotic,
or secondary, necrosis. There is also evidence that primary
necrosis, or necroptosis, of lesional macrophages triggered by
receptor-interacting serine/threonine-protein kinase 3 contrib-
utes to plaque necrosis in advanced atherosclerosis.*>' The
consequences of necroptosis may also be exacerbated by poor
phagocytic clearance of cells that die by this process.” Plaque
rupture occurs as a result of fibrous cap thinning, which has
been ascribed to death of collagen-producing intimal smooth
muscle cells and to the production of various types of matrix-
destroying proteases by lesional inflammatory cells.> In addi-
tion, physical properties of the lipid-rich necrotic core creates a
physical strain on the overlying fibrous cap that can contribute
to plaque rupture.**

Defective Resolution in Plaque Progression
We and others have sought to construct a unified conceptual
framework that could help explain the series of molecular and
cellular events leading to the formation of clinically dangerous
plaques. The concept is based on the seminal studies of Nathan,
Serhan, and others that have educated us about an active reso-
lution and repair process that occurs during and immediately
subsequent to the inflammatory response.’>¢ In order for the
inflammatory response to be effective in defense against patho-
gens, numerous pro-oxidant- and protease-secreting inflamma-
tory cells must invade the site of infection, which inevitably
causes collateral tissue damage. Thus, we have evolved mech-
anisms to repair this damage and return to tissue homeostasis
through the action of numerous types of resolution mediators.
These mediators are delivered at both the onset of the inflam-
matory response, for example, as neutrophil-derived secretory
factors in edema fluid, and after pathogen neutralization, for
example, by recruitment of reparative cells, including macro-
phages that have a resolution phenotype. Resolution is mediated
by (1) endogenous lipids that are generated during inflammation,
including lipoxins, resolvins, protectins, and maresins, called
specialized proresolving mediators (SPMs), (2) proteins, such as
interleukin (IL)-10, transforming growth factor-f3, and annexin
Al, (3) bioactive gases such as nitric oxide, hydrogen sulfide,
and carbon monoxide, and (4) resolving cells, such regulatory T
cells and resolving-type macrophages.” By activating specific
cell surface receptors, resolution mediators block inflammatory
cell influx and promote their egress; clear pathogens, cellular
debris, inflammatory cytokines, and apoptotic cells (efferocyto-
sis); and repair tissue damage.>’

In chronic inflammatory diseases, resolution is defective,
leading to an amplification cycle of continual tissue injury
and DAMP-mediated inflammation.®® Beginning with seminal
work by Lawrence Chan, Charles Serhan, and colleagues, this
scenario is emerging as an important pathogenic process in the
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progression of atherosclerosis (Figure).®'%* We think that defec-
tive inflammation resolution can best explain the series of events
leading to the formation of clinically dangerous plaques.®* In
terms of the necrotic subset of these deadly plaques, their features
of defective efferocytosis, plaque necrosis, DAMP-mediated
inflammation, thin fibrous cap (defective scar formation), and
oxidative stress are hallmarks of defective resolution. This con-
cept is supported by a recent study from our group in which lipid
resolution mediators were measured by targeted mass spectrom-
etry in stable and advanced regions of human carotid athero-
sclerotic plaques. Resolvin D1 and the ratio of total SPMs to
proinflammatory leukotriene B4 were decreased in the advanced
plaque regions.* Similar results were found when we compared
advanced versus early atherosclerotic plaques in mouse aorta,*
and similar data in mice were also reported by an independent
group.® In terms of causation, restoration of resolving mediators
by exogenous administration—including a study using plaque-
targeted nanoparticles—has been shown to suppress the progres-
sion of midstage lesions to advanced plaques.®-

Why does resolution go awry during plaque progression?
As alluded to above, the overarching answer is straightforward;
unlike a pathogen that gets neutralized or a splinter that gets
removed, the inciting inflammatory stimulus in atheroscle-
rosis—subendothelial apoB-lipoproteins—not only remains
persistent but becomes amplified. However, the molecular—
cellular mechanisms linking a persistent stimulus to a defective
resolution response are poorly understood, and this is particu-
larly the case with advanced atherosclerosis. Three classes of
mechanisms can be considered: defective lipid mediator syn-
thesis, excessive mediator inactivation, and impaired response
of resolution effector cells to resolution mediators. As an exam-
ple, atherosclerotic lesions have increased oxidative stress, and
treatment of macrophages in vitro with a pro-oxidant oxysterol
found in human lesions, 7-ketocholesterol, decreases the pro-
duction of SPMs.* Moreover, when SPMs are low, decreased
SPM synthesis by macrophages can be amplified through a
mechanism that involves cytosol-to-nuclear translocation of the
enzyme 5-lipoxygenase.”’ As another example, we have shown
that the SPM receptor ALX/FPR?2 on lesional cells decreases as
atherosclerosis progresses.®

Interplay Between Defective Efferocytosis and
Defective Resolution in Advanced Atherosclerosis
Defective efferocytosis is one of the hallmarks of both defec-
tive inflammation resolution and advanced atherosclerosis,
and I would argue that it may be the linchpin in the progres-
sion to plaque vulnerability.*8"2 Efferocytosis is mediated
through phagocyte receptors, apoptotic cell ligands, bridg-
ing proteins, and chemoattractants.” It is normally a high-
capacity and efficient process, but when it goes awry, tissue
necrosis and subsequent DAMP-mediated inflammation
occur.”’ Macrophages in clinically dangerous human coro-
nary plaques show evidence of defective efferocytosis, that
is, there are abundant uncleared dead cells, and this defect
correlates with 2 key features of these plaques—necrosis and
inflammation.®*%%6>7> Causation is suggested by studies using
genetically altered mice. For example, when efferocytosis is
compromised through gene targeting of effector molecules,
there is an increase in uncleared apoptotic cells, inflammation,
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Figure. Progression of atherosclerosis. Subendothelially retained apoB-containing lipoproteins (apoB LPs) incite a sterile inflammatory
response, but in the majority of lesions (left) enough of a resolution response is mounted to prevent the formation of clinically dangerous
plagues. Highlighted here is a positive-feedback cycle between efferocytosis and proresolving mediators, leading to the prevention of
cell necrosis and a favorable proresolving:inflammatory mediator balance and a scarring response in which intimal smooth muscle cells
(SMCs) promote the formation of a protective fibrous cap. A small minority of these lesions progress (right). These lesions have persis-
tent and amplified inflammatory stimuli (apoB LPs) and defective efferocytosis, which then promotes cell necrosis, an imbalance in the

proresolving:inflammatory mediator balance and thinning of the fibrous cap. This progression of events can lead to plaque rupture, acute
lumenal thrombosis, and tissue ischemia or infarction (bottom). Not depicted here is another type of advanced, clinically dangerous ath-
erosclerotic lesion that is characterized by endothelial erosion rather than plaque necrosis. Whether a defective resolution response con-
tributes to the formation of this type of plaque remains to be investigated.

and plaque necrosis.”* Our and another laboratory demon-
strated this principle using athero-prone mice lacking the
macrophage efferocytosis receptor MerTK.8$!

The mechanism of defective efferocytosis in advanced
plaques represents a major gap in this field. Overwhelming
apoptosis is not likely to be a major factor in view of the
high-capacity nature of efferocytosis.” For example, when
apoptosis is increased in early atherosclerosis, where effe-
rocytosis is not defective, apoptotic cells are efficiently
cleared.®? Although it is possible that death or a phenotypic
change® in advanced lesional macrophage death limits
efferocytosis by decreasing the pool of competent effe-
rocytes, advanced lesions have a substantial population
of living phagocytes.®* Moreover, we showed that choles-
teryl ester loading of macrophages does not compromise
efferocytes” and that macrophages undergoing efferocy-
tosis acquire resistance to cell death stimuli.®® Rather, we
favor the hypothesis that specific molecular—cellular pro-
cesses involved in the recognition or uptake of apoptotic
cells by lesional macrophages compromise efferocytosis
in advanced atherosclerosis. For example, a recent study
showed that some apoptotic cells in lesions continue to dis-
play a don’t-eat-me molecule called CD47, which is usu-
ally lost on apoptosis, thus preventing the uptake of these

dead cells.’ As another example, the macrophage MerTK
receptor, which as indicated above plays an important role
in advanced lesional efferocytosis, can be disabled by dis-
integrin and metalloproteinase domain—containing protein
17 (ADAM17)-mediated proteolytic cleavage under exactly
the types of inflammatory conditions that occur in advanced
atherosclerosis.®”% Indeed, macrophages near the necrotic
cores of human plaques demonstrate high ADAM17 expres-
sion and low levels of cell surface MerTK.* In human
carotid artery endarterectomy specimens, we found a strong
correlation between the level of the stable product of MerTK
cleavage, soluble Mer, and both advanced plaque stage and
the presence of ischemic symptoms.”® Finally, Western diet-
fed Ldlr~~ mice expressing a genetically engineered mutant
of MerTK that cannot be cleaved showed enhanced lesional
efferocytosis and decreased plaque necrosis.”

Efferocytosis is one of the most important cellular effec-
tor arms of the resolution program. Inflammation results in
the accumulation of enormous amounts of dead cells, nota-
bly neutrophils, and resolution mediators have been shown
to promote efferocytosis both in vitro and in vivo.®*912 A
fascinating topic to consider is whether efferocytosis is also
a mediator of the resolution response, which would amplify
the response as part of a positive-feedback process. Evidence
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to support this concept is suggested by studies showing that
phagocytes increase SPM production when engulfing apop-
totic cells,”®** and we showed recently that activation of the
MerTK receptor in macrophages with an activating anti-
body, the MerTK ligand Gas6, or apoptotic cells promoted
the synthesis of SPMs.”> The mechanism involves MerTK-
mediated stimulation of nuclear-to-cytoplasmic translocation
of 5-LOX (lipoxygenase), which increases the synthesis of
SPMs through the 12,15-lipoxygenase pathway.” We have
shown that this proresolving action of MerTK is disabled by
MerTK cleavage and important in several models of sterile
inflammation, including atherosclerosis.”

Summary and Conclusions
Atherosclerosis is a heterogeneous disease despite a common
initiating event, subendothelial retention of apoB-lipoproteins.
In the vast majority of lesions, the sterile inflammatory response
to these retained lipoproteins does not lead to acute thrombotic
complications. The most likely explanation is that an adequate
resolution response is mounted, where efferocytosis prevents
plaque necrosis and a reparative scarring response (the fibrous
cap) prevents plaque disruption. Elements of the resolution
response may also promote endothelial health in the setting of
inflammation and thereby prevent plaque erosion.” However,
for reasons that remain to be elucidated, a small percentage
of developing atherosclerotic lesions cannot maintain an ade-
quate resolution response, leading to the formation of the types
of clinically dangerous plaques that can trigger acute lumenal
thrombosis and tissue ischemia and infarction. It is likely that
a series of amplified pathophysiologic processes spin out of
control to create these rare but deadly plaques. We think that
defective efferocytosis is a major contributor to this series of
events, with several new studies providing plausible mecha-
nisms of how efferocytosis becomes defective in advancing
plaques. Once efferocytosis becomes defective and postapop-
totic necrosis occurs, anti-inflammatory and proresolving path-
ways downstream of efferocytosis are lost, and DAMPs arising
from the necrotic cells exacerbate the inflammatory response.
A fascinating question that emerges from this scenario is what
determines whether any given lesion will undergo this transfor-
mation. Is it stochastic, or is there a specific determinant, such
as excessive apoB-lipoprotein accumulation occurring earlier
in the history of the fated lesion?

Throughout this review, I have emphasized the clinical
importance of advanced plaque progression as the cause
of acute atherothrombotic events, and I have highlighted
several critical questions related to mechanisms of plaque
progression that remain to be addressed. However, one may
legitimately question whether research in this area has ther-
apeutic potential in the face of the logical conclusion that
if apoB-lipoproteins could be brought safely below a cer-
tain threshold level at an early enough age in all individuals,
atherosclerotic vascular disease would be eliminated. Even
with established atherosclerosis, lesions can regress if the
apoB-lipoproteins are brought to a low enough level.”” In
this context, a prominent editorial 20 years ago suggested
that coronary disease may no longer be a major health prob-
lem by the early 21st century.”® However, for the reasons
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discussed earlier in this review, that is, cholesterol-lowering
drug-related issues and the epidemic of insulin resistance,
atherosclerotic vascular disease remains the leading cause
of death 2 decades into the 21st century. Although contin-
ued work on achieving lower and earlier LDL, stemming the
epidemic of obesity and insulin resistance, and ameliorat-
ing other risk factors is critical, I think that further under-
standing the mechanisms of advanced plaque progression
should also be a priority. Research in this area may be able
to suggest ways to raise the atherogenic threshold to apoB-
lipoproteins such that, through combined apoB-lipoprotein—
lowering and arterial-wall therapy, currently achievable
levels of apoB-lipoprotein lowering can be disease end-
ing. Accordingly, we await the results of the aforemen-
tioned anti-inflammatory trials that are currently underway
in humans,”® and several new therapeutic concepts have
emerged based on the pathophysiology of plaque progres-
sion, including the use of exogenous resolving mediators
and drugs that suppress cellular necrosis.>!66%
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