1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
Nat Rev Immunol. 2010 January ; 10(1): 36-46. doi:10.1038/nri2675.

Macrophage death and defective inflammation resolution in
atherosclerosis
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Abstract

A key event in atherosclerosis is a maladaptive inflammatory response to subendothelial lipoproteins.
A critical aspect of this response is failure of inflammation resolution, which normally consists of
suppression of inflammatory cell influx, effective clearance of apoptotic cells (efferocytosis), and
promotion of inflammatory cell egress. Defects in these processes promote the progression of
atherosclerotic lesions into dangerous plaques, which can trigger atherothrombotic vascular disease,
the leading cause of death in industrialized societies. This review will provide an overview of these
concepts, with a focus on macrophage death, defective efferocytosis, and novel therapeutic strategies
designed to boost inflammation resolution in atherosclerosis.

Successful resolution of inflammatory disease processes, often referred to as “catabasis,”
requires a distinct series of processes, including inhibition of inflammatory cell recruitment,
promotion of inflammatory cell egress, and clearance of apoptotic cells (efferocytosis)l: 2.
These processes are mediated by a wide array of molecules, including anti-inflammatory
cytokines, lipoxygenase-derived bioactive lipids, and transcription factors. Inflammation
resolution also involves subsets of inflammatory cells, such alternatively activated, or M2,
macrophages, that possess specific functional characteristics related to suppressing
inflammation and cleaning up cellular debris®.

Understanding the principles of inflammation resolution is important in deciphering the
complex process of atherosclerosis progression. Atherothrombotic vascular disease (ATVD)
is the number one cause of death in the industrialized world, and this problem is growing
annually due to the epidemic of obesity and insulin resistance world-wide* °. Atherogenesis
is triggered by the retention of apolipoprotein B-containing lipoproteins in the subendothelium
of the arterial wall (BOX 1) 678, These retained lipoproteins, perhaps after oxidative
modification, trigger a chronic inflammatory response involving initially monocyte-derived
macrophages and then other inflammatory cells, including T cells and mast cells. In the early
stages, the lesions are relatively small and asymptomatic because they are not at risk to promote
plaque disruption and lumenal thrombosis. Moreover, at least one key event in inflammation
resolution—efferocytosis—seems to function well in these early lesions (see section of
efferocytosis below). However, the minority of lesions that do progress to the type of dangerous
plaque that can cause ATVD have all the hallmarks of defective resolution of inflammation,
including defective efferocytosis, a persistent inflammatory state, and defective egress of
inflammatory cells (FIG. 1) 912, Each of these defects promotes highly inflamed and necrotic
plaques that are referred to as “vulnerable plaques,” because they vulnerable to structural
disruption and thrombosis, which are the immediate precursors of acute cardiovascular clinical
events!3. For example, the failure of macrophage egress leads to prolonged production by these
cells of collagen-degrading matrix proteases and coagulation-promoting tissue factor!4. The
failure of efferocytosis leads to post-apoptotic cellular necrosis, which amplifies the
inflammatory response and eventually leads to the generation of the plaque-disrupting necrotic
core of vulnerable plagues® 15, In the following sections, the processes of immune cell entry
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and egress; anti-inflammatory signaling though inflammation resolution mediators; and the
roles of macrophage death and defective efferocytosis in plaque progression will be explored.

Box 1
How atherosclerotic plagues develop

There are certain areas of medium-sized arteries that are prone to the permeation and then
subendothelial retention of apolipoprotein B-containing lipoproteins, such as low-density
lipoprotein (LDL) and remnant lipoproteins. Permeation and retention depend on a number
of variables, including the level, duration, and properties of circulating apoB lipoproteins
in the bloodstream; focal alterations in the endothelial layer in susceptible areas of arteries,
which occur most often at sites of disturbed blood flow; and the nature of subendothelial
molecules that have the capacity to promote retention, notably chondroitin sulfate
proteoglycans and molecules that “bridge” the lipoproteins to the proteoglycans, such as
lipoprotein lipase®.

For reasons that are not completely understood, but are probably related to an initial innate
immune response to the retained and often subendothelially modified lipoproteins, the
overlying endothelium is activated to secrete chemokines and express adhesion molecules
which attract and bind monocytes’: 8. These processes are followed by entry, or
“diapedesis,” of the monocytes into the subendothelial space. Once in the subendothelium,
or “intima,” the monocytes differentiate into macrophages and ingest the retained
lipoproteins®=8. Lipoprotein uptake promotes the intracellular accumulation of a variety of
lipids, including cholesterol, oxysterols, and fatty acids, which promotes the accumulation
of lipid droplets in the cytoplasm (“foam cells”) and an inflammatory response in the
cells®=8,

Over weeks, months, and even years, the process continues and even amplifies. For
example, macrophage foam cells can secrete additional extracellular matrix molecules that
further promote lipoprotein retention, and the inflammatory response leads to the attraction
of more monocytes as well as T cells, mast cells, and possibly neutrophils6=8: 131, The lesion
enlarges, but at this stage the arterial lumen remains patent enough to feed the distal organ
due to outward remodeling of the arterial wall. Moreover, in the majority of cases, the lesion
is contained by a subendothelial scar-like structure referred to as the “fibrous cap,” which
is produced by collagen-secreting myofibroblasts that populate the intima and are derived
from precursor cells in the media, adventitia, and/or blood stream®31,

However, some of these lesions, fed by the aforementioned amplification process and the
failure of inflammation resolution discussed in this review, undergo a process of arterial
wall breakdown. The types of lesions that are susceptible, or “vulnerable,” to this process
of arterial wall breakdown are often referred to as “vulnerable plaques” and are
characterized by large areas of necrosis (see text), thin fibrous caps, and a heightened state
of inflammation3. Disruption of the intima can expose pro-coagulant and pro-thrombotic
contents in the intima, such as tissue factor, to coagulation factors and platelets in the
bloodstream32, In the worse case scenario, an occlusive thrombus forms, leading to acute
oxygen and nutrient deprivation of distal tissues fed by the artery. When these events occur
in the coronary arteries, the region of heart muscle tissue fed by the involved artery becomes
injured, and the result is unstable angina, myocardial infarction, or sudden cardiac death.

Monocyte entry and macrophage egress

Two key processes in the resolution phase of inflammation are decreased entry of new
inflammatory cells as well as exit, or egress, of living cells that still remain in the lesion®: 11,
For example, entry of new monocytes into pre-existing inflammatory atherosclerotic lesions
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in mice is actually enhanced rather than being suppressed as would normally occur during
inflammation resolution1®. Moreover, Ly-6C(hi) monocytes, which are precursors of
inflammatory macrophages, increase in number in the setting of hypercholesterolemia in mice,
in part due to impaired conversion into less inflammatory Ly-6C(lo) monocytes!’: 18, These
studies suggest that there is persistent recruitment of inflammatory monocytes into established
atherosclerotic lesions, particularly in the setting of hypercholesterolemia, consistent with
defective inflammation resolution.

Monocytes can differentiate into two major types of macrophages, those that promote
inflammation, referred to as classically activated, or M1, macrophages, and those that promote
resolution, referred to as alternatively activated, or M2, macrophages®. Thus, an imbalance in
the ratio of classically activated and alternatively activated macrophages in advanced
atherosclerosis may cause or at least reflect impaired resolution!®. Among the factors that can
shift the balance in favor of M2 macrophages are an increase in the Th2 cell-secreted molecules,
such as interleukin-43; the transcription factors peroxisome proliferators-activated receptors
(PPARs) v and & 20 21; and the bioactive lipid sphingosine-1-phosphate2. Studies in mice
have shown, as predicted, that processes that promote Th2 cell polarization?3, activate
PPARy?24, or activate sphingosine-1-phosphate signaling??: 2> have beneficial effects on
atherosclerosis, but the degree to which these results reflect M2 polarization, other aspects of
inflammation resolution, or other processes in atherogenesis remains to be fully explored.

Egress of inflammatory cells from atheromata is also impaired in the setting of
hypercholesterolemiaZ®. An important step in inflammatory cell egress of myeloid cells is their
conversion into migratory cells, such as dendritic cells (DCs)2”. Many growth factors and
cytokines, notably granulocyte-macrophage-colony stimulating factor (GM-CS), tumor
necrosis factor-a (TNFa), and interleukin-4 and -6, have been shown to promote dendritic cells
differentiation and/or maturation, perhaps representing a link between the initial inflammatory
cytokine stage and subsequent resolution stage of inflammation28. In the atherosclerotic lesions
of Apoe—/— mice, inflammatory cell egress is difficult to detect in the setting of
hypercholesterolemia, but when plaques are exposed to a low cholesterol state, dendritic-like
cells migrate through adventitial lymph vessels to local lymph nodes in a process that is
dependent on the DC migratory molecule, CCR72°. Thus, at least one factor that impairs key
processes if inflammation resolution is the hypercholesterolemic state, perhaps through
induction of inflammatory molecules that block the resolution phase.

Inflammation resolution mediators

Anti-inflammatory cytokines and transcription factors play important roles in the resolution of
inflammation?: 2. Chief among these are interleukin-10 (IL-10), transforming growth factor-f
(TGFR), lipoxins, resolvins, protectins, maresins, prostaglandin E, (PGEy), and, in the case of
macrophages in atherosclerosis, a transcriptional factor called liver x receptor (LXR)30-34,
The major target cells of IL-10 signaling are macrophages and dendritic cells, where I1L-10
receptor signaling induces the anti-inflammatory molecule suppressor of cytokine signaling 3
(SOCS3) and inhibits the NF-kB pathway30. The net result is suppressed macrophage-mediated
activation of inflammatory T cells and decreased production by macrophages of inflammatory
cytokines (interleukins-1, 6, and 12; TNFa), and matrix metalloproteinases. I1L-10 also
activates signal transducer and activator of transcription-3 (STAT3), which inhibits
endoplasmic reticulum (ER) stress-induced apoptosis in macrophages by inducing cell-
survival molecules3®, and it down-regulates CD3636, which triggers apoptosis in ER-stressed
macrophages exposed to toll-like receptor 2 (TLR2) ligands (T. Seimon and |. Tabas,
manuscript in preparation). IL-10 is also a potent enhancer of efferocytosis both in vitro and
in vivo (D. Schrijvers and I. Tabas, unpublished data). In mouse models of atherosclerosis,
genetic targeting of IL-10 worsens atherosclerosis, and genetic or pharmacologic over-
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expression is beneficial3’=40, For example, Western diet-fed Ldlr—/— mice transplanted with
IL-10 transgenic bone marrow showed a 47% decrease in lesion size and a marked decrease
in lesion complexity with a 80% reduction in necrotic core area compared with mice receiving
wild-type bone marrow3°. Moreover, serum IL-10 levels in humans are reduced in subjects
with acute coronary syndromes and are inversely correlated with future atherothrombotic
events in survivors of myocardial infarction®1=43, Thus, deficiency in the amounts and/or
actions of 1L-10 may contribute to the defect in inflammation resolution in atherosclerosis.

TGFB plays two key roles in inflammation resolution: anti-inflammation, particularly as
mediated by CD4(+)CD25(+) regulatory T cells and efferocytes**: 45 and stimulation of a
protective “scar” response in resolving lesions by inducing collagen production in
fibroblasts*. A defect in this pathway in intimal smooth muscle cells may contribute to a key
feature of vulnerable atherosclerotic plaques, namely, thinning of the fibrous cap®’. When
TGFB signaling was interrupted in Apoe—/— mice by administration of a decoy soluble TGFp
receptor or anti-TGFp neutralizing antibodies, plaque progression toward a vulnerable
phenotype was accelerated, with a heightened state of inflammation, large necrotic cores, and
thin fibrous caps®®: 49, In contrast, transgenic overexpression of TGFf in Apoe—/— mice
stabilized atheromata by decreasing these three detrimental endpoints 4.

Macrophage 12/15-lipoxygenase (12/15-LO) plays a critical role in lesional inflammation
resolution in chow-fed Apoe—/— mice through synthesis of lipoxin A4 (LXAy), resolvin D1
(RvD1), and protectin D1 (PD1)20. In particular, 12/15-LO deficiency promoted lesion
formation, and there was an inverse correlation between 12/15-L O expression and plasma level
of certain inflammatory cytokines. In vitro experiments in this study showed that LXA,4, PD1,
and RvD1 suppressed atherosclerosis-relevant inflammatory cytokine production by
lipopolysaccharide (LPS)-activated macrophages, and they enhanced the ability of
macrophages to ingest apoptotic cellsl®. Moreover, TNFa-mediated activation of endothelial
cells, which plays a critical role in monocyte chemotaxis and adhesion during atherogenesis,
was also suppressed by RvD1 and LXAy. In particular, RvD1 suppressed the production of
monocyte chemotactic protein-1 (MCP-1) and interleukin-8 and induced anti-inflammatory
platelet-derived growth factor-p (PDGFp); PD1 suppressed MCP-1 and vascular cell adhesion
molecule-1 (VCAM-1); and LXA, down-regulated P-selectinlC. Other models have
substantiated these findings. For example, in a rabbit model of inflammatory periodontal
disease, a significant risk factor for ATVD in humans®°, overexpression of 15-LO and
subsequent production of LXA4 was associated with a decrease in high fat diet-induced
atherosclerosis®. In a study relevant to joint inflammation in systemic lupus erythrematosis,
LXA4 was found to stimulate the efferocytosis of apoptotic neutrophils, which is a topic
relevant to °2. In addition to the 12/15-LO pathway, there is evidence that a 14-LO pathway
can generate a molecule called maresin, which has potent anti-inflammatory effects33. The
cyclooxygenase pathway, through the generation of prostaglandin E; (PGE), can also
participate in the suppression of the inflammatory response after an acute infection3l. PGE,,
through interaction with guanine nucleotide protein-coupled receptors of the Gosg subtype,
triggers a cyclic AMP-mediated pathway that induces IL-10 production and suppresses the
NF-kB pathway31.

Transcription factors known as liver X receptors (LXRs) have anti-inflammatory effects in
macrophages3*. The anti-inflammatory mechanisms of LXR include inhibition of NF-xB-
mediated gene induction, including pro-atherogenic interleukin-6, and suppression of antigen-
induced T cell proliferation>3: 54, In addition, LXR induces arginase II, an enzyme that can
prevent inflammatory nitric oxide production and one that is characteristic of the M2
macrophage phenotype®®. LXR can also block the induction of cycloxygenase-2 in LPS-
activated macrophages in vitro34 and the expression of matrix metalloproteinase-9, which is
thought to mediated plagque disruption, in the aorta of aged Apoe—/— mice®. In terms of

Nat Rev Immunol. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tabas

Page 5

atherosclerosis progression, treatment of atherosclerosis mouse models with LXR agonists
markedly suppresses lesion progression, even after lesions have become established, and gene
targeting of LXR has the opposite effect>’ =59, although some of this effect may be related to
the role of LXR in cholesterol efflux from macrophages. LXR can also induce another key
feature of inflammation resolution, macrophage egress from atheromata (J. Feig et al.,
submitted for publication).

Importantly, the various cellular processes of inflammation resolution can be linked by these
inflammation resolution factors. For example, IL-10 not only directly blocks inflammatory
responses in M1 macrophages but also stimulates the conversion of M1 macrophages into the
M2 subtype and enhances efferocytosis® 0. LXR activation in macrophages links three key
features of inflammation resolution: suppression of inflammatory cytokine production34;
egress of inflammatory macrophages from atheromata (J. Feig et al., submitted for
publication); and enhancement of efferocytosis through the induction of at least two
efferocytosis receptors, transglutaminase-21 and Mertk52. As a third example of integration,
successful efferocytosis leads to the production of TGFB{2590}, which stimulates formation
of the protective fibrous cap in atheromata®6. 12/15-LO not only leads to the synthesis of lipid
mediators of inflammation resolution32, but also mediates the induction of pro-resolution
PPARYy and its ligands, such as 13-hydroxyoctadecadienoic acid (13-HODE) and 15-
hydroxyeicosatetraenoic acid (15-HETE), by interelukin-4, a marker of M2 macrophages®3.
These integrative responses suggest that therapeutic manipulations that affect one of these
factors may have multiple beneficial effects in enhancing inflammation resolution in
atheromata.

Macrophage death and efferocytosis

Early lesional macrophage death

Although the mechanisms of macrophage death in early lesions are not well known, apoptosis
is present in macrophage-rich regions of early lesions®4. Several studies have used genetic
engineering in mice to either increase or decrease early lesional macrophage apoptosis to
determine its effect on lesion size and progression. In Ldlr—/— mice in which bone marrow-
derived cells, including lesional macrophages, had a deficiency of the pro-apoptotic protein
Bax, aortic root lesions had decreased macrophage apoptosis and were larger and more
macrophage-rich 5. Similar results were obtained in Apoe—/— mice lacking the pro-apoptotic
protein p53 in macrophages®6. Conversely, LdIr—/— mice lacking the pro-survival protein AIM
(Spa) showed an increase in early lesional macrophage apoptosis and developed smaller
atherosclerotic lesions®”. Similar findings were observed in studies in which early lesional
macrophage apoptosis was increased through stimulation of pro-apoptotic nitric oxide
production by L-arginine® and through gene targeting of the prostaglandin E(2) receptor, EP4,
which has pro-survival signaling in macrophages®®. Thus, early lesional macrophage apoptosis
is associated with smaller lesion size and less plague progression. A likely explanation for this
phenomenon is that apoptotic cells in this setting are efficiently cleared by neighboring
macrophages, resulting in lesions with less macrophages, which is known to be associated with
less lesion progression,’® in a manner that avoids post-apoptotic necrosis. Support for this
concept comes from a study in which the efferocytosis mediator complement C1q was
genetically targeted in Ldlr—/—mice’2. In these mice, the appearance of apoptotic macrophages
in early lesions increased dramatically, suggesting that normal paucity of detectable apoptotic
cells in early lesions is due to efficient efferocytosis. The corollary of this concept is that the
elements of defective inflammation resolution known to exist in advanced lesions, notably
defective efferocytosis, have not yet taken hold in early atherosclerosis % 15 (FIG. 2A).
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Advanced lesional macrophage death

A number of hypotheses have been advanced to explain macrophage apoptosis in advanced
lesions, and undoubtedly more than one mechanism is involved. Examples include growth
factor deprivation, toxic cytokines, and oxidized lipids or lipoproteins,’? but there is as yet
little proof for these ideas in vivo. However, there is increasing in vivo evidence supports the
concept that ER stress may contribute significantly to advanced lesional macrophage death
(FIG. 2B). ER stress activates a branch of the so-called Unfolded Protein Response (UPR)
pathway that increases the expression of a pro-apoptotic protein called CEBP-homologous
protein (CHOP), also know as growth arrest and DNA damage protein-153 (GADD153)"3.
CHORP can lead to apoptosis by a number of mechanisms, but recent work in our laboratory
points to a specific apoptotic mechanism involving release of calcium from the ER lumen’4:
75, Released ER calcium can trigger apoptosis through excess uptake by mitochondria, which
triggers the release of pro-apoptotic effectors from mitochondria, and by activation of a
calcium-responsive enzyme called calcium/calmodulin-dependent protein kinase Il (CaMKII),
which promotes cell death by activating both extrinsic (death receptor) and intrinsic
(mitochondrial) pathways of apoptosis’®. There are many ER stressors in advanced
atherosclerotic lesions, and expression of ER stress proteins, including CHOP, are closely
correlated with apoptosis and plaque vulnerability in human coronary arteries’®. In vitro studies
have suggested that some of these atherosclerosis-relevant ER stressors, such as 7-
ketocholesterol, are sufficient by themselves to trigger this apoptotic pathway if they are present
in high enough amounts’4. However, another setting may be more subtle ER stress, and in this
case a “second hit” is needed to trigger apoptosis’’+ /8. An example includes excess
accumulation of lipoprotein-derived cholesterol by macrophages, where the ER stress “hit”
arises from excess cholesterol accumulation in the ER membrane, and the “second hit” is
engagement of pattern recognition receptors (PRRS), such as the type A scavenger receptor,
CD36, and toll-like receptors, by the lipoproteins themselves’’+ 78 (T. Seimon and I. Tabas,
unpublished data). PRR activation acts as a second hit by enhancing pro-apoptotic processes
and suppressing compensatory cell-survival signaling in the setting of ER stress’» 78 (T.
Seimon and I. Tabas, unpublished data).

Most importantly, there are in vivo molecular-genetic causation data supporting these concepts.
While murine models of atherosclerosis, such as Western diet-fed Apoe—/— and Ldlr—/— mice,
are not useful for studying plaque disruption or acute atherothrombosis, they are very good for
studying atherosclerosis up to and including the stage of plaque necrosis’® 80, Using these
models, it has been possible to test the pathophysiologic relevance of specific mechanisms of
macrophage apoptosis as well as the overall concept that advanced lesional macrophage death
promotes plaque necrosis (TABLE 1A). With regard to the lipoprotein-cholesterol model
mentioned above, a mutation in an intracellular cholesterol trafficking protein that protects the
ER from cholesterol accumulation suppresses advanced lesional macrophage apoptosis and
plaque necrosis in Apoe—/— mice®L. Similar results were found in mice lacking a critical pro-
apoptotic signaling molecule, signal transducer and activator of transcription-1 (STAT-1),
which is downstream of the CHOP pathway82. Most importantly, deficiency of CHOP in two
models of advanced murine atherosclerosis, the Ldlr—/— mouse and the Apoe—/— mouse, protect
advanced lesions from apoptosis and plaque necrosis, as does combined CD36 and SRA
deficiency in Apoe—/— mice®3. Moreover, in vitro studies have shown that the macrophage ER
stress-apoptosis pathway outlined above is enhanced in the setting of insulin resistance84: 85,
which in humans is a major force behind plaque necrosis and atherothrombotic vascular
disease86: 87, A direct comparison of Ldlr—/— mice with macrophages that have intact vs.
defective insulin signaling revealed a substantial impact of macrophage insulin resistance on
macrophage apoptosis and plaque necrosis8®. The role of SRA and CD36 as “second hits” for
ER stress-induced apoptosis was illustrated by a mouse model in which both PRRs were
genetically targeted, with the result that advanced lesional macrophage apoptosis and plaque
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necrosis were markedly deceased®8. Finally, as alluded to above, apoptotic processes in
general, and ER stress-induced apoptosis in particular, is usually represent and imbalance
between apoptotic and compensatory cell-survival pathways. For example, ER stress activates
the mitogen-activated protein kinase p38, which promotes cell-survival in certain settings of
ER stress by activating Akt, a known mediator of cell survival®®. Macrophage-targeted
knockout of p38 in Apoe—/— mice enhanced both advanced lesional macrophage apoptosis and
plague necrosis®®.

Human advanced plaques, like those in mice, show markers of ER stress and evidence of
macrophage apoptosis?%=92. In one study, autopsy specimens and fresh atherectomy specimens
of human coronary arteries from patients with heart disease. The specimens were divided into
five stages of atherosclerosis, from very early lesions to vulnerable plaques, and analyzed them
for UPR markers and apoptosis. The results showed a very close correlation among UPR
marker expression, including CHOP, apoptosis, and advanced plaque stage®!. These
correlative findings set the stage for genetic studies, such as genome wide association studies,
to see evidence for a more causative relationship between genes in the ER stress-apoptosis
pathway and human coronary artery disease.

Efferocytosis

A key step in the resolution phase of inflammation is efferocytosis of apoptotic inflammatory
cells*>: 93,94 |n acute inflammation, this process is concerned mostly with the clearance of
short-lived apoptotic neutrophils. However, in the chronic inflammatory process of
atherosclerosis, most of the apoptotic cells that need to be cleared are apoptotic
macrophages®3—9°. Efficient clearance of apoptotic cells prevents secondary, or post-apoptotic,
cellular necrosis, and it triggers an anti-inflammatory response through the induction of
TGFp, I1L-10, and other anti-inflammatory cytokines?4. Inflammation can also be suppressed
in efferocytes by molecules released by the apoptotic cells themselves, as is the case with
protein S1009 (migration inhibitory factor-related protein-8 [MRP-8]) released by apoptotic
neutrophils®. In the context of an area of critical relevance to ATVD, uncleared apoptotic cells
also shed plasma membrane microparticles, which can stimulate thrombosis®’. In early
atherosclerotic lesions, efferocytosis appears to be efficient, because (a) genetic manipulations
that increase apoptosis lead to a decrease in the number of macrophages, slower lesions
progression, and no increase in necrosis; (b) vice versa for manipulations that decrease
apoptosis; and (c) when early lesional efferocytosis is compromised by genetic engineering,
apoptotic macrophages become much more abundant® 71, In advanced lesions, however,
increased apoptosis is associated with plaque necrosis, which suggests inefficient
efferocytosis® 1° (FIG. 2B). Indeed, a clever study in which in situ efferocytosis was assessed
by quantification of apoptotic cells either associated with or free from neighboring phagocytes
showed a cleared defect in advanced human atherosclerotic lesions compared to a control
tissue, human tonsils®.

What are the molecular mechanisms of efferocytosis in advanced atheromata, and what goes
wrong in this setting? Efferocytosis involves a complex interplay among several sets of proteins
that enable the recognition and engulfment of apoptotic cells by phagocytes®3—9. In the early
stages of apoptosis, cells secrete factors, referred to as “find-me” signals, that attract phagocytes
(e.g., lysophosphatidylcholine®®; suppress the secretion of other molecules, referred to as
“don’t-eat-me” signals, that normally prevent the phagocytosis of hon-apoptotic cells (e.g.,
CD47190; and display a unique set of molecules on their surface that recognize and bind to
cognate “receptors” on the apoptotic cell (e.g., phosphatidylserinel9L, In several cases, the
interaction involves an intermediary bridging molecule. For example, avp3 integrin and Mertk
on phagocytes interact with apoptotic cells through the bridging molecules milk fat globulin
E8 (MFG-ES8:; lactadherin) and Gas, respectively?3=95. Contact between apoptotic cells and
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phagocytes enables engulfment of the apoptotic cells, leading eventually to digestion in
phagolysosomes. In addition, as mentioned above, receptor engagement on the phagocyte often
triggers an anti-inflammatory response3—9. Mouse studies have revealed specific roles for a
number of receptors or bridging molecules in advanced lesional efferocytosis, including
transglutaminase 2192, milk fat globule-EGF factor 8 (MFG-E8)103, Mertk104: 105 and Fas
ligand19¢ (TABLE 1B). For example, Apoe—/— mice lacking the Mertk receptor have a defect
in efferocytosis in advanced atheromata that correlates with an increase in plaque inflammation
and plaque necrosist04: 105,

In advanced atheromata, “defective efferocytosis” could, in theory, represent overwhelming
apoptosis that saturates the efferocytic capacity in advanced lesions. However, the very high
capacity of efferocytosis when it is functioning properly suggests that this explanation is, at
most, only part of the explanation®*. For example, as mentioned in the previous sections, when
apoptosis is increased through genetic manipulation in early atherosclerotic lesions, where
efferocytosis is appropriately efficient, the apoptotic cells are efficiently cleared®’. Another
possibility is that advanced lesional macrophage death per se limits efferocytosis by limiting
the pool of competent efferocytes. However, advanced lesions have a large population of living
macrophages that could presumably carry out this rolel%7. Furthermore, we have shown that
the quintessential macrophage alteration in atheromata, namely, foam cell formation, does not
compromise the ability of the cells to recognize and ingest apoptotic cells1%8. A third possibility
is that the apoptotic macrophages themselves in advanced lesions are poor substrates for
efferocytic recognition and engulfment. For example, the nature of the apoptotic stimulus or
some other feature in these lesions might lead to poor display of efferocytosis ligands or “find-
me” signals and/or inappropriately increased display of “don’t-eat-me” signals on the apoptotic
cells. A fourth possibility is that bridging molecules or efferocytosis receptors are deficient in
atheromata. In this context, the Mertk receptor, which plays a critical role in advanced lesional
macrophage apoptosist® 105 s susceptible to sheddase-mediated cleavage, probably by
ADAML17, which inhibits efferocytosis by two mechanisms—destruction of Mertk and
competitive inhibition of efferocytosis by soluble Merl99, As another example, the bridging
molecules GAS6 and MFG-E8 may be down-regulated in advanced lesions by the processes
of lesional smooth muscle death and inflammation, respectively10-113_Finally, to the extent
that some degree of efferocytosis does occur in advanced lesions, the critical component of
anti-inflammatory signaling may be defective, e.g., due to a defect in secretion of or response
to anti-inflammatory cytokines. Whatever the mechanisms, increasing evidence suggests that
defective efferocytosis in advanced atheromata is a major cause of necrotic core formation and
thus contributes substantially to the formation of vulnerable plaques.

Future directions and therapeutic implications

The ability to translate the complex process of plague progression into an integrated molecular-
cellular concept of defective inflammation resolution provides a useful way to understand how
atherosclerosis leads to clinical disease and how plaque progression may be prevented by novel
therapeutic approaches. In this light, it is important to outline areas within this paradigm that
need further investigation. Most importantly, we need a more complete understanding of the
molecular and cellular mechanisms for defective inflammation resolution in advanced
atherosclerosis. While this review has focused on upstream mediators of inflammation
resolution, complex post-inflammation negative feedback mechanisms at the transcriptional
and translational levels represent critical sequelae of the inflammatory response!14-116, At a
fundamental level, it will be important to elucidate what portion of the defect in inflammation
resolution in advanced atherosclerosis is due to defective production of inflammation
resolution effectors and what portion is due to defective action of these effectors at the cellular
level, e.g., due to decreased activity of receptor signal transduction pathways. Now that we
possess a reasonably complete list of these effectors, and with a good knowledge of how they
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act on cells, we can probe plaques during the most critical period of progression to the necrotic/
thin-cap stage for transcription factors and enzymes involved in effector formation and for the
receptors and signaling transducers that are activated by these effectors. A good knowledge of
the cell types involved is also critical, and more work is needed in this area. T cells are involved
in production of certain inflammation resolution effectors, e.g., IL-10, and in factors that
determine their action. For example, Th2 and Th1 cell cytokines influence the balance between
M2 and M1 macrophages, respectively (above)3. The major inflammation resolution effector
cells in lesions are macrophages and dendritic cells, and understanding how each of the various
subsets of these cell types influences the overall resolution response—and the defects in
advanced lesions—is an important goal for the future. Moreover, it will be interesting to assess
the roles of mast cells and neutrophils in normal and defective inflammation resolution, because
studies are increasingly implicating these two cell types in atherogenesis and plaque
progression17, 118,

The answers to these questions will increasingly inform the field as to the best therapeutic
approaches to prevent defective inflammation resolution in progressing atherosclerotic plaques
and to reverse the defect in those plaques that are already advanced19. In our current state of
knowledge, we can already begin propose strategies. With regard to lipid mediators of
inflammation resolution, omega-3 long-chain fatty acids, which occur naturally in fish oils,
are precursors of protectins, resolvins, and maresins32: 33, and the fish oil EPA has been shown
to have beneficial effects on ATVD in humans!2% 121 More in-depth understanding of the
mechanisms of these effects may suggest more specific and potent drugs to enhance
inflammation resolution in advanced atherosclerotic lesions. In this context, exposure of
macrophages to saturated fatty acids in vitro and exposure of obese mice to a saturated fatty
acid-enriched diet lead to defects in macrophage efferocytosis, including in advanced
atherosclerotic lesions, and one mechanism may be displacement of omega-3 fatty acids in
macrophages by the saturated fatty acids (S. Li et al., submitted for publication). LXR and
PPARYy activators are already available as oral-based formulations, although off-target
systemic effects, notably hepatosteatosis and heart failure, respectively, limit their current
usefulness®3. As another example, the orally available drug FTY720, a mimetic of the pro-
resolution lipid sphingosine-1-phosphate, has been shown to increase the proportion of M2
macrophages in atherosclerotic lesions and retard lesion progression in mice?2. In a mouse
model of peritonitis, an analogue of the pro-resolution lipid LXA,4 enhanced efferocytic
clearance of apoptotic neutrophils}?2, Endogenous and exogenous cannabinoids, which are
fatty acid derivatives, can trigger inflammation resolution, perhaps through stimulation of
biosynthesis of lipid mediators23, Indeed, oral administrative of the cannabinoid receptor-1
agonist rimonabant suppressed atherosclerosis and plaque inflammation in fat-fed Ldlr—/-
micel24, Here, as with LXR and PPARYy agonists, the safest application of these potent agents
would be in a setting that optimizes the specific accumulation of the drug in atherosclerotic
plaques. Thus, future developments in plaque-targeted drug technology will be important with
these agents.

Therapeutic administration of bioactive proteins represents an even greater technical challenge
but one with great promise. For example, there are abundant data that the inflammation
resolution effectors IL-10 and TGFp can prevent plaque progression37—40: 46, 48,49 The protein
annexin |, which is an anti-inflammatory effector of glucocorticoid action, has been shown to
increase the efferocytosis of apoptotic neutrophils in the inflamed joints of mouse model of
lupus?: 126 The challenge in these cases is how to administer a bioactive protein and how to
doitinaplaque-targeted manner. New approaches in plaque-targeted protein delivery systems,
such as nanoparticle-based therapy, may offer great promise in this areal?’. A different type
of innovative strategy to enhance efferocytosis was suggested by Silverman and
colleagues!?8, who showed that immunization of mice with apoptotic cells boosted the
production of natural IgM antibodies to apoptotic cell surface proteins, leading to Clq
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recruitment and increased efferocytosis. Others have suggested that if efferocytosis could be
enhanced, purposefully inducing inflammatory cell apoptosis could speed the process of
inflammation resolution129,

To the extent that successful inflammation resolution-based therapies for atherosclerosis may
necessitate non-oral therapeutic regimens, the primary niche may be that of “bridging” therapy
for subjects with severe atherothrombotic risk factors, including post-acute coronary event.
The foundation of chronic ATVD preventative therapy is risk reduction through cholesterol-
lowering, mainly via statins; blood pressure control; treatment of insulin resistance, including
lifestyle changes; and elimination of environmental risk factors, notably smoking. However,
it takes up to two years for such therapy to show maximum beneficial effects, and even with
these therapies, many of patients still are at high risk for recurrent diseasel3°. In this context,
one can envision that safe and effective therapy directed specifically at preventing further
plaque progression and promoting plaque regression could substantially lower events during
this period. Moreover, therapy directed at improving inflammation resolution would be
expected to alter the overall inflammatory milieu of vulnerable plaques in a manner that should
improve the effectiveness of conventional, chronic plaque-stabilizing therapies, such as statins.
Given the very high risk of morbidity and mortality during this period, the benefits of periodic
systemic therapy should outweigh the inconvenience.

Summary and conclusions

In industrialized societies, almost all individuals have subclinical atherosclerotic lesions by the
time they enter their teenage years. Although only a minority of the lesions in these individuals
will progress to the state of causing ATVD, the number of lesions is so high that this progression
accounts for the leading cause of morbidity and mortality in this population. Therefore, defining
the molecular and cellular processes that cause the transition of subclinical atherosclerotic
lesions to dangerous plaques is essential. This review has provided evidence that defects in
specific molecular and cellular events that normally function to limit, or resolve, inflammatory
processes can account for a substantial portion of this transition. In contemplating how this
knowledge can lead to useful therapy, it is important to understand that atherosclerosis
progression in general, and defective inflammation resolution in particular, are complex
processes, and it is unlikely that only one approach will be effective. Rather, therapeutic
approaches that attack complementary processes in defective inflammation resolution are
likely to have the most success. Fortunately, as is evident from the information in this review,
there are a number of complementary processes in inflammation resolution, and some of these
are likely to be feasible targets for both conventional types of drugs and for those that will
require novel means of formulation, delivery, and tissue targeting. Given the increasingly
prevalent forces of aging and obesity on ATVD in our society, even modest progress in this
area over the next decade could have a huge beneficial effect.
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Atherosclerosis A process whereby lipids, inflammatory cells, and extracellular

matrix accumulate in the subendothelial space, or intima, of focal
areas of medium-sized arteries
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Disease caused by acute occlusive arterial thrombosis overlying areas
of chronic atherosclerosis. The occlusive thrombosis starves the
tissue that the involved artery feeds of oxygen and nutrients. For
example, if the involved artery feeds the heart muscle, myocardial
infraction, or death of heart muscle tissue, can ensue

Programmed cell death that is triggered by receptor-mediated
signaling from so-called “death receptors” (e.g., Fas) and/or by
release of cell death-inducing molecules from the mitochondria. Both
of the pathways eventually activate proteases called caspases, which
execute the cell death process

A term used to described the phagocytic clearance of apoptotic cells,
from the Latin to take to the grave or bury. Efferocytosis ensures
clearance of dead cells before they become necrotic, and the process
usually triggers an anti-inflammatory response

A term used to describe a condition in which the equilibrium of the
endoplasmic reticulum (ER) is disturbed by any one of a number of
processes. ER stress triggers an integrated signal transduction
pathway called the Unfolded Protein Response (UPR), which through
alterations of protein translation and induction of protein chaperones
and other effectors helps restore equilibrium in the ER

A widely used mouse model of atherosclerosis that is prone to
develop atherosclerosis because they have high levels of a type of
atherogenic lipoprotein called remnant lipoproteins. The lipoprotein
abnormality is cause by genetic absence of apolipoprotein E, which
normally functions to clear remnant lipoproteins from the blood
stream by interacting with hepatocytes

Another widely used mouse model of atherosclerosis. These mice
develop high levels of LDL when placed on a high-fat diet, because
their hepatocytes lack LDL receptors and this cannot efficiently rid
the bloodstream of atherogenic LDL particles

A state in which insulin receptor signaling in cells is impaired. The
cause can be exposure to high levels of insulin, which down-regulates
insulin receptors via a negative homeostatic mechanism, or disruption
of signaling molecules downstream of the insulin receptor, such as
insulin receptor substrate (IRS) 1 and 2. Insulin resistance, caused by
high levels of insulin in the bloodstream, is responsible for a
substantial portion of the pathology associated with type 2 diabetes,
including ATVD
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Figure 1. Schematic of a dangerous, or “vulnerable,” atherosclerotic plaque showing the hallmarks
of defective resolution of inflammation

Inflammatory cells, including lipid-laden macrophage (M¢) foam cells, have accumulated in
the intima, resulting from both persistent influx of new cells, particularly monocytes, and
defective egress of the resident cells. Moreover, dead macrophages are not efficiently cleared
by the process of efferocytosis, and so they undergo post- apoptotic necrosis. This process
contributes to the formation of the necrotic core, which contributes to plaque disruption,
particularly thinning of the fibrous cap. If the process continues, there will be a breach in the
fibrous cap, leading to lumenal thrombosis and arterial occlusion.
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Figure 2. Efferocytosis and inflammation resolution in early and advanced atherosclerosis

A In early atherosclerotic lesions, efferocytosis is efficient, leading to rapid clearing of
apoptotic macrophages (Mgs). This process prevents post-apoptotic cellular necrosis, elicits
the production of anti-inflammatory cytokines, and clears macrophages from the lesions. The
result of this inflammation resolution process is decreased plaque progression. B In advanced
lesions, efferocytes do not function properly and this apoptotic macrophages become
secondarily necrotic. The necrotic material is a stimulus for inflammation, and the normal anti-
inflammatory signaling associated with efferocytosis does not occur. Moreover, an important
mean for ridding the lesion of inflammatory macrophages is lost. Thus, inflammation resolution
fails to occur normally, and necrotic macrophages coalesce into necrotic cores. These features
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define plaques that are vulnerable to rupture. which in turn can trigger acute lumenal thrombosis
and arterial occlusion.
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Evidence that ER stress-induced macrophage (M¢) apoptosis and defective efferocytic
clearance of apoptotic Mes are important in advanced plaque progression in mouse models

of atherosclerosis

A. Models affecting ER stress-induced M¢ apoptosis

Effect of mutation on
Mg apoptosis and
plaque necrosis in

receptor. Mice with this mutation acquire an
autoimmune syndrome characterized by defective
efferocytosis.

Weeks on advanced aortic root
Mouse model Description of mutation high-fat diet lesions
. /81 NPCL1 is a protein involved in intracellular 18, 25 !
+
Npcl+/=Apoe-/ cholesterol trafficking. The heterozygous mutation
results in a partial defect of cholesterol trafficking to
the ER, and thus protects the ER from cholesterol-
induced ER stress
Statl—/— — Ldlr—/—"82 STATL1 is activated during ER stress and promotes 10, 12 !
Mo apoptosis
Chopflf'Apoef/783 Chopflf'LdIr7/—83 CHORP is induced during ER stress and triggers 10, 12 1
’ ' apoptosis in ER-stressed Mos
Insr—/— —s Ldlr—/—85 Mos lacking insulin receptors, as a model of Mg 8,12 1
insulin resistance, undergo ER stress and are more
susceptible to ER stress-induced apoptosis
) - _,_88 Activation of the type A scavenger receptor (SRA) 12 1
Sra-/=Cd36-/~; Apoe-/ and CD36 synergize with ER stress to cause
apoptosis in Mgs
p38afMl:LysMCre+/—; Apoe7/789 ER stress activates p38 in Megs, which can trigger a 9 1
' ' compensatory cell survival pathway through
activation of Akt
B. Models affecting efferocytosis
Mouse model Description of mutation Weeks on Effect of mutation on
high-fat diet Mg apoptosis and
plaque necrosis in
advanced aortic root
lesions
Tg2—/- — Ldir—/~102 Transglutaminase 2 mediates recognition of 16 1
apoptotic cells by efferocytic Mos
Mfge8—/— — Ldir—/—103 MFG-EB8 isamolecule that can bridge apoptotic cells 8, 15, 20 )
and efferocytes, thus facilitating efferocytosis
MertkKD.Apoe,/,lm, 105 Mertk is a receptor on efferocytes for apoptotic cells. 8,10, 15, 16 1
! The KD mutation renders the receptor non-
functional
GId'Apoeflfloe The Gld mutation inactivates the ligand for the Fas 12 )

*

This designation indicates transplantation of bone marrow from mutant mice into lethally irradiated Ldlr—/— mice to create chimeric mice in which
only bone marrow-derived cells carry the mutation. Bone marrow from wild-type mice are used for the control arm in these types of studies. For
atherosclerosis studies using this method, the major type of lesional cell carrying the mutation is the macrophage.
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