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Abstract
Recent evidence in humans indicate that defective phagocytic clearance of dying cells is linked to
progression of advanced atherosclerotic lesions, the precursor to atherothrombosis, ischemic heart
disease, and leading cause of death in the industrialized world. During atherogenesis, apoptotic
cell turnover in the vascular wall is counterbalanced by neighboring phagocytes with high
clearance efficiency, thereby limiting cellularity and maintaining lesion integrity. However, as
lesions mature, phagocytic removal of apoptotic cells (efferocytosis) becomes defective, leading to
secondary necrosis, expansion of plaque necrotic cores, and susceptibility to rupture. Recent
genetic causation studies in experimental rodents have implicated key molecular regulators of
efferocytosis in atherosclerotic progression. These include MER tyrosine kinase (MERTK), milk
fat globule-EGF factor 8 (MFGE8), and complement C1q. At the cellular level, atheromata are
infiltrated by a heterogenous population of professional phagocytes, comprised of monocytes,
differentiated macrophages, and CD11c+ dendritic-like cells. Each cell type is characterized by
disparate clearance efficiencies and varying activities of key phagocytic signaling molecules. It is
in this context that we outline a working model whereby plaque necrosis and destabilization is
jointly promoted by (1) direct inhibition of core phagocytic signaling pathways and (2) expansion
of phagocyte subsets with poor clearance capacity. Towards identifying targets for promoting
efficient apoptotic cell clearance and resolving inflammation in atherosclerosis and during
ischemic heart disease and post myocardial infarction, this review will discuss potential in vivo
suppressors of efferocytosis at each stage of clearance and how these putative interventional
targets may differentially affect uptake at the level of vascular phagocyte subsets.
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Pathophysiological relevance of defective apoptotic cell clearance in
atherosclerosis and ischemic heart disease

Vascular diseases such as advanced atherosclerosis leading to ischemic myocardial
infarction (MI), are characterized by a blood-borne myeloid infiltration of leukocytes that
include monocyte/macrophages, CD11C+ dendritic-like cells, and to a lesser extent various
lymphoid subsets [1]. These immune cells extravasate from the circulation past the
subendothelial layer of the vascular wall, initially in response to intimal-retained
apolipoprotein B-100 lipoproteins [2]. Once embedded within the vascular intima,
macrophages phagocytose aggregated cholesterol-rich lipoproteins, giving rise to the
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characteristic foam cells of early atherogenesis. Underlying the intimal body, smooth muscle
cells of the medial vascular wall lining also become activated and transdifferentiate and
transmigrate towards the lumen as they act to fortify the endothelial lining by generating a
fibrous cap. For not completely understood reasons, these reactive processes begin to
degenerate as lesions mature, and one of the earliest tell-tale signs of the conversion from
early stable lesions to advanced ruptureprone inflammatory plaque is the accumulation of
non-phagocytosed apoptotic cells [3]. Typically, apoptosis is a form of regulated cellular
death that occurs billions of times each day without incident or inflammation; about one
million cells die every second in our body [4]. In cooperation with neighboring phagocytes,
apoptotic death is programmed to lead to compartmentalization and nonphlogistic
metabolism of intracellular self-antigens [5]. However, during maturation of atherosclerotic
lesions, apoptotic cells, and particularly apoptotic macrophages, lose membrane integrity
and become secondarily necrotic, contributing over time to an expanding region of tissue
necrosis that destabilizes plaque and is intimately linked to thrombin deposition and acute
MI [6]. Post MI and during heart failure, sub-optimal clearance efficiency appears to
continue, potentially leading to maladaptive vascular remodeling and tissue repair in the
healing heart [7]. Evidence in mice and men suggests that one mechanism behind post-
apoptotic necrosis in cardiovascular disease (CVD) is defective phagocytic clearance, or
‘‘efferocytosis,’’ of apoptotic cells [8, 9]. Though several recent studies, as described below,
have shed light on a handful of the key regulators of clearance in the vasculature, the natural
causes of defective efferocytosis that emerge as lesions mature, remain unknown. Given the
strong association between complex, necrotic plaques and acute athero-thrombotic events, it
is important to understand the cellular and molecular mechanisms of apoptotic cell clearance
in vascular disease, and why/how this is compromised. In the following review, we will
highlight candidate negative regulators of clearance during CVD at key stages of clearance,
including apoptotic cell recognition and binding, phagocyte recognition and internalization,
and finally post-engulfment metabolism and the ensuing inflammatory responses. We will
also discuss how these events may differ between phagocyte subsets and the implications of
phagocyte heterogeneity on therapeutics that target inflammatory clearance efficiency
during coronary vascular disease and post MI.

Nowhere to hide: a surplus of find-me signals in CVD
Defective clearance in advanced plaque is likely not for lack of “getting the message out.”
Rather, advanced plaque is a chronic milieu of inflammatory mediators that are in abundant
supply and continuously elicit progressive phagocyte recruitment from the nearby
circulation [10]. This is in part due to lipoprotein induced up-regulation of vascular cell
adhesion molecules such as vascular cell adhesion molecule-1 (VCAM), intercellular
adhesion molecule-1 (ICAM), and E-selectin [11]. However, as lesions mature, recent
evidence suggests that apoptotic cells themselves may play a role in eliciting phagocytes.
Indeed, agents that elicit directional migration of phagocytes, so-called find-me signals, can
be harvested and transferred in vitro from the supernatants of disparate cells types that have
been stimulated to undergo apoptosis [12]. Consistent with this, acute chemical inducement
of lesional apoptosis in vivo can incite blood-borne monocyte recruitment into vascular
lesions [13]. Monocyte recruitment also continues post MI. For example, the ischemic
myocardium mobilizes phagocytic Ly-6cHI monocytes to help promote digestion of
damaged tissue [14]. Unlike microbial infections, monocytic phagocytes, not polymor-
phonuclear granulocytes/neutrophils, are the predominant phagocyte to be recruited to
atherosclerotic lesions. In this light, it is interesting to note that apoptotic cells have been
reported to secrete a keep-out signal such as lactoferrin, and thereby inhibit migration of
granulocytes [15]. Though the in vivo mechanisms by which phagocytes transduce
recognition of chemoattractant recruitment signals has not been fully elucidated, a number
of soluble extracellular find-me or come-get-me signals have been identified (see review
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article is this issue [16, 17]). These include thrombospondin, which is released by dying
fibroblasts during wound healing [18], and other soluble factors released from apoptotic
cells, including fractalkine (CX3CL1) [19], tRNA synthetases and ribosome components, all
of which have been reported to incite monocyte attraction [20, 21]. Notably, secretion of the
most characterized find-me lipid chemoattractant, lysophosphatidyl-choline, has been
directly linked to apoptosis, as its production by a phospholipase is caspase-3 dependent
[22]. Most recently and in an in vivo setting, nucleotides such as ATP and UTP, which can
be recognized by the G-protein-coupled receptor (GPCR) P2Y [23], have also been found to
be released from apoptotic cells and can incite directed migration of monocytes and
macrophages. It has not yet been elucidated how nucleotide release is coupled to apoptosis
and whether this occurs in atheromata, though it can readily be speculated that
atherosclerotic necrotic cores, the so called “graveyards of dead macrophages,” likely
contain free nucleotide remnants that could function as find-me signals for phagocytic
clearance. In this context, it is known that phagocytes have mechanisms to respond to
secondarily necrotic cells. For example, LRP/CD91 can recognize extracellular heat shock
proteins [24] and dendritic cells can be triggered to mature upon exposure to uric acid from
necrotic cells [25]. Of course, find-me signals are only as useful as the accessibility of the
path en route to the apoptotic cell. Post infiltration, a key role of professional phagocytes
such as the macrophage is to chemotax towards the source of apoptotic elicitation agent and
form a phagocytic synapse between effector and target cell membrane [26]. This directed
step may be especially problematic in advanced lesions where confounding flux in
extracellular matrix production and degradation by metalloproteinases could impede
directional chemotaxis [27]. This, in combination with athero-relevant regulation of
cytoskeletal signaling pathways may combine to arrest directional phagocyte migration
towards find-me signals. For example, Rho-GTPase mediated regulation of cytoskeletal
chemotaxis can be impaired by increased phagocyte cholesterol loading [28]. The
aforementioned considered, in many cases there nonetheless exists a high density of plaque
phagocytes in close proximity to TUNEL positive apoptotic cells. Thus, the need for
chemotaxis over relatively long distances may certainly be limited in atherosclerotic lesions.
In fact, free apoptotic cells in plaque can readily be detected in close proximity to non-
ingesting macrophage phagocytes (Fig. 1), certainly suggesting that other factors besides
find-me signals are at play.

Negative regulators of uptake and “don’t eat me” signals in plaque
Post secretion of inflammatory find-me cues, apoptotic cells must distinguish themselves
from their non-apoptotic/viable neighbors. Thus, an invitation to a meal [29] must be
accompanied by down-regulation of intrinsic phagocytosis-suppressor molecules known as
don’t eat me signals. Only a handful of such signals/ligands have been characterized and in
the case of CVD, it is unknown to what extent such don’t eat me signals regulate clearance.
One known example of a don’t eat me ligand is CD31 (or platelet endothelial cell adhesion
molecule/PECAM-1). Homophilic CD31 interactions between macrophage phagocytes and
viable leukocytes during low fluid shear stress lead to intercellular CD31-mediated
detachment [30]. This process is reversed during apoptosis and CD31 may act oppositely as
a tethering agent. Interestingly, CD31 gene polymorphism and increases in levels of its
circulating soluble form have been associated with ischemic stroke [31], suggesting that
extracellular CD31 could affect phagocyte interactions with apoptotic cells. Another
example of a don’t eat me molecule is the CD47 integrin-associated protein. In vitro,
programmed cell death leads to downregulation of CD47. Also, artificial disruption of
interactions between CD47 on non-apoptotic target cells and its cognate ligand, signal
regulatory protein alpha (SIRPα or SHPS-1) on phagocytes, can permit uptake of viable
cells [32, 33]. Though it is currently unknown as to what happens to CD47 levels on
apoptotic cells in plaque, that this pathway is relevant during disease has been shown in
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cancer, where increased presentation of CD47 provides malignant cells a means of escaping
immune surveillance [34]. Not all phagocyte suppressing molecules are found on the cell
surface of phagocytes. For example and more recently, genetic studies in Caenorhabditis
elegans identified the phosphatidylinositol 3 phosphate (PIP) lipid phosphatase
myotubularin (MTM-1) as a negative regulator of cell corpse engulfment [35, 36].
Accumulation of PIPs at the phagocytic cup is required during phagocytic engulfment and as
described below, PIP accumulation is suppressed under situations that exacerbate
atherosclerosis [37, 38].

Eat-me signals in CVD
After a phagocyte is juxtaposed next to its apoptotic prey, it must recognize apoptotic cell-
associated molecular patterns (ACAMPs) to trigger outside-in signaling and initiate actin
polymerization. This is necessary to generate the force required to internalize large apoptotic
bodies for lysosomal degradation. Besides the overt morphological indications as membrane
blebbing and cell-shrinkage, such eat-me signals on the surface of apoptotic cells include
Annexin I and phosphatidylserine [38, 39]. Oxidation of phosphatidylserine and other
phospholipids may further enhance the “palatability” of eat-me signals [40] and may be
especially relevant in the oxidative environment of advanced plaque and post MI. In
addition, cell surface glycosylation patterns and changes in cell surface charge can be altered
during apoptosis and further be recognized by phagocytes [41]. Of course, exposure of eat-
me signals requires down-regulation of don’t eat me ligands as described above. In the case
of protease-harboring neutrophils that penetrate damaged myocardial tissue and die rapidly
post infiltration, there is an obvious need to control efficient neutrophil clearance and
unregulated protease release. Recent evidence suggests that endogenous pentraxin molecules
stored within neutrophil granules may serve as eat-me signals during apoptosis [42]. Recent
studies also suggest that phosphatidylserine-independent eat-me signals are modifiable by
proteases such as Cathepsin [43]. In the context of a protease rich inflammatory milieu, such
may be a mechanism of defective clearance. Studies in our own laboratory indicate that
macrophages rendered apoptotic by many different atherosclerosis-relevant mechanisms are
equally good substrates for healthy phagocytes ([44] and Yankun Li and Ira Tabas,
unpublished data). However, it remains possible that various combinations of conditioned
medium and athero-relevant stimuli may combinatorially lead to modification of eat-me
recognition motifs.

Soluble ligand-receptor bridging molecules (opsonins) and atherosclerosis
Binding of apoptotic cells to phagocytes often occurs through bridging molecules such as
Gas6 and lactadherin (milk fat globule-EGF factor 8; MFG-E8), which bind to their cognate
receptors, MERTK and αβ integrins, respectively [45, 46]. In the case of the bridging
molecules Gas6 and protein S, these MERTK ligands can be produced by various cell types
of the vasculature, including vascular smooth muscle cells and endothelial cells [47]. Two
causation studies have directly looked at how deficiency of key bridging molecules affects
atherosclerotic progression. An in vivo study by the Mallat group used Mfge8−/− mice and
found that low-density lipoprotein receptor deficient (Ldlr−/−) mice reconstituted with
Mfge8−/− bone marrow had larger numbers of apoptotic cells, increased plaque necrosis, and
increased IFNγ compared with control lesions [46]. In vitro studies have separately shown
that down-regulation of MFGE8 post TLR4 signaling can inhibit apoptotic cell uptake [48].
Another bridging molecule involved in the recognition of apoptotic cells by phagocytes is
the complement factor C1q. C1qa−/− mice on the fat-fed Ldlr−/− background had larger and
more complex aortic root lesions and an increase in the number of apoptotic cells in these
lesions compared with C1qa+/+; Ldlr−/− mice. Finally, immune B-cells have been identified
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in plaque and natural IgM antibodies have also been implicated in opsonizing apoptotic cells
towards enhanced engulfment [49].

At the level of the phagocyte in CVD
Factors that directly act on the phagocyte in CVD

Two obvious explanations for defective clearance in a setting of accelerated apoptosis are
either overwhelming apoptosis or phagocyte depletion. The in vivo data however do not
support these notions. For example, billions of cells die each day by apoptosis and are
cleared nonpholigistically, evidence of our body’s high capacity for clearance. In instances
where there is naturally a high rate of apoptotic cell turnover, such as during selection of T-
cells in the thymus, TUNEL positive cells are rarely identified, consistent with a high basal
capacity for clearance [50]. In addition, chemically and genetically induced accelerated
apoptosis in early lesions does not promote features of plaque instability, strongly
suggesting that differential factors present in advanced plaque can negatively regulate
clearance efficiency [13, 51]. Thus, at the level of the lesion, in a milieu densely populated
by phagocytes, it is unlikely that efferocytosis is overwhelmed by apoptotic targets or
phagocyte depletion. Another readily apparent candidate to explain defective efferocytosis
in lipid-laded atherosclerotic plaque is subendothelially retained ApoB100 lipoprotein that
has been phagocytosed by macrophage foam cells [2, 52]. Besides the effects of cholesterol
loading on macrophage chemotaxis as described above, in our own hands and in an assay
where apoptotic cells were directly overlaid onto phagocytes, we have found that
cholesteryl-ester-laden and non-apoptotic unesterfied (free) cholesterol-loaded macrophage
foam cells to be excellent phagocytes in vitro [44]. Furthermore, ingestion of cholesterol-
loaded meals can actually promote survival, permitting subsequent secondary clearance
events after metabolism of the first [53]. Considering other lipid/ metabolic factors that act
directly on the vascular wall, increases in saturated fatty acids have recently been implicated
as suppressors of efferocytosis in plaque. Specifically, recent studies indicate that defective
efferocytosis in genetically obese mice are related to increased levels of saturated fatty
acids, leading to defective phosphatidyl inositol 3-kinase (PI3K) activation and reduced
PIP3 in macrophage phagocytic cups [37].

Phagocyte receptors in CVD
Phagocytes express a diverse collection of cell-surface receptors that are capable of tethering
and transducing signals that lead to mobilization of phagocyte engulfment machinery (Fig.
2) [54]. Though this assortment of receptors reflects the critical importance of fail-safe
clearance mechanisms in maintaining tissue homeostasis, their diversity in both form and
function indicate they are not merely redundant. Structurally distinct receptor families are
capable of recognizing unrelated ligands on apoptotic cell surfaces, leading to divergent
downstream pathways that modulate cytoskeletal signaling, cell survival, pro and anti-
inflammatory signaling, and metabolic processing of engulfed cells. Key apoptotic cell
receptors include those that recognize phosphatidylserine, such as the newly implicated
brain specific angiogenesis inhibitor 1 (BAI1) [55], T-cell immunoglobulin mucin receptors
[56, 57], and stabilin receptors. Candidate inhibitory mechanisms within atherosclerotic
lesions include oxidized lipoproteins, which in vitro have been shown to directly interfere
with efferocytosis by competitively binding apoptotic cell receptors on phagocytes.
Specifically, both fully oxidized LDL as well as LDL that is only minimally oxidized,
referred to as “minimally modified” LDL, have been shown to inhibit the engulfment of
apoptotic cells by altering actin signaling through a pathway involving CD14 and TLR4
[58]. In vivo, still much is left to be learned regarding the contribution of apoptotic cell
receptors during the different stages of atherosclerosis and post MI. During advanced
atherosclerosis, so far only a handful of receptors have been causally linked to apoptotic
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clearance and plaque necrosis. For example, cell-surface and protein cross-linking enzyme
transglutaminase 2 (TG2), in cooperation with integrins, can engage lactadherin-opsonized
apoptotic cells and promote engulfment [59]. In vivo, atherogenic Ldlr−/− mice engrafted
with Tg2−/− bone marrow cells exhibit larger aortic root lesions and expanded necrotic cores
relative to control [60]. Another interesting candidate is the apoptotic cell receptor MERTK
of the TAM receptor tyrosine kinase family. In vitro, macrophages engineered with a kinase
dead form of MERTK fail to specifically engulf macrophages that have been rendered
apoptotic by atherogenic stimuli [44]. In vivo, mice deficient in MERTK exhibit reduced
efferocytosis and increased plaque necrosis and inflammation and features of autoimmunity
[61, 62].

In addition to such engineered tests of receptor causality, it is important to understand how
receptor function naturally is regulated or compromised during the course of atherosclerotic
lesion maturation. For example, variations in the expression, activity, or function of key
apoptotic cell receptors, such as MERTK, may be affected by the heightened inflammatory
milieu that is a hallmark of advanced plaque. This may be exacerbated by conditions that are
closely tied to CVD, including insulin resistance. Case in point, diabetic lesions exhibit
increased inflammation and inflammation-associated proteases in conjunction with reduced
levels of natural tissue protease inhibitors [63, 64]. Proteolytic-mediated cleavage of
efferocytosis receptors has been implicated in impaired apoptotic cell clearance and
exacerbated disease in cystic fibrosis (see the review article in this issue [65]) and
bronchiectasis [66] and proteases such as MMPs and ADAMs (A Disintegrin And
Metalloprotease) have been found to be up-regulated in advanced atherosclerosis [67]. In
vitro, MERTK is proteolytically cleaved as a result of inflammatory stimuli such as LPS and
this leads to the generation of a solubilized MER that can act as a competitive inhibitor of
uptake [68]. Finally, certain receptors such as CD91/LRP appear to recognize necrotic
ligands [24]. Necrotic cell uptake may involve macropinocytosis or fluid-phase
internalization [69].

Inhibition of phagocyte signaling in CVD
After engaging cognate ligands, proteinaceous apoptotic cell receptors transduce
extracellular signals into the cytosol, culminating in the activation of low molecular mass
GTPases and cytoskeletal signaling [70]. These signaling conduits are distinct from Fc-
receptor and complement receptor-mediated internalization pathways and much of our
knowledge of them has been elucidated in genetically tractable models such as the nematode
and as described in the accompanying review article by Kinchen [36]. In mammals,
apoptotic cell engulfment leads to mobilization of ELMO and DOCK180 as they cooperate
as a guanine nucleotide exchange factor (GEF) to activate Rac and promote actin signaling
and membrane ruffling [71]. In parallel, the small GTP-bound protein RhoA (i.e., RhoA-
GTP) is inactivated. In general, Rac and Rho follow an inverse relationship during
efferocytosis [72]. RhoA can be activated by the athero-relevant lysophosphatidic acid and
appears to be involved in a number of cardiovascular related events [73]. Interestingly,
statins such as lovastatin have been shown to inhibit the activity of Rho and enhance
efferocytosis by blocking farnesylation pathways that lead to Rho membrane translocation
[74]. Downstream of RhoA is its effector kinsae ROCK, a target of ROCK-inhibitors such
as fasudil, which are being tested in a number of clinical trials; in our own hands fasudil and
other ROCK inhibitors enhance efferocytosis of apoptotic cholesterol-loaded macrophages
in vitro in unpublished data (Thorp and Tabas).

Numerous factors in atherosclerotic lesions have been identified that can negatively regulate
cytoskeletal signaling pathways. These include oxidant stress and superoxides such as 3-
morpholinosydnonimine (SIN-1) [9]. In addition, TNFα induces phospholipase 2 and
arachidonic acid production, generating ROS production and modulation of Rho in mature
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macrophages [75]. Oxidant stress and hypoxia have also been reported as in vitro inhibitors
of clearance and may play a role in post MI repair [76]. Aberrant calcium signaling has been
recently implicated in efferocytosis as well. Both extracellular and intracellular sources of
Ca2+ have long been implicated in phagocytic signaling, particularly during Fc-receptor
mediated uptake of opsonized particles [77–80]. Changes in extracellular Ca2+ concentration
can directly affect the conformation and therefore capacity of phagocytic receptors to bind
targets for engulfment. In neutrophils, Ca2+ can enter from extracellular stores where it
concentrates in pseudopods during fungal ingestion [81] and promotes phagolysosomefusion
[82]. In macrophages, waves of Ca2+ oscillations from intracellular stores also localize to
the periphagosomal regions [83]. Interestingly, certain dendritic cell phagocytic signaling
pathways appear to be independent of calcium [84, 85]. In dendritic cells, CamKII promotes
β3-mediated engulfment of apoptotic tumor cells [86] and also regulates human dendritic
cell maturation [87]. Recent genetic studies in nematodes [88] indicate that efferocytosis
requires a junctophilin protein called Undertaker, which couples Ca2+ channels at the
plasma membrane to endoplasmic reticulum ryanodine receptors. Consistent with these
findings, in mammalian cells, Ravichandran and colleagues report that efferocytosis can be
blocked by disabling ER calcium homeostasis with the SERCA inhibitor thapsigargin,
interestingly implicating ER stress in efferocytosis. Efferocytosis was also inhibited by
silencing STIM-1 (Stromal interaction molecule), which localized at ER-plasma membrane
junctions. Finally, coupling of nonphlogistic signaling to apoptotic cell clearance may also
require calcium. De Lorenzo et al. [89] report that the calcium-binding protein S100A9
suppresses TNFα signaling during efferocytosis and Gronski et al. [90] show that the
calcium chelator BAPTA blocks TGF-β production post apoptotic cell uptake.

Inflammatory consequences of defective efferocytosis in plaque
Clearance of apoptotic cells by phagocytes is by effect non-phlogistic. Merely preventing
the release of inflammatory intracellular contents such as uric acid, TLR-stimulating nucleic
acids, and high mobility group–box chromosomal protein-1 (HMGB-1), in turn prevents
bystander cell signaling pathways that promote further phagocyte recruitment [25, 91].
Prevention of secondary necrosis by efferocytosis is also accompanied by phagocyte anti-
inflammatory signaling cascades that drive inflammation resolution [92]. Many of these
signaling events involve lipid mediators such as lipoxins, resolvins, and protectins [93].
Immediately downstream of apoptotic cell recognition, activation of the apoptotic cell
receptor MERTK leads to suppression of NF-κB and suppressor of cytokine signaling
(SOCS) downstream of TLRs [94]. Engagement of apoptotic cells can also lead to
expression and secretion of anti-inflammatory TGF-β and IL-10. Lastly, uptake of apoptotic
cells by antigen presenting cells such as dendritic cells can lead to T-cell tolerance.
Interestingly, in work from the Tabas lab, it appears that atherosclerosis-relevant inducers of
apoptosis can affect the phagocyte inflammatory response. For example, when apoptotic
cells were killed by lipoprotein-derived free cholesterol loading and overlaid onto
macrophage phagocytes, this surprisingly triggered a modest proinflammatory response in
the phagocytes: TNFα and IL-1β were induced, whereas the levels of transforming growth
factor-beta and IL-10 were not increased [44]. Such cytokines as TNFα have been
implicated in efferocytosis suppression and therefore this may be an explanation for how
efficient efferocytosis in early atherosclerotic lesions later becomes defective in advanced
plaque.

Nuclear receptors and transcriptional control of efferocytosis in lesions
The internalization of dying cells exposes phagocytes to large amounts of apoptotic cell
derived lipids and cholesterol that threaten phagocyte homeostasis and require activation of
compensatory cell survival and lipid metabolism signaling [53]. Phagocytes sense increased
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lipid and cholesterol loads through nuclear receptors, such as Liver X receptors (LXRα and
LXRβ), which are oxysterol activated transcription factors [95] that in turn activate
cholesterol efflux pathways [96]. In addition to their role in cholesterol efflux, nuclear
receptors including LXRs and peroxisome proliferator-activated receptors (PPARs) also
directly regulate transcription of molecules directly required for apoptotic cell
internalization. For example, apoptotic cell engulfment activates LXR which in turn leads to
increased expression of the phagocyte receptor MERTK [97]. Interestingly, LXRs have also
been shown to regulate dendritic cell phenotype and function through regulation of actin
signaling proteins and as discussed below, mature dendritic cells characteristically are
compromised in phagocytic efficiency [98]. Both nuclear receptors PPARα and PPARδ also
modulate efferocytosis. The phagocytic receptor CD36 has a PPAR response element
(PPRE) and is induced by thiazolidinediones to promote engulfment [99]. PPARδ activates
C1q, a bridging molecule that links apoptotic cells to phagocytes [100]. Finally, Rebe et al.
[101] reported that transglutaminase 2 is induced by LXR/RXR during efferocytosis.

Efferocytosis efficiency and phagocyte heterogeneity in plaque
Accumulating evidence highlights the diversity of phagocyte subpopulations in
atherosclerosis (Fig. 3) [102]. Plaque phagocyte subsets differentially express potential in
vivo modifiers of phagocytic efficiency and phagocyte chemotaxis that include
myeloperoxidase, neutrophil elastase, and matrix metalloproteinases (MMPs) [1, 103, 104].
For example, increased MMP activity in conjunction with reduced expression of Tissue
Inhibitors of MMPs (TIMPs) has been linked to phagocyte plaque invasiveness and
therefore could facilitate phagocyte migration towards distal apoptotic find-me signals [105,
106].In addition,tissue phagocytes can polarize towards a spectrum of activation states in
response to the immediate inflammatory milieu [107]. Phagocytes exhibiting such
differential expression patterns have been linked spatially to regions of interest, including
the necrotic core [102, 108]. In vitro, “alternatively” activated M2 macrophages
preferentially clear apoptotic cells and are often characterized by secretion of anti-
inflammatory cytokines such as TGFβ and IL-10 [109]. “Classically” activated M1
macrophages are characterized by the secretion of pro-inflammatory cytokines such as
TNFα and IL-6. TNFα-induced reactive oxygen generation has been shown to suppress
efferocytosis in mature macrophages, while interestingly leaving less differentiated
monocytes unaffected [75]. With respect to immature monocyte phagocytes, to what extent
phagocyte heterogeneity is determined at the level of peripheral circulating monocyte
precursors remains unresolved, however, the inflammatory milieu can direct the recruitment
of heterogeneous monocytic subsets from the circulation [107, 110]. For example, Ly6CLO

subsets have shown a predilection to differentiation into immature CD11cHI dendritic-like
cells [110].

In the case of dendritic cell phagocytes, the overall impact of these antigen presenting cells
with the complex milieu of the plaque is unknown, however recent findings suggest they
play a key role in promoting T helper 1 driven plaque immune responses [111]. In vitro,
both immature and matured dendritic cells are characterized by reduced efficiency of
apoptotic cell clearance [112]. Bone marrow-derived immature DCs express and secrete
lactadherin (MFGE8) in exosomes and this and phagocytosis are down regulated after
endotoxin-induced maturation or experimental sepsis [113]. Also in vitro, DC-like
phenotypes can be induced by lipoprotein-loading of macrophages [114], however in our
hands, this does not inhibit efferocytosis capacity [44]. In vivo, several different subsets of
DCs can be identified based on cell-surface expression markers. The CD8+ dendritic cell
subset selectively endocytose dying cells in culture and in vivo [115], yet this appears to be
context dependent, as CD11C+ CD8+ splenic interdigitating dendritic cells are poorly
phagocytic [116]. The mechanisms underlying reduced clearance efficiency in antigen
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presenting cells may be related to changes in metabolic processing of internalized dead cells,
with macrophages exhibiting rapid degradation of engulfed targets while DCs do so with
slower kinetics so as to sample peptides for MHC cross-presentation [117]. This reduced
degradation is partly regulated by tempering of the oxidative burst in a NOX-dependent
manner. The effects of other efferocytosis signaling pathways in DC-like cells are less well
characterized, though decreases in uptake are linked to downregulation of scavenger
receptors such as CD36 and integrins [112]. Also unknown is the extent to which
intercellular communication between phagocyte subsets affect clearance efficiency.
Interestingly, interstitial macrophages in lung can act to suppress dendritic-cell mediated
immunity [118]. Whether phagocyte subset intercommunication affects efferocytosis has not
been fully addressed. Finally, non professional phagocyte vascular smooth muscle cells
appear to also play a role during clearance in plaque [119].

Future experimental and therapeutic directions
The resolution of inflammation is a key step in controlling infection and disease. Within
advanced atherosclerotic lesions, accelerated macrophage death, in the face of defective
phagocytic clearance, leads to post-apoptotic necrosis and chronic inflammation. This
diseased milieu promotes plaque instability, which can lead to plaque rupture, acute
thrombosis, and MI. Macrophage death occurs throughout all stages of atherosclerosis, yet
the consequences of this vary in early versus advanced lesions [8]. For example, in early
lesions, prompt phagocytic clearance of apoptotic macrophages limits lesion maturation and
suppresses inflammation. However, as lesions progress, they become secondarily necrotic
and there is an increase in the number of non-cleared apoptotic macrophages, suggesting
that the efficiency of efferocytosis is impaired. Therefore, while macrophage death in early
lesions may limit athero-progression, macrophage death in advanced lesions, in combination
with defective efferocytosis, likely contributes to necrotic, unstable, and rupture-prone
plaques. This overall concept presents an opportunity for novel therapeutic strategies
directed against the progression of advanced plaques, namely, through restoration and
augmentation of defective efferocytosis [8].

Enhancing clearance will likely decrease secondary necrosis and inflammation, leading to
reduced macrophage content in advanced lesions and potentially reducing the development
of autoimmune T-cells and circulating auto-antibodies. We favor enhancing phagocytic
clearance of apoptotic cells over blocking macrophage apoptosis, because living
macrophages also contribute to vulnerable plaque formation through production of
procoagulant factors [120], and blocking apoptosis may promote early lesion development
by contributing to increased cellularity and autocrine and paracrine inflammation. A
possible disadvantage of clearance enhancement might be promotion of cholesterol-induced
death in the phagocyte through uptake of cholesterol-laden macrophages and cholesterol
overload. However, apoptotic cell engulfment is associated with cell-survival signaling
[121], and we have shown that after macrophage phagocytes engage cholesterol-loaded
apoptotic macrophages, they become protected from cytotoxicity through enhanced
cholesterol esterification and efflux and through activation of cell-survival pathways
involving Akt and NF-κβ [53].

Another efferocytosis-enhancing strategy is to take advantage of that fact that some
phagocyte subpopulations are more efficient at efferocytosis than others. For example, some
studies have shown that alternatively activated macrophages (M2) are better phagocytes than
classically activated macrophages [122, 123], which is consistent with the role of M2
macrophages in resolution of inflammation. Therefore, molecules involved in alternative
macrophage development, such as PPARγ or PPARδ [124, 125], or those that alter the
behavior of fully differentiated macrophages into a more anti-inflammatory, pro-resolution
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state, such as endogenous lipoxins, can be investigated as potential drug targets or drugs.
Lipoxins and aspirin-triggered lipoxins have been explored as efferocytosis enhancers in
lupus, where defective efferocytosis of granulocytes in joints is thought to promote disease
progression [126]. As described above, the hydroxymethylglutaryl-coenzyme A (HMG-
CoA) reductase inhibitor lovastatin increases efferocytosis of apoptotic T cells by human
monocyte-derived macrophages in vitro and by alveolar macrophages in vivo [74]. Whether
statins in humans enhance efferocytosis in atherosclerotic lesions and whether this effect
could potentially add to the protective effect of cholesterol lowering by statins in decreasing
atherothrombotic vascular disease remains to be investigated. Interestingly, statins have
been linked to reduced dendritic cell content in human lesions [127].

Defining the molecular mechanisms of defective efferocytosis in human lesions may also
lead to development of therapeutic strategies. For example, the fact that MERTK is rendered
inactive through sheddase-mediated cleavage may provide a therapeutic opportunity. Thus,
if excess MERTK cleavage were a culprit in human advanced plaques, inhibition of
cleavage by drugs might suppress plaque necrosis. To a first approximation, elucidating
correlations between alterations or dysfunction of efferocytosis molecules in advanced
human lesions and plaque vulnerability and CVD may be helpful in identifying novel drug
targets. Nevertheless, the strongest evidence is beginning to emerge from human genetic
studies. For example, it will be interesting to determine whether functionally important
polymorphisms in specific efferocytosis pathway genes are associated with plaque necrosis
and acute coronary syndromes.

The study of the in vivo cellular and molecular regulation of efferocytosis, although still at a
very early stage of understanding, may provide the basis for translational therapy in
numerous chronic inflammatory disorders. Unlike many drugs that suffer from toxic side
effects at higher doses, in theory the targeting and promotion of specific clearance pathways
should (1) only lead to the faster removal and processing of already dying cells and (2)
would be naturally buffered by cellular don’t-eat me signals and therefore prevent non-
specific/toxic viable cell removal. In the case of CVD, phagocytic clearance plays an
important role during many stages of disease progression. This includes efficient clearance
mechanisms early during lesion atherogenesis followed by unknown mechanisms of
defective uptake in advanced lesions [8]. Interesting therapeutic candidates include
administration of derivations of recombinant lactadherin, which has already been shown to
rescue animals through mechanisms that also lead to enhanced apoptotic cell clearance in a
model of sepsis [128]. In addition, administration of immature DC exosomes, containing
lactadherin, had similar effects. Thus, liposome based agents or nanoparticles with
efferocytosis-enhancing agents, coupled with tissue-targeting motifs, may be an employable
strategy. Clearance also plays a key role post plaque rupture during removal of dead
cardiomyocytes post MI. Thus, these studies have the potential to elucidate novel
therapeutic targets that can be directed against both the accumulation of inflammatory
apoptotic cells and the progression of advanced plaques and CVD, namely through
restoration and enhancement of defective efferocytosis.
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Fig. 1.
Efferocytosis in plaque. Accumulation of apoptotic cells accompanies advanced lesional
maturation and necrotic core expansion in murine plaque. In the left image, an
atherosclerotic lesion is populated by circular nuclei (blue; hoechst) and F4/80 + phagocytes
within the intima (green). The circumscribed area is shown at higher magnification to the
right where TUNEL positive apoptotic cells can be found in association (A) or free (F) from
neighboring phagocytes. Bar = 10 µm (Color figure online)
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Fig. 2.
Key players during efferocytosis in CVD. Efferocytosis requires the interplay between
numerous cellular and extracellular ligands. At the level of the apoptotic cells (AC),
presentation of “eat-me” signals [such as phosphatidylserine (ps)] and down-regulation of
“don’t-eat” me ligands (such as CD47, CD31, and PAI-1) prepare apoptotic cell ligands for
engulfment by macrophage (MU) and immature and mature dendritic (IDC and DC)
phagocyte subsets. Neutrophils (PMN) may act as phagocytes and/or apoptotic cells.
Interactions between apoptotic target and phagocyte effector often require ‘‘bridging’’
molecules such as Gas6/protein S, lactadherin (MFGE8), complement (C1q, C3b),
calreticulin (cal), annexin (anxII), and immunoglobulin (IgM) to facilitate target-effector
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juxtaposition. Numerous apoptotic cell receptors [such as scavenger receptor A (SRA),
TAMs, integrins, LRP, and CD36] and signaling (CrkII-Dock180-Rac1, Rho/actin) and
metabolic (NR nuclear receptors) molecules participate during engulfment and modulate
downstream inflammatory signaling pathways. “Necrotic” indicates secondary necrotic
cells. Arrows indicate differentiation pathways from immature monocyte and dendritic cell
precursors. ACAMP apoptotic cell-associated molecular pattern, AC apoptotic cell, MO:
monocyte, IDC immature dendritic cell, DC dendritic cell, PAI-1 plasminogen activator
inhibitor-1, PMN polymorphonuclear leukocyte or neutrophil, PS phosphatidylserine, TAM
Tyro3, Axl tyrosine kinase, MerTK
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Fig. 3.
Schematic of phagocyte heterogeneity in plaque. Myeloid derived cells, including newly
recruited monocyte (Mo) subsets, differentially activated macrophages (M1 and M2 MΦs)
(that are symbolized by differentially striped patterns), and immature (iDC) or possible
mature CD11C+ dendritic-like cells (mDC) in plaque. Arrows indicate differentiation
pathways from immature monocyte and dendritic cell precursors. Endo endothelial cell,
VSMC vascular smooth muscle cell, NC necrotic core, AC apoptotic cell, oxLDL oxidized
LDL
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