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ABSTRACT

critical process, whereby professional and nonprofessional phagocytes dispose of the apoptotic cells in a rapid and efficient manner. Peter Henson and co-workers [2] have coined the term “efferocytosis”, from the Greek “to bury”, to describe this process [1,
3]. Efferocytosis, which is highly conserved throughout evolution,
involves a number of molecules, including ligands on the apoptotic cells (e.g., PS); receptors on the efferocyte (e.g., Mertk2); soluble ligand–receptor bridging molecules (e.g., MFG-E8); and socalled “find-me” and “don’t-eat-me” molecules (e.g., lysosphospholipids and CD47, respectively), the expression of which by
dying cells is altered to attract nearby phagocytes [1–3]. Efferocytosis has several critical functions. First, by clearing apoptotic cells
at a relatively early stage of cell death, when the cell plasma and
organelle membranes are still intact, postapoptotic, or “secondary”, necrosis is prevented [2]. Prevention of cellular necrosis, in
turn, prevents the release of potentially damaging intracellular
molecules into the extracellular milieu, including molecules that
can stimulate inflammatory and/or autoimmune responses [4].
Second, engagement of efferocyte receptors by ligands or ligandbridging molecule complexes often triggers an anti-inflammatory
response by the efferocyte [5, 6]. For example, efferocytosis has
been shown to induce the secretion of the anti-inflammatory
molecules TGF-␤, IL-10, and PGE2 [1–3], and engagement of an
important efferocytosis receptor, Mertk (below), leads to suppression of NF-B signaling [7]. Third, antigen processing by efferocytes, particularly dendritic cell efferocytes, can play a part in T
cell-mediated immune recognition processes, including anti-tumor responses [8]. Efferocytosis is normally an extremely efficient and high-capacity process, and the appearance of apoptotic
cells in tissues often represents defective efferocytosis rather than
enhanced apoptosis. When the efficiency of efferocytosis is compromised, tissue necrosis, pathological inflammation, and/or autoimmunity often ensue.

Throughout atherosclerotic lesion development, intimal
macrophages undergo apoptosis, a form of death that
usually prevents cellular necrosis. In advanced atherosclerotic lesions, however, these apoptotic macrophages become secondarily necrotic and coalesce
over time into a key feature of vulnerable plaques, the
necrotic core. This event is critically important, as necrotic core formation in these advanced atheromata is
thought to promote plaque disruption and ultimately,
acute atherothrombotic vascular disease. Increasing
evidence suggests that the mechanism behind postapoptotic macrophage necrosis in advanced atherosclerosis is defective phagocytic clearance or “efferocytosis” of the apoptotic cells. Thus, understanding the
cellular and molecular mechanisms of efferocytosis in
atherosclerosis and why efferocytosis becomes defective in advanced lesions is an important goal. Molecular– genetic causation studies in mouse models of advanced atherosclerosis have provided evidence that
several molecules known to be involved in efferocytosis, including TG2, MFG-E8, complement C1q, Mertk,
lysoPC, and Fas, play important roles in the clearance
of apoptotic cells in advanced plaques. These and future insights into the molecular mechanisms of defective efferocytosis in advanced atheromata may open
the way for novel therapeutic strategies for atherothrombotic vascular disease, the leading cause of
death in the industrialized world. J. Leukoc. Biol. 86:
1089 –1095; 2009.

Introduction
EFFEROCYTOSIS
Billions of cells in our body die each day by the process of apoptosis [1–3]. Coupled with each of these cell death events is a
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AN OVERVIEW OF EFFEROCYTOSIS IN
ATHEROSCLEROSIS
The process of efferocytosis has gained attention among researchers investigating atherosclerosis, as macrophages, the
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most prominent cell type in atherosclerotic lesions, undergo
apoptosis throughout lesion development [9]. Therefore, the
efficiency, or lack thereof, of efferocytic clearance of apoptotic
macrophages in atherosclerotic lesions is likely to play an important role in the number and atherogenic properties of lesional macrophages, which are known to participate in the
atherogenic process starting at a very early stage, entering into
focal areas of the arterial subendothelium as blood-borne
monocytes in response to the presence of subendothelially retained ApoB100 lipoproteins [10]. When the monocytes differentiate into macrophages, they internalize and metabolize the
retained lipoproteins, giving rise to cells known as lipid-laden
“foam cells”, which promote atherogenesis by a number of
mechanisms, including secretion of inflammatory cytokines,
and although they have a long half-life, lesional macrophages
undergo a steady rate of apoptosis [9]. In early lesions, apoptotic macrophages are cleared rapidly by neighboring macrophages, and the net effect of this efferocytic event is to limit
lesion cellularity [11]. Moreover, the anti-inflammatory signaling consequences of efferocytosis may decrease the progression of these early lesions further, including via suppression of
new monocyte recruitment. For example, one of the anti-inflammatory cytokines that can result from efferocytosis, IL-10,
has known antiatherogenic effects in vivo [12, 13]. Thus, experimental genetic or pharmacologic manipulations in mouse
models of early atherosclerosis that promote macrophage apoptosis tend to limit lesion size and progression and vice versa
for manipulations that block macrophage apoptosis [14 –16].
These results indicate that in early atherosclerosis, as in normal physiology, efferocytosis is efficient.
A prominent feature of advanced atherosclerotic lesions is
the necrotic core, or lipid core, which is a collection of dead
and necrotic macrophages surrounded by inflammatory cells
[17, 18] (Fig. 1). Necrotic cores are thought to be a major feature responsible for plaque “vulnerability”—i.e., plaques capable of undergoing disruption and triggering acute lumenal
thrombosis [19]. Plaque disruption and acute thrombosis are
the events that trigger acute coronary syndromes, including
myocardial infarction, unstable angina, sudden cardiac death,
and stroke [19]. Necrotic cores activate harmful inflammatory
processes in lesions; are a source of tissue-disrupting proteases
and procoagulant/thrombotic molecules; and contribute to
physical stress on the overlying fibrous cap, a structure of nonvulnerable plaques that prevent exposure of blood platelets to
thrombotic material in the underlying lesion [20, 21]. In view
of the principles of efferocytosis described above, investigators
have hypothesized that necrotic cores arise from a combination of macrophage apoptosis coupled with defective efferocytosis in advanced lesions [11, 22]. A corollary of this hypothesis is that macrophage apoptosis in earlier lesions, where efferocytosis is presumably not defective, actually leads to less
cellular lesions and decreased atherosclerosis progression [11,
22]. Experimental proof has come from a number of mouse
models using genetics to force macrophage apoptosis in early
versus advanced lesions. In these models, induction of early
lesional apoptosis leads to smaller lesions, and advanced lesional apoptosis promotes plaque necrosis [14, 16, 23]. Similarly, forced macrophage survival in early lesions promotes le1090 Journal of Leukocyte Biology
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Figure 1. Cross-section of an advanced human coronary plaque showing a large necrotic core, plaque rupture, and lumenal thrombosis.
Ms, Macrophages.

sion expansion [15]. Moreover, Schrijvers et al. [24] compared
human advanced plaques and as a control, human tonsillar
tissue for the number of apoptotic cells that were closely associated with phagocytes or free. As expected, most apoptotic
cells were associated with phagocytes in tonsils, but the percentage of free apoptotic cells was increased markedly in the
atherosclerotic lesions. These data are consistent with defective
efferocytosis in advanced human atherosclerosis, but they do
not address the critical issues of causation.

CAUSATION STUDIES LINKING
DEFECTIVE EFFEROCYTOSIS TO PLAQUE
NECROSIS IN ADVANCED
ATHEROSCLEROTIC LESIONS
Although a number of efferocyte molecules have thus far
emerged as playing a role in the clearance of apoptotic macrophages in atherosclerosis, only few of these have been subjected to genetic causation studies related specifically to
plaque necrosis in advanced murine atheromata. One such
molecule is TG2 [25], which with its “coreceptor” ␣v␤3 integrin, bind to extracellular molecule MFG-E8 (also known as
lactadherin), a macrophage-secreted protein that acts as a
bridge between PS on apoptotic cells and the TG2–␣vß3 complex on efferocytes [26, 27]. Boisvert et al. [28] used lethally
irradiated atherosclerosis-prone Ldlr⫺/⫺ mice transplanted
with Tg2⫺/⫺ bone marrow to create chimeric mice. After 16
weeks on a high-fat diet, the mice transplanted with Tg2⫺/⫺
bone marrow had larger aortic root lesions and most importantly, increased plaque necrosis compared with mice transplanted with Tg2⫹/⫹ bone marrow. A second in vivo study by
the Mallat group [29] focused on the aforementioned efferocytosis-bridging molecule MFG-E8, which is known to be ex-
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pressed in atheromata. Using Mfge8⫺/⫺ mice, the investigators first demonstrated that the molecule was needed for the
uptake of apoptotic cells in vitro and in a peritoneal cavity assay in vivo. Atherosclerosis studies were conducted using
Ldlr⫺/⫺ mice reconstituted with Mfge8⫺/⫺ bone marrow.
When these and Mfge8⫹/⫹-reconstituted control mice were
fed a high-fat diet to induce atherosclerosis, the advanced aortic root atheromata of the MFG-E8-deficient mice had larger
numbers of apoptotic cells, increased plaque necrosis, and increased indices of inflammation, particularly increased IFN-␥,
compared with the control lesions. Another bridging molecule
involved in the recognition of apoptotic cells by phagocytes is
the complement factor C1q [30], and 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
[31].
A fourth efferocyte molecule investigated in advanced atheromata is Mertk, which is a cell-surface receptor tyrosine kinase that plays roles in efferocytosis and in anti-inflammatory
responses [7, 32]. Mertk participates in efferocytosis by binding one of two other PS-binding bridging molecules, Gas6 and
protein S [33]. Mice deficient in Mertk by virtue of a mutation
in the tyrosine kinase domain—MertkKD mice—show evidence
of defective efferocytosis and susceptibility to a lupus-like autoimmune syndrome [32]. Early in vitro studies by our laboratory showed that Mertk played a major role in the uptake of
macrophages rendered apoptotic by inducers thought to be
important in advanced atherosclerosis, notably those inducers
that trigger endoplasmic reticulum stress-induced apoptosis
[34 –36]. Most importantly, advanced aortic root lesions of fatfed MertkKD;Apoe⫺/⫺ mice had large areas of plaque necrosis
compared with those of control Apoe⫺/⫺ mice [37]. This finding was associated with an increase in the number of apoptotic
cells in the MertkKD lesions and importantly, an increase in the
percentage of apoptotic macrophages that were not associated
with phagocytes, which is a measure of defective efferocytosis
[37]. Mallat and colleagues [38] published a similar study
showing increased plaque necrosis in the mutant mice, and
these authors also found evidence of increased inflammation
in the spleens of the MertkKD mice, consistent with the antiinflammatory effect of efferocytosis and Mertk signaling.
Evidence for a defect in lesional efferocytosis has also been
found in the aortic root lesions of fat-fed Apoe⫺/⫺ mice, particularly on the Fas-deficiency (gld) background [39, 40], and
Ldlr⫺/⫺ mice transplanted with bone marrow from gld mice
developed lesions with increased inflammation and apoptotic
debris [41]. In this study, infusion of lysoPC into chow-fed gld;
Apoe⫹/⫹ mice caused a defect in efferocytosis in lymph
nodes, which the authors suggested might mediate the defect
in efferocytosis in fat-fed Apoe⫺/⫺ mice, which have elevated
levels of lysoPC in their plasma [39, 42]. However, lysoPC can
function as a so-called find-me signal in efferocytosis [42], and
so, how elevated lysoPC would impair efferocytosis is unclear.
The authors speculate that excess lysoPC may impair the normal gradient between apoptotic cells and efferocytes that is
necessary for this find-me signal to function properly [42]. In
terms of the possible role of Fas in efferocytosis, Fas engage-
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ment was found to increase the amount of oxidized PS on the
apoptotic cell surface, which is a potent recognition ligand for
phagocytes [43]. In addition, Fas engagement increased the
expression of two efferocytosis-enhancing molecules, annexin I
and IL-10 [44]. The combined studies in this section provide
evidence for two major points: A number of molecules involved directly in efferocytosis or in its regulation, including
TG2, MFG-E8, C1q, Mertk, lysoPC, and Fas, have important
roles in clearance of apoptotic cells in advanced atherosclerotic lesions, and manipulations that block efferocytosis promote advanced plaque progression, particularly plaque necrosis and inflammation (Fig. 2).

WHY IS EFFEROCYTOSIS “DEFECTIVE”
IN ADVANCED ATHEROMATA?
As mentioned previously, there is evidence that efferocytosis is
defective in advanced human lesions [24]. In theory, what we
are calling “defective efferocytosis” could represent overwhelming apoptosis. Although this possibility needs to be considered,
efferocytosis, when functioning properly, has a high capacity of
efferocytosis [2], which is consistent with the finding that
when apoptosis is increased artificially by genetic manipulations in early lesions, where efferocytosis is functioning properly, there is not an accumulation of apoptotic cells [15, 16].
Defective efferocytosis could also result from alterations in the
apoptotic cells themselves that render them poor substrates for
efferocytic recognition and engulfment. Studies in our laboratory, however, have revealed that macrophages rendered apoptotic by many different atherosclerosis-relevant mechanisms
are equally good substrates for healthy efferocytes (unpublished data). Thus, we favor the concept that efferocytosis per
se loses efficiency in advanced lesions (Fig. 2). One possibility
is that the quintessential macrophage alteration in atheromata,
namely, foam cell formation, compromises the ability of the
cells, acting as efferocytes, to recognize and/or engulf apoptotic cells. However, we have found that cholesteryl-ester-laden
macrophage foam cells are excellent efferocytes in vitro [34].
Moreover, to the extent that advanced lesional macrophages
accumulate excess unesterified cholesterol [45], we found that
this perturbation also does not compromise efferocytosis, unless the loading is prolonged enough to cause cell death [34].
It should be noted, however, that in vitro assays of this nature
would not necessarily pick up disturbances of other efferocytic
processes, such as migration of efferocytes to the sites of apoptosis. Another possibility is that advanced lesional macrophage death per se limits efferocytosis by decreasing the pool
of efferocytes. Although the fact that advanced lesions have a
large population of living macrophages might make this mechanism seem unlikely [46], it is possible that the number of living macrophages is rate-limiting near those areas in plaques
where apoptotic cells accumulate. Macrophages in advanced
plaques are known to accumulate ROS, and there is some in
vitro evidence that ROS may perturb efferocytosis, perhaps
through activation of 12/15-lipoxygenase [47, 48]. Other studies have shown that extracellular-oxidized molecules known to
be present in atheromata, such as OxLDL, can compete with
apoptotic cells for recognition by efferocytes in vitro, for exVolume 86, November 2009
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Figure 2. Efferocytosis of apoptotic macrophages and how it may go awry in advanced atheroma. (A) Physiologic efferocytosis can involve many
molecules, including a diverse array of receptors, ligands, and bridging molecules. An increase in the ratio of so-called find-me:don’t-eat-me signals also enables efferocytosis. Depicted here are several molecules that have been shown to a play a role in murine models of atherosclerosis. Successful recognition and engulfment of apoptotic bodies lead to avoidance of cellular necrosis and anti-inflammatory signaling. CRT, Calreticulin.
(B) In advanced atheromata, there is evidence that efferocytosis becomes less effective, leading to secondary macrophage necrosis and inflammation, two processes that likely promote plaque vulnerability. There are several hypotheses as to why efferocytosis loses efficiency in advanced
plaques, including dysfunction of the molecules depicted in A as a result of cleavage, decreased expression, or competitive inhibition of binding
by other plaque molecules. See text for details.

ample, through the OxLDLR, lectin-like OxLDLR1 [49, 50].
Moreover, fully OxLDL 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 cultured
macrophages by altering actin signaling through a pathway
involving CD14 and TLR4 [51].
Finally, a possible mechanism related directly to the mouse
studies described above is that atherosclerosis-relevant efferocytosis molecules may be suppressed or defective in advanced
lesions (Fig. 2B). The possibility that Mertk function is defective is intriguing in view of the fact that this molecule gets
cleaved by one or more plasma membrane sheddases under
inflammatory conditions [52]. The cleavage of Mertk suppresses efferocytosis by destroying the receptor and by creating
soluble Mer, which competes for the efferocytosis bridging
molecules Gas6 and protein S [52]. Whether Mertk is cleaved
in advanced atheromata and whether this accounts for the defective efferocytosis in these lesions remain to be tested experimentally. In a similar vein, MFG-E8 has been shown to be
down-regulated in splenic macrophages in a mouse model of
sepsis [53]. Concomitant with this down-regulation, which was
TLR4-dependent, was a decrease in efferocytosis and an increase in apoptotic bodies in the spleen. As advanced atheromata are at a heightened state of inflammation and have functional TLR4 signaling [54], a similar process might contribute
to phagocytic inefficiency in advanced lesions.

FUTURE DIRECTIONS
In industrialized societies, almost all subjects have early atherosclerotic lesions by the time they reach their early 20s [55].
1092 Journal of Leukocyte Biology

Volume 86, November 2009

The vast majority of these lesions will not cause clinical disease
[56]. However, the few lesions that progress to the vulnerable
plaque stage can trigger an acute disease process that accounts
for the leading cause of death in this population. Given the
role of plaque necrosis in vulnerable plaque formation and
our developing concepts about how defective efferocytosis can
contribute to plaque necrosis, the area of research covered in
this review may reveal specific, mechanism-based targets for
antivulnerable plaque therapy to prevent acute coronary syndromes in subjects with established atherosclerotic lesions. The
number of molecules that participate in the efferocytosis process is large, and so, it will be important to determine whether
other efferocytosis-related molecules play roles in advanced
lesions. This goal can be accomplished through a candidate
molecule approach such as those summarized in this review.
In addition, advanced proteomic techniques may enable a
more global, unbiased analysis of a larger set of efferocytosis
molecules throughout atherogenesis, particularly in mouse
models of large necrotic cores that are highly relevant to
human CAD, such as insulin resistance and aging [57– 60].
In each case, causation can be tested in mouse models of
plaque necrosis, as illustrated by the studies described
above. However, it should be noted that although fat-fed
Ldlr⫺/⫺ and Apoe⫺/⫺ mice are excellent models of plaque
necrosis, they do not develop plaque disruption or acute
lumenal thrombosis. Perhaps the extreme plaque necrosis
that might develop in atherosclerosis-prone mice lacking
more than one atheromata-relevant efferocytosis molecule,
whose functions are nonoverlapping, such as the combination of MGF-E8 and Mertk deficiency, would be enough to
trigger plaque disruption.

www.jleukbio.org

Thorp and Tabas Efferocytosis in atherosclerosis

The ultimate goal in this area of research is to identify strategies to enhance efferocytosis in advanced human atheromata.
Enhancing efferocytosis will likely decrease necrosis, inflammation, and macrophage content in advanced lesions. We favor
this approach over blocking macrophage apoptosis, as living
macrophages also contribute to vulnerable plaque formation
[46], and blocking apoptosis may promote early lesion development (above). A theoretic disadvantage of efferocytosis enhancement might be promotion of cholesterol-induced death
in the efferocyte through uptake of cholesterol-laden macrophages. However, efferocytosis is associated with cell-survival
signaling [61], and we have shown that when macrophage efferocytes engage cholesterol-loaded apoptotic macrophages,
they are protected from cytotoxicity through enhanced cholesterol esterification and efflux and through activation of cellsurvival pathways involving Akt and NF-B [62].
The goal of enhancing efferocytosis may be approached by
more general proefferocytosis strategies or by targeting specific
processes that are defective in advanced atherosclerosis. An
example of the former would be to consider the emerging
concept that some macrophage subpopulations are more efficient at efferocytosis than others. For example, some studies
have shown that alternatively activated macrophages are better
efferocytes than classically activated macrophages [63, 64],
which is consistent with the former’s role in resolution of inflammation. Thus, molecules involved in alternative macrophage development, such as PPAR␥ or PPAR␦ [65, 66], or
those that alter the behavior of fully differentiated macrophages into a more anti-inflammatory, proresolution state,
such as lipoxins, can be investigated as potential drug targets
or drugs. Of interest in this regard, lipoxins have been explored as efferocytosis enhancers in lupus, where defective efferocytosis of neutrophils in joints is thought to promote disease progression [67]. Interestingly, the hydroxymethylglutarylCoA reductase inhibitor lovastatin increases efferocytosis of
apoptotic T cells by human monocyte-derived macrophages in
vitro and by alveolar macrophages in vivo [68]. The mechanism appears to be through inhibition of the geranylgeranyl/
farnesyl-RhoA pathway of actin signaling, which is known to
suppress the engulfment of apoptotic cells [69]. Whether
statins in doses administered to humans enhance efferocytosis
in atherosclerotic lesions and if so, whether this effect adds to
the protective effect of cholesterol-lowering by statins in decreasing atherothrombotic vascular disease remain to be investigated.
A more specific approach would be to define molecular
mechanisms of defective efferocytosis in human lesions—perhaps involving some of the molecules discussed in this review—and then to base therapeutic strategy on this information. For example, the fact that Mertk is rendered inactive
through sheddase-mediated cleavage (above) 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. In general, showing correlations between alterations of efferocytosis molecules in advanced human lesions and plaque vulnerability and cardiovascular disease may be helpful in identifying potentially promising drug targets. However, the strongest evidence is likely to
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emerge from human genetic studies if functionally important
polymorphisms in specific efferocytosis genes can be shown to
be associated with plaque necrosis and acute coronary syndromes.
In summary, an appreciation of the importance of atherosclerotic plaque necrosis in cardiovascular disease and the
knowledge that plaque necrosis results from the linked processes of macrophage apoptosis and defective efferocytic clearance of these apoptotic cells have revealed a specific set of molecular events that may play a critical role in plaque progression and human heart disease. This concept opens up novel
opportunities for mechanism-based therapy designed to combat the leading cause of death in the industrialized world. To
pursue this goal, investigators will need to understand the indepth molecular and cellular biology of efferocytosis, define
mechanisms of defective efferocytosis in advanced atheromata,
and assign causation between defective efferocytosis and
atherothrombotic vascular disease through animal and human
genetic studies.
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