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Integrative Physiology/Experimental Medicine
Mertk Receptor Mutation Reduces Efferocytosis Efficiency
and Promotes Apoptotic Cell Accumulation and Plaque
Necrosis in Atherosclerotic Lesions of Apoeⴚ/ⴚ Mice
Edward Thorp, Dongying Cui, Dorien M. Schrijvers, George Kuriakose, Ira Tabas
Objective—Atherosclerotic plaques that are prone to disruption and acute thrombotic vascular events are characterized by
large necrotic cores. Necrotic cores result from the combination of macrophage apoptosis and defective phagocytic
clearance (efferocytosis) of these apoptotic cells. We previously showed that macrophages with tyrosine kinasedefective Mertk receptor (MertkKD) have a defect in phagocytic clearance of apoptotic macrophages in vitro. Herein we
test the hypothesis that the MertkKD mutation would result in increased accumulation of apoptotic cells and promote
necrotic core expansion in a mouse model of advanced atherosclerosis.
Methods and Results—MertkKD;Apoe⫺/⫺ mice and control Apoe⫺/⫺ mice were fed a Western-type diet for 10 or 16 weeks,
and aortic root lesions were analyzed for apoptosis and plaque necrosis. We found that the plaques of the
MertkKD;Apoe⫺/⫺ mice had a significant increase in terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL)-positive apoptotic cells. Most importantly, there were more non-macrophage-associated
apoptotic cells in the MertkKD lesions, consistent with defective efferocytosis. The more advanced (16-week)
MertkKD;Apoe⫺/⫺ plaques were more necrotic, consistent with a progression from apoptotic cell accumulation to plaque
necrosis in the setting of a defective efferocytosis receptor.
Conclusion—In a mouse model of advanced atherosclerosis, mutation of the phagocytic Mertk receptor promotes the
accumulation of apoptotic cells and the formation of necrotic plaques. These data are consistent with the notion that a
defect in an efferocytosis receptor can accelerate the progression of atherosclerosis and suggest a novel therapeutic target
to prevent advanced plaque progression and its clinical consequences. (Arterioscler Thromb Vasc Biol.
2008;28:1421-1428)
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P

revention and regression of human atherothrombotic
vascular disease requires an understanding of the underlying mechanisms that promote advanced plaque progression.
Acute coronary artery syndromes are often associated with
the presence of so-called vulnerable plaques. These plaques
are characterized by focal thinning of the fibrous cap, a high
level of inflammatory cytokines and matrix proteases, apoptosis of intimal cells, and expansion of a lipid-laden necrotic
core.1 Expansion of the latter is likely the consequence of
accelerated macrophage apoptosis coupled with defective
phagocytic clearance (efferocytosis).2,3 Defective phagocytic
clearance leads to postapoptotic cellular necrosis and release
of proinflammatory and prothrombotic intracellular debris.4

See accompanying article on page 1413
Previous reports have provided in vivo evidence that efferocytosis is impaired in advanced atherosclerosis.2,3,5 For example, Schrijvers et al6 showed that advanced human coronary artery lesions had more apoptotic cells outside of

lesional phagocytes than a control tissue, human tonsil, where
most of the apoptotic cells were inside phagocytes. Moreover,
gene targeting of extracellular molecules that have been
shown to bridge phagocytes to apoptotic cells in vitro,
namely, complement C1q and lactadherin, promotes apoptotic cell accumulation7 and a vulnerable plaque phenotype in
mouse atherosclerotic lesions.8 Walsh and colleagues9
showed a link between defective efferocytosis and accelerated atherosclerosis in hyperlipidemic mice lacking Fas
ligand. Boisvert et al10 found that Ldlr⫺/⫺ mice lacking
transglutaminase-2 (TG2), which has been implicated in
efferocytosis, had increased atherosclerosis. However, the
human study was correlative, not causative, and C1q, lactadherin, Fas ligand, and TG-2 have other important roles
besides those in efferocytosis.
Mertk (also known as Eyk, Nyk, and Tyro-12) is a tyrosine
kinase receptor for the phosphatidylserine-binding protein
Gas6, which bridges apoptotic cells to phagocytes.11,12 Mer
tyrosine kinase appears to signal through a pathway involving
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␣v␤ 5 integrin, culminating in polymerization of the phagocyte cytoskeleton during apoptotic cell internalization.12 In
vivo, apoptotic thymocyte removal is defective in mice
carrying a kinase-defective Mertk (MertkKD), in turn promoting autoantibody production and stimulating lupus-like autoimmunity.12,13 In an in vitro study, our group showed that
macrophages from MertkKD mice have a defect in the ingestion of macrophages rendered apoptotic by cholesterol loading, which is a model of advanced lesional macrophage
death.14
We hypothesized that if the Mertk receptor functions
similarly in advanced atherosclerotic lesions as it does in
vitro, then defective Mertk should promote advanced lesional
macrophage apoptosis and plaque necrosis. To test this
hypothesis, we crossed MertkKD mice onto the Apoe⫺/⫺ background and then fed these mice and Apoe⫺/⫺ control mice a
Western-type high-cholesterol diet for 10 or 16 weeks. We
found that the plaques of the MertkKD;Apoe⫺/⫺ mice had a
significant increase in TUNEL-positive apoptotic cells and, at
the 16-week time point, more plaque necrosis. Furthermore,
the ratio of free-to-macrophage–associated apoptotic cells
was significantly increased in MertkKD lesions. These data are
consistent with our hypothesis that a defect in an efferocytosis receptor can accelerate the progression of atherosclerosis.
Future studies based on this principle may suggest novel
therapeutic targets to prevent advanced plaque progression
and its clinical consequences.

Methods
Animals and Diets
MertkKD mice on the C57BL6/J were bred onto the Apoe⫺/⫺
C57BL6/J background to generate MertkKD;Apoe⫺/⫺ breeding pairs.
Starting at 8 weeks of age, progeny from these breeding pairs were
fed a high-fat (21.2%), high-cholesterol (0.2%), Western-type diet
(Catalog # TD88137) from Harlan Teklad (Madison, Wis) for 10
weeks or 16 weeks. All animals were housed and cared for according
to NIH and IACUC guidelines in a barrier facility at Columbia
University Medical Center, New York.

nick end labeling) after proteinase K or Triton X-100 treatment,
using the in situ cell death detection kit, TMR red, from Roche.
Nuclei were counterstained with Hoechst for 5 minutes, and the
slides were viewed and imaged by fluorescent microscopy. Plaque
necrosis was quantified by measuring the area of hematoxylin and
eosin-negative acellular areas in the intima, as described
previously.15

Immunohistochemistry
Blocking was performed using immunoglobulin from the species of
the secondary antibody. Macrophages were detected using a rabbit
antimacrophage antibody (AIA31240) from Accurate Chemical and
Scientific Corporation. SMC actin was detected using a rabbit
monoclonal (E184) to alpha smooth muscle actin (ab32575) from
Abcam. Polyclonal Mertk antibody was from R&D Systems. Secondary antibodies were biotinylated conjugates that were subsequently detected using streptavidin-horseradish peroxidase (HRP) or
alternatively Molecular Probes Alexa Fluor 488. The HRP substrate
was diaminobenzidine. Images were viewed and captured as above.

Aortic Arch Gene Expression Analysis
Aortic arches were homogenized and RNA extracted. RNA was
isolated using RNAeasy columns from QIAGEN. Total aortic RNA
was subjected to RT-PCR and real-time PCR. cDNA was synthesized from total RNA using Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV RT) from Invitrogen. The Mertk
primers have previously been described.16 The forward Mertk primer
was: GTG GCA GTG AAG ACC ATG AAG TTG. The reverse
Mertk primer was: GAA CTC CGG GAT AGG GAG TCA T. The
forward and reverse primers for tumor necrosis factor (TNF)-␣ were
CGG AGT CCG GGC AGG T and GCT GGG TAG AGA ATG
GAT GAA CA, respectively. The forward GAPDH primer was:
GGT GGC AGA GGC CTT TG. The reverse GAPDH primer was:
TGC CCA TTT AGC ATC TCC TT. cDNA was subjected to either
PCR or quantitative RT-PCR amplification using a SYBR Green
PCR Master Mix (Applied Biosystems).

In Situ Efferocytosis Assay
Following established procedures described previously,6,9,17,18 efferocytosis was determined in situ by counting the number of free
versus macrophage-associated apoptotic cells in individual lesion
sections. Apoptotic cells were considered “free” when they were not
surrounded by or in contact with macrophages, as described in detail
in the Results section. The analysis was performed in a blinded
fashion by 2 independent observers.

Plasma Lipid and Cytokine Analysis
At the end of the study, the mice were fasted overnight and then
weighed, anesthetized using isoflurane, and euthanized. Blood was
collected from the left ventricle. Total plasma cholesterol was
measured with a commercially available kit from Wako. Plasma
lipoprotein profiles were determined by fast performance liquid
chromatography (FPLC) gel filtration on a Superose 6 column at a
flow rate of 0.2 mL per minute. Eluted fractions were assayed for
cholesterol using the Wako kit. Plasma cytokines were performed at
the Cytokine Core Laboratory in Baltimore, Md.

Aortic Root Atherosclerotic Lesion Analysis
Mouse hearts and aortic arches were perfused in situ with saline,
removed, and aortic roots fixed in 10% formalin. Aortic roots were
placed in biopsy cassettes, processed in a Leica tissue-processing
machine, and embedded in paraffin blocks. Sections were cut serially
at 6-m intervals from the aortic sinus and mounted on slides. Prior
to staining, sections were deparaffinized in xylene and rehydrated in
graded series of ethanol. For area measurements and morphometric
analysis, the sections were stained with Harris’ hematoxylin and
eosin. Total intimal lesional area was quantified by averaging 6
sections that were spaced 30 m apart, starting from the base of the
aortic root. Images were viewed and captured with a Nikon Labophot
2 microscope and analyzed using Image Pro Plus software. Apoptotic cells in lesions were detected by TUNEL (Tdt-mediated dUTP

Statistical Analysis
Data are displayed as mean⫾SEM. For the 10-week cohort, n⫽5 per
group, and for the 16-week cohort, n⫽10 per group. Statistically
significant difference between values for the 2 groups of mice was
determined using the Student paired t test.

Results

MertkKD;Apoe⫺/⫺ mice displayed no gross phenotypic differences compared with control Apoe⫺/⫺ mice. After 10 or 16
weeks on a Western-type diet, Mertk mutation did not
significantly affect overall body weight or plasma cholesterol
parameters (Figure 1). Moreover, plasma levels of TNF␣, an
indicator of systemic inflammation,14,16 were below the detection limit of the assay (5 pg/mL) in both groups. We also
assayed TNF␣ mRNA in aortae and found no significant
difference between the 2 groups of mice (P⫽0.84). To test
whether Mertk was expressed in the aorta of Apoe⫺/⫺ mice,
we conducted immunohistochemistry using anti-Mertk antibody. As shown in Figure 2A, Mertk was expressed in
macrophage-rich areas of the aortic root intima of Apoe⫺/⫺
mice. Because this polyclonal antibody recognizes the ty-
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Figure 1. Total body weight
and plasma lipoproteins of
Apoe⫺/⫺ and MertkKD;
Apoe⫺/⫺ mice. Body weight,
total plasma cholesterol,
and fast performance liquid
chromatography gelfiltration profiles (from
pooled plasma samples)
from male Apoe⫺/⫺ and
MertkKD;Apoe⫺/⫺ mice fed a
Western-type diet for either
(A) 10 weeks or (B) 16
weeks. n.s. indicates statistically nonsignificant difference between the 2 groups
of mice.

rosine kinase-truncated MertkKD mutant, we relied on RTPCR of aortic RNA, using primers specific for the Mertk
kinase region as previously described,16 to show evidence of
mutated Mertk in MertkKD;Apoe⫺/⫺ aorta. Using these primers,
the Mertk PCR product was found in control Apoe⫺/⫺ aorta
and but not in MertkKD aorta (Figure 2B).
To determine the effect of Mertk deficiency on atherosclerosis progression, aortic roots from Apoe⫺/⫺ and MertkKD;
Apoe⫺/⫺ mice were sectioned and total atherosclerotic lesional
area was measured at the end of the 10 & 16 week Western
diets. While apoptosis and efferocytosis can affect early
lesion development,2 we hypothesized that Mertk would have
a specific effect on advanced lesions.14 Consistent with this
idea, lesion area was not significantly affected in MertkKD;
Apoe⫺/⫺ mice after either diet duration, as shown in Figure 2C
and 2D. This finding enabled analysis of advanced lesions in
a manner that is independent of early lesion development and
size per se.

To detect apoptotic cells in the plaques, lesions from the 2
groups of mice were stained by the TUNEL method. In most
cases, the TUNEL stain was punctate and colocalized with or
very close to nuclei, but in some cases the TUNEL signal was
more diffuse and appeared to be associated with disrupted
cells, presumably representing relatively early- versus latestage apoptosis, respectively. As expected,19 TUNELpositive cells were of low frequency in Apoe⫺/⫺ lesions
(Figure 3A and B; supplemental Figure, available online at
http://atvb.ahajournals.org). Most importantly, lesions from
both the 10- and 16-week-fed MertkKD;Apoe⫺/⫺ mice exhibited a significant increase in intimal TUNEL-positive cells
relative to lesions from Apoe⫺/⫺ mice (P⬍0.05) (graphs at
bottom of images in Figure 3A and 3B). In the 16-week
group, additional sections were also stained for macrophages
(examples in Figure 3C), and analysis showed that ⬎90% of
TUNEL-positive cells were located within macrophage-rich
areas of the intima.
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Figure 2. Mertk expression
and aortic root lesion area
in Apoe⫺/⫺ and MertkKD;Apoe⫺/⫺ mice after 10 weeks
and 16 weeks on a
Western-type diet. A,
Immunohistochemistry for
Mertk and macrophages
was performed as
described in Materials and
Methods. The isotype control IgG was matched for
the anti-Mertk antibody.
Sections were counterstained with hematoxylin.
nec, necrotic area. B, Aortic RNA from each genotype was subjected to
RT-PCR for Mertk, as
described in Materials and
Methods. C and D, Examples of hematoxylin and
eosin-stained aortic root
sections from each group
of mice fed a Western-type
diet for either (C) 10 weeks
or (D) 16 weeks. Bar,
0.3 mm. Below each set of
sections are graphs showing the quantified lesion
area. n.s. indicates statistically nonsignificant difference between the 2 groups
of mice.

We next determined whether the accumulation of apoptotic
cells in the intima in the setting of the MertkKD mutation was
associated with increased plaque necrosis. In previous studies, we found that intimal cell apoptosis precedes plaque
necrosis,20 which is consistent with a cause-effect relationship.2,3 In the 10-week-diet mice in the current study, plaque
necrosis was not statistically different between the 2 groups
of mice (data not shown). However, in the 16-week-diet mice,
plaque necrosis was substantially and significantly increased
in the MertkKD;Apoe⫺/⫺ lesions (Figure 4). Necrotic cores and
surrounding cells stained positive with antibodies specific for
macrophages and Mertk (see Figure 2B, above).
These data are consistent with the hypothesis that noncleared apoptotic macrophages, conferred by defective

Mertk, contributes at least in part to expansion of plaque
necrosis in advanced atherosclerotic lesions. To determine
whether lesional efferocytosis is compromised in MertkKD;
Apoe⫺/⫺ lesions, we applied a previously established methodology that measures efferocytosis in situ.6,9,17,18 Specifically,
we measured the ratio of free-to-macrophage-associated apoptotic cells in lesions by staining for nuclei, TUNEL, and
macrophages. In this procedure, apoptotic bodies are detected
as TUNEL-positive nuclei, whereas macrophage efferocytes
are detected as cells having green cytoplasm. TUNELpositive nuclei that do not overlap with the green stain are
considered “free,” whereas TUNEL-positive nuclei that overlap with the green stain are considered “macrophageassociated.” The images in Figure 5A and 5B show examples
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Figure 3. TUNEL-positive
nuclei are increased in the
aortic root lesions of MertkKD;Apoe⫺/⫺ mice. TUNEL
analysis of aortic root sections from Mertk⫹/⫹;Apoe⫺/⫺
and Mertk⫺/⫺;Apoe⫺/⫺ mice
fed a Western-type diet for
either (A) 10 weeks or (B)
16 weeks. Micrographs display nuclei (blue; Hoechst),
TUNEL-positive signal (red),
and merged images. Bar,
10 m. Quantified data are
shown below the images
(*P⬍0.05). C, Similar to the
images in B, but the right
image in each group shows
merged staining for nuclei,
TUNEL, and macrophages
(green). Bar, 10 m.
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Discussion

Figure 4. Plaque necrosis is increased in the aortic root lesions
of MertkKD;Apoe⫺/⫺ mice after 16 weeks on a Western-type diet.
The images show examples of sections of hematoxylin and
eosin-stained aortic roots from each group of mice fed a
Western-type diet for 16 weeks. nec indicates necrotic areas.
Bar, 100 m. The graph shows quantification of necrotic areas
(n⫽10 per group; *P⬍0.05).

of this procedure. The upper and middle images on the left in
Figure 5A show an apoptotic body (ie, TUNEL-positive
nucleus; arrows). The bottom left image also shows a greenstained cell, which is a lesional macrophage. In this case, the
apoptotic body is in close association with the macrophage. In
contrast, the apoptotic body shown in the right column of
images in Figure 5A is not closely associated with a macrophage (“free”). Additional examples of macrophageassociated and free apoptotic cells are shown in the top and
bottom images in Figure 5B, respectively. Two independent
investigators, blinded to the identity of the samples, quantified free versus macrophage-associated apoptotic cells in
lesions from the 2 groups of mice. The final data, with
concurrence between the observers of ⬎90%, are shown in
Figure 5C. There was a 2.4-fold increase in the ratio of
free-to-macrophage-associated apoptotic cells in the lesions
from MertkKD;Apoe⫺/⫺ mice (P⬍0.05), consistent with a
marked defect in efferocytosis.

In view of the known role of Mertk in efferocytosis and our
previous observation that MertkKD phagocytes have a defect in
the ingestion of a cholesterol-induced apoptotic macrophages
in vitro,11,12,14 the data in this study provide strong support for
the hypothesis that Mertk plays an important role in efferocytosis in advanced atheromata. Moreover, the data are
consistent with the idea that defective efferocytosis in advanced atheromata leads to the accumulation of apoptotic
cells in these lesions and, eventually, to plaque necrosis.2,5,6
Importantly, this defect in Mertk does not affect plasma
lipoproteins or overall lesion size, indicating a specific effect
on advanced plaque morphology. This latter point is important, because it has been proposed that efficient efferocytosis
of apoptotic macrophages in early lesions limits early lesion
development.2 The explanation may lie in the possibility that
the type of apoptotic macrophages in early lesions favors
recognition by one or more of the many other efferocytosis
receptors described in the literature.4 Indeed, it was remarkable in our previous study that Mertk had such an important
nonredundant role in the efferocytosis of macrophages that
were rendered apoptotic by a process—accumulation of
unesterified cholesterol—that appears to be limited to advanced atherosclerotic lesions.14,21
Although the Mertk mutation had a marked effect on
efferocytosis, there were still macrophage-associated apoptotic cells in the lesions of these mice. Thus, it is almost certain
that other efferocytosis receptors play a role in advanced
atheromata. Moreover, in the context of the current study,
other possible effects of the MertkKD mutation need to be
considered. For example, cells with this mutation have a
heightened inflammatory response,14,16 and if this effect
occurs in atherosclerotic lesions, it may certainly contribute
to advanced plaque progression.22 We found no evidence of
systemic or increased aortic inflammation in these mice, but
defective efferocytosis in general is associated with increased
inflammation.4 Therefore, in the microenvironment of advanced atherosclerosis, postapoptotic cellular necrosis and
inflammation likely go hand-in-hand as consequences of
decreased efferocytosis. In a similar manner, we recently
showed that efferocytosis activates cell-survival pathways in
macrophages,23 and so defective efferocytosis may also be
intimately linked with accelerated macrophage apoptosis.
Whatever the results of future studies related to the mechanisms of Mertk in plaque progression, the data reveal the
importance of a single molecule in a critical stage in advanced
atherosclerosis, namely, expansion of the necrotic core.
The central hypothesis of this study raises the question of
mechanisms of defective efferocytosis in advanced lesions.
Investigators have proposed a number of possibilities, including oxidant stress, hypoxia, and competitive inhibition of
efferocytosis receptors by oxidized ligands.2,3 Although the
goal of the current proof-of-concept study was to use genetic
engineering to rid lesions of a known efferocytosis receptor,
it is theoretically possible that Mertk could somehow be
rendered dysfunctional in advanced atheromata. Interestingly,
the metalloproteinase TACE/ADAM17, which is expressed
in advanced lesions, has been shown to cleave the extracellular domain of Mertk into a soluble receptor that can
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Figure 5. Phagocytosis efficiency of apoptotic cells is decreased in MertkKD;Apoe⫺/⫺ plaques. A, Examples of nuclear (blue; Hoechst),
TUNEL (red), and macrophage (green) staining to differentiate macrophage-associated (left column of images) from free (right column of
images) apoptotic cells in aortic root lesions of 16-week diet-fed Apoe⫺/⫺ and MertkKD;Apoe⫺/⫺ mice, respectively. B, Examples of
merged nuclear- TUNEL- and macrophage-stained images differentiating macrophage-associated (top image) from free (bottom image)
apoptotic cells in aortic root lesions of Apoe⫺/⫺ and MertkKD;Apoe⫺/⫺ mice, respectively. Arrows indicate apoptotic bodies. C, Quantitation of the free-to-macrophage-associated ratio of apoptotic cells in the lesions of the 2 groups of mice (*P⬍0.05).

competitively bind to the Mertk/phosphatidylserine ligand
Gas6 and inhibit phagocytosis of apoptotic cells.24,25 Mertkmediated phagocytic activity might also be limited by the
availability of Gas6. In this regard, vascular smooth muscle
cells appear to be a major source of Gas6 in lesions,26,27 and
vulnerable plaques have a deficiency of smooth muscle cells
in areas of plaque disruption.28 Thus, it is possible that the
genetic manipulation carried out in this study mimics an
event that may naturally occur in very advanced lesions.
Finally, polymorphisms in the Mertk gene are associated with
abnormalities in systemic lupus erythrematosis, which is
another disease associated with defective efferocytosis.29 It
will be interesting to determine whether these polymorphisms
are also associated with increased risk for atherothrombotic
vascular disease.
Almost all humans in industrialized societies have evidence of atherosclerosis by the time they reach their teens or
twenties.30 Although most of these lesions are of the so-called
“benign” type, meaning they lack the features of vulnerable
plaques,31 those lesions that become necrotic and acquire
other vulnerable traits wreak havoc by precipitating ischemic
vascular disease.31,32 Moreover, there is an accelerating epidemic of diabetes-associated atherothrombotic vascular disease,33 and diabetic lesions are characterized by very large
necrotic cores.34 For this reason, identifying specific molecular targets and processes that affect advanced plaque necrosis is critical. In the context of this report and others,2,5,6
measures to enhance efferocytosis in general,2 or Mertk
function in particular, may lead to novel strategies to prevent
acute atherothrombotic vascular disease.
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