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Aims Macrophage apoptosis is a prominent feature of atherosclerosis, yet whether cell death-protected macrophages would
favour the resolution of already established atherosclerotic lesions, and thus hold therapeutic potential, remains
unknown.

Methods
and results

We irradiated then transplanted into Apoe2/2 or LDLr2/2 recipient mice harbouring established atherosclerotic le-
sions, bone marrow cells from mice displaying enhanced macrophage survival through overexpression of the antiapop-
totic gene hBcl-2 (Mø-hBcl2 Apoe2/2 or Mø-hBcl2 Apoe+/+ LDLr2/2). Both recipient mice exhibited decreased lesional
apoptotic cell content and reduced necrotic areas when repopulated with Mø-hBcl2 mouse-derived bone marrow cells.
In contrast, only LDLr2/2 recipients showed a reduction in plasma cholesterol levels and in atherosclerotic lesions. The
absence of significant reduction of plasma cholesterol levels in the context of apoE deficiency highlighted macrophage-
derived apoE as key in both the regulation of plasma and tissue cholesterol levels and the progression of pre-existing
lesion. Accordingly, hBcl2 expression in macrophages was associated with larger pools of Kupffer cells and Ly-6Clow

monocytes, both high producers of apoE. Additionally, increased Kupffer cells population was associated with improved
clearance of apoptotic cells and modified lipoproteins.

Conclusion Collectively, these data show that promoting macrophage survival provides a supplemental source of apoE, which hin-
ders pre-existing plaque progression.
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1. Introduction
Atherosclerosis is the main driver behind the leading cause of death
worldwide—cardiovascular disease (CVD). To date, the principal ap-
proach delaying or averting disease progression has been lowering
the level of low-density lipoproteins (LDL) via the use of high-intensity
statin therapy. Unfortunately such intensive statin therapy has been
shown to cause severe side effects in several trials.1,2 Alternative strat-
egies based on better defined molecular and cellular mechanisms able
to delay or stop the progression of established atherosclerosis are ur-
gently required.

Rupture-prone ‘vulnerable’ plaques comprise a large lipid-dense
necrotic core covered by a thin fibrous cap and contain large amounts
of inflammatory cell infiltrates. Exacerbated macrophage apoptosis and
defective efferocytosis are major contributors of this expanded necrot-
ic core.3 Indeed, macrophages that accumulate in lesions ingest choles-
terol and undergo foam cell formation, leading to their apoptosis and
ultimate failure to resolve inflammation.4,5

Macrophage apoptosis, a prominent feature of atherosclerotic pla-
ques, is detected throughout all stages of lesion progression.6 To better
understand its impact on atherosclerosis at both early and advanced
stages of lesion progression, we previously used a transgenic approach
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allowing specific protection of macrophages against apoptosis
(Mø-hBcl2 mice). With this approach, we demonstrated that promoting
macrophage survival delayed atherosclerotic plaque progression to-
wards advanced stages.7

Building on this work, we wished to examine whether macrophages
resistant to apoptosis would have a therapeutic impact on pre-existing
atherosclerotic lesions, and if so, by which mechanisms they would
achieve protection. To this end, we harvested bone marrow cells
from Mø-hBcl2 Apoe2/2 and Mø-hBcl2 Apoe+/+ mice and then respect-
ively transplanted them and their appropriate controls into irradiated
Apoe2/2 or LDLr2/2 mice with established lesions. We observed
that increased macrophage survival improved index of plaque vulner-
ability in Apoe2/2 and LDLr2/2 recipient mice. However, the presence
of apoE was necessary to regulate cholesterol levels and decrease the
progression towards advanced lesions. These results emphasize the
pivotal role played by apoE, especially monocyte/macrophage-derived
apoE that promoted cholesterol clearance both at systemic and tissue
levels. Macrophage survival associated with apoE secretion must be
considered as a putative pharmacological target for plaque regression.

2. Methods

2.1 Diet, mice, and experimental design
Males Mø-hBcl2 (Apoe+/+) LDLr2/2 and Mø-hBcl2 Apoe2/2 mice were gen-
erated in our laboratory.7 Throughout the entire study, mice were kept un-
der normal day–night cycle with free access to food and water. To
investigate the impact of increased macrophage survival on the regres-
sion/stabilization of pre-existing atherosclerotic lesions, the first step was
to favour plaque formation in both experimental models. Unlike Apoe2/2

mice, the development of atherosclerotic lesions in LDLr2/2 mice requires
dietary cholesterol supplementation that heightens hypercholesterolemia.
Thus, LDLr2/2 mice were initially fed with a western-type diet (1% choles-
terol; SAFE-Diets) for 8 weeks to allow the development of significant le-
sions. For bone marrow transplantation experiments, 14-week-old
LDLr2/2 and 25-week-old Apoe2/2 mice were subjected to medullar apla-
sia with 9 Gray total body irradiation. The same day, femoral bone marrow
was isolated from donors and 5 × 106 bone marrow cells were i.v injected
into the irradiated mice to rescue their hematopoietic system. Mice were
housed in cages under air-filtered conditions with antibiotics in water
(penicillin 100 U/mL + streptomycin 100 mg/mL) for 4 weeks. As shown
in Figure 1A and E, the Apoe2/2 and LDLr2/2 mice were then fed a chow
diet for the next 20 weeks before being euthanized for further investiga-
tions. At the time of transplantation, a group of mice were analysed and
served as the baseline group from which to judge evolution of atheroscler-
otic lesions. During experiments, mice were anaesthetized using isoflurane
(2%) and were euthanized using cervical dislocation. All animal procedures
were in accordance with institutional guidelines on Animal Experimenta-
tion and with a French Ministry of Agriculture license. Moreover, this inves-
tigation conformed to the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health or the Direct-
ive 2010/63/EU of the European Parliament.

2.2 Plasma lipid and lipoprotein fractionation
Lipoprotein assay was performed by Synelvia SAS, France. Briefly, lipopro-
teins from plasma samples were separated by size-exclusion chromatog-
raphy (SEC) with online detection of lipoprotein components. After
separation by SEC, an enzymatic derivatization was performed using an an-
nex pump to deliver an enzyme mixture which reacted specifically with to-
tal cholesterol. Total cholesterol, free cholesterol, and triglycerides (TG)
were analysed with an autoanalyser (Konelab) using commercial reagent

kits from Roche Diagnostics and Diasys, respectively. TG levels are shown
on Supplementary material online, Figure S4.

2.3 Analysis of atherosclerotic plaques and
immunofluorescence microscopy
Atherosclerotic lesions were quantified on serial cross-sections through
the aortic root by oil red O staining as previously described,8 with minor
modifications. Mice were sacrificed under isoflurane anaesthesia and per-
fused with PBS. Hearts were collected and fixed (Accustain, 10% formalin
solution, Sigma) for 30 min followed by overnight incubation in phosphate-
buffered 20% sucrose solution at 48C; hearts were subsequently embedded
in Tissue-Tek O.C.T Compound (Sakura). Approximately 30 sections,
10-mm thick, were cut through the proximal aorta, spanning the three
cusps of the aortic valves. Every third section was fixed and stained with
oil red O (0.3% in triethylphosphate) for 30 min and then counterstained
with Mayer haematoxylin for 1 min. The extent of atherosclerotic lesions
was delimited manually following oil red O staining and their surface area
was calculated using AxioVision software (Carl Zeiss Vision). Images
were captured using a Zeiss Axiovision microscope. TUNEL staining was
performed as previously described.7 Briefly, cryosections (10 mm thick)
were air-dried and fixed in 10% formalin for 20 min. Sections were then
placed for 10 min in absolute ethanol and for 2 min in 0.1 M citrate buffer
(pH 6.0). After washing, TUNEL reaction mixture (TMR Red In situ Cell
Death Detection Kit, Roche Applied Science) was added and slides were
incubated for 60 min at 378C. Macrophages were analysed by staining
with anti-CD68 mAb (AbD Serotec MCA1957) and the sections were
counterstained for nuclei with DAPI (Vector Laboratories). Necrotic cores
were defined as DAPI-negative acellular areas. Staining with Sirius red was
used to quantify collagen content. The proportion of total lumen area oc-
cupied by the atherosclerotic plaques was quantified to measure luminal
stenosis.

2.4 Flow cytometry and cell sorting
Blood was harvested through the retro-orbital plexus, collected in EDTA
tubes, and 100 ml labelled with leucocyte-specific antibodies. Red blood
cells were lysed by Optilyse C solution (Beckman Coulter). Antibodies
used for cell staining were CD45 (1:200, 30-F11), Gr1 (1:200, RB6-8C5),
CD11b (1:200, M1/70) from BD Biosciences and CD115 (1:200, AFS98)
from eBioscience.

Blood monocytes were sorted by using CD45 (1:200, 30-F11), Ly-6C
(1:200, AL-21), and CD115 (1:200, AFS98) on a MoFlo Astrios (Beckman
Coulter, Inc, Fr). Liver cells were prepared as previously described.9

Kupffer cells were digested with collagenase D (Roche Applied Science).
Low-speed centrifugation was used to pellet the hepatocytes, followed by
one centrifugation in Percoll (GE Healthcare). Liver macrophages were la-
belled with CD45 (1:200, 30-F11), CD11b (1:200, M1/70), Gr1 (1:200,
RB6-8C5), CD19 (1:200, 1D3) from BD Biosciences, CD11c (1:100
N418), CMH II IA/IE (1:100 M5/114.15.2), F4/80 (1:150 MCA497 BB)
from eBioscience, and CD64 (5:100, X54-5/7.1) from BioLegend. Stained
cells were then washed with PBS containing 1% BSA + 0.5 mM EDTA. Ac-
quisitions were obtained with LSR II Fortessa SORP flow cytometer (BD
Biosciences) and cell analyses were performed using FACSDiva software
(BD Biosciences) and FlowJo software (Tree Star).

2.5 Analysis of gene expression by real-time
PCR
RNA was extracted from frozen aortas and isolated monocytes using the
RNeasy Mini Kit (Qiagen), with a DNase step according to the manufac-
turer’s instructions. Liver RNA was prepared using NucleoSpin RNA II
kit (Macherey-Nagel).

Liver and aorta tissue homogenization was performed with a Precel-
lysw24 (Bertin Technologies). Each RNA preparation was hybridized with
random hexamer (Promega) and reverse-transcribed using SuperScriptw II
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Reverse Transcriptase (Invitrogen). Quantitative real-time reverse tran-
scriptase polymerase chain reaction (qRT-PCR) was performed to analyse
gene expression levels in aorta, monocytes, and liver. All reactions were
performed in duplicate or triplicate and the mean expression of cyclophilin
A, b-actin, and Nono, housekeeping genes were used to account for vari-
ability in the initial quantities of cDNA. In all PCR assays and for each primer
set, the expression of a control cDNA (pool of reverse-transcribed-RNA
was prepared from different mouse tissues) was included and used as an
inter-run calibrator. Oligos for real-time PCR were designed using NCBI/
Primer-BLAST and are listed in Supplementary material online, Figure S5.

2.6 Preparation of [3H]CHE-acetyl-LDL
The LDL fraction was isolated from human plasma by sequential ultracen-
trifugation using a Beckman XL70 ultracentrifuge. This purified fraction was
then acetylated at 48C using 2.5 ml of acetic anhydride and 100 ml of ice-
cold saturated sodium acetate per milligram of total protein content of
LDL. [3H]CHE-acetyl-LDL was prepared as previously described.10 Radio-
active [3H] cholesteryl hexadecyl ether (PerkinElmer) was incorporated
into acetylated-LDL from a donor liposomal particle by the action of

cholesteryl ester transfer protein (CETP). Liposomes were prepared by
mixing cholesteryl hexadecyl ether, free cholesterol (Sigma) and
L-a-phosphatidylcholine (Sigma). The mixture was thoroughly dried under
a steam of nitrogen. Then, cholate and 1 mL buffer (100 mM NaCl/10 mM
Tris–HCl/0.02% EDTA, pH 7.4) were added to dissolve the liposomes.
After removal of debris by centrifugation, [3H]CHE liposomes were incu-
bated at 378C overnight with the plasma-isolated CETP fraction and
acetylated-LDL.

Human LDL were isolated from the plasma of individual healthy normo-
lipidemic donors (Etablissement Francais du Sang, EFS). The study protocol
was approved by an Ethics Committee, and the study was conducted in ac-
cordance with the ethical principles set forth in the Declaration of Helsinki.
Written informed consent was obtained from all patients.

2.7 Kupffer cell uptake of [3H]CHE-acetyl-LDL
Clodronate-liposomes were purchased from ClodronateLiposomes.com
(the Netherlands) at the concentration of 5 mg/mL. Macrophage depletion
was achieved by intravenous injection of clodronate-liposomes11 (10 mL
liposome solution per gram of mouse). The labelled acetylated-LDL was

Figure 1 Cell death-protected macrophages efficiently hinder the progression of already advanced atherosclerotic lesions. (A,E) Experimental design.
Measurements of lesion size (B,F) and adjacent histological sections of aortic roots stained with oil red O (C,G). Data are presented as means+ SEM; with
n ¼ 9 for Apoe2/2 baseline and n ¼ 7 for LDLr2/2 baseline. At 20 weeks after irradiation, n ¼ 14 for Apoe2/2 � Apoe2/2 control group; n ¼ 17 for
Mø-hBcl-2 Apoe2/2 � Apoe2/2; n ¼ 8 for WT (Apoe+/+) LDLr2/2 � LDLr2/2; n ¼ 10 for Mø-hBcl-2 (Apoe+/+) LDLr2/2 � LDLr2/2. (D) Percentage of
lumen stenosis in the aortic root in Apoe2/2 recipients mice transplanted with Mø-hBcl2 bone marrow (n ¼ 17) compared with controls (n ¼ 14). (H )
Percentage of lumen stenosis in the aortic root in LDLr2/2 recipients mice transplanted with Mø-hBcl2 bone marrow (n ¼ 10) compared with controls
(n ¼ 8). *P , 0.05 vs. control by Mann–Whitney test. Scale bar ¼ 500 mm.
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then re-isolated. Two days after clodronate-liposome or PBS injection,
[3H]CHE-acetyl-LDL was intravenously injected and mice were separated
into individual cages before being euthanized 24 h later and samples of
blood, liver, bile, and faeces collected and counted by liquid scintillation
addition.

2.8 Western blotting
Plasma, liver, and monocytes protein were extracted in M-PER Mammalian
Protein Extraction Reagent (Thermo Scientific) and centrifuged (14 000 g
for 10 min). Equal amounts of protein for each sample were run on 4–
12% NuPAGE Bis–Tris Gel (lifetechnologies) and transferred to nitrocel-
lulose membranes. ApoE was detected using a polyclonal rabbit anti-mouse
apoE antibody (Biodesign), and revealed with either IRDye 800CW-
conjugated goat anti-rabbit (Li-Cor) at 1/5000 for 1 h. In the plasma, IgG
was revealed with an IRDye 800CW-conjugated anti-mouse (Li-Cor) at
1/5000 for 1 h. In the liver and monocytes, b-actin antibody purchased
from Santa Cruz Biotechnology was revealed with an IRDye 800CW-
conjugated anti-mouse (Li-Cor) and was utilized to assess for equal protein
loading. Western blots were performed twice for accuracy. Detection was
performed using an Odyssey infrared imaging system (Li-Cor).

2.9 Lipid analyses
Aorta and portions of liver were homogenized in chloroform–methanol
(2:1) to extract total lipids according to Folch et al.12 methodology. The or-
ganic extract was dried and reconstituted in methanol. Lipids were then sa-
ponified using 15% KOH at 608C during 1 h. Then, lipids were again
extracted using hexan-diethyl-ether (1:1). The organic extract was subse-
quently dried, reconstituted in 60 ml cyclohexane, and silylation of sterols
was performed with 40 ml of N,O-bis(trimethylsilyl)trifluoroacetamide-tri-
methylchlorosilane (99:1) at 608C during 1 h. Neutral sterols were then
quantified by GC–MS using an HP-mass spectrometer and the Hewlett
Packard ChemStation data acquisition system. Pregnanol was used as an in-
ternal standard.

2.10 Efferocytosis assay
Jurkat T cells were labelled with carboxyfluorescein diacetate succinimidyl
ester (CFSE) (10 mM) and then treated with UV light for 1 h, followed by
O/N incubation at 378C. Apoptotic Jurkat T cells (10 × 106 per mouse)
were then injected intraperitoneally in mice. Kupffer cells isolation was per-
formed 1 h after CFSE-labelled apoptotic Jurkat T cells injection, and up-
take was determined by flow cytometry.

2.11 Statistical analysis
Statistical calculations were performed using GraphPad Prism, version
6. Comparisons between groups were performed using the Mann–Whit-
ney U test. For multiple comparisons, results were analysed using one-way
ANOVA. Differences between Ly-6Clow and Ly-6Chi were analysed using
paired Student’s t-tests.

Data are presented as mean+ SEM. A difference was considered statis-
tically significant when P , 0.05.

3. Results

3.1 Increased macrophage survival limits
the progression of pre-existing lesions in an
apolipoprotein E-dependent manner
We wished to evaluate the therapeutic impact that attenuating macro-
phage apoptosis had on pre-existing atherosclerotic lesions. For this,
we harvested and transplanted into irradiated 25-week-old Apoe2/2

mice, bone marrow cells from Mø-hBcl2 Apoe2/2 and control
Apoe2/2 mice. This experimental group was then sacrificed at the

age of 45 weeks (Figure 1A). With regard to chimerism, semi-
quantitative PCR on DNA prepared from bone marrow cells isolated
from the two experimental models at sacrifice demonstrated .95%
replacement of recipient with donor bone marrow progenitors (data
not shown).

At baseline, quantification of plaque area was 0.1+ 0.01 mm2 in
25-week-old Apoe2/2 mice. Lesions in Apoe2/2 recipients progressed
over 20 weeks to 0.31+ 0.02 mm2 in mice transplanted with Apoe2/2

bone marrow and to 0.27+ 0.03 mm2 in mice transplanted with
Mø-hBcl2 Apoe2/2 bone marrow (Figure 1B and C). In addition, the per-
centage of lumen stenosis in the aortic root was not changed in
Apoe2/2 recipients mice (Figure 1D).

We used a similar approach on LDLr-deficient mice, except that
mice were first maintained on a western diet for 8 weeks to accelerate
plaque development before being irradiated and transplanted with
bone marrow cells harvested from Mø-hBcl2 Apoe+/+ LDLr2/2 and
control WT Apoe+/+ LDLr2/2 mice, before their euthanasia 20 weeks
later (Figure 1E). In LDLr2/2 recipients, lesion area at baseline was
0.16+0.01 mm2 (Figure 1F) and 20 weeks after irradiation, expression
of the hBcl2 transgene in macrophages was associated with a 24% re-
duction of aortic lesion size compared with control mice (0.34+
0.02 mm2 vs. 0.26+ 0.01 mm2; P , 0.05; Figure 1F and G). LDLr2/2 re-
cipients transplanted with Mø-hBcl2 bone marrow cells showed a 17%
decrease in stenosis compared with controls (31+1% vs. 38+ 2%, re-
spectively; P , 0.05; Figure 1H). These results suggest an essential role
played by apolipoprotein (apo)E in the atheroprotective effect of
macrophage survival on the progression of pre-existing plaque.

3.2 Increased macrophage survival hinders
the formation of necrotic cores in
pre-existing lesions independently of apoE
Considering that exacerbated apoptosis of macrophages is a main con-
tributor of necrotic core expansion and plaque instability,13,14 we as-
sessed both apoptotic cell number, by TUNEL assay, and necrotic
core area. As shown in Figure 2A, Apoe2/2 mice transplanted with
bone marrow from Mø-hBcl2 Apoe2/2 mice exhibited a significant
30% reduction in apoptotic cell content relative to control. Similarly,
the apoptotic cell content decreased by 37% in LDLr2/2 mice trans-
planted with bone marrow from Mø-hBcl2 (Apoe+/+) LDLr2/2 mice
when compared with that from control mice WT (Apoe+/+) LDLr2/2

(Figure 2F). We also noted a 32% decrease in necrotic area in
Apoe2/2 mice transplanted with bone marrow from Mø-hBcl2
Apoe2/2 mice compared with that from control mice (Figure 2B).
A similar decrease (38%) resulted following transplantation with
bone marrow cells from Mø-hBcl2 (Apoe+/+) LDLr2/2 mice compared
with controls (Figure 2G). We then wished to determine whether in-
creasing macrophage survival in established lesions affects their accu-
mulation there. We found no major differences in macrophage-rich
area in the lesions of either Apoe2/2 or LDLr2/2 recipients by compari-
son with control (0.09+ 0.01 mm2 vs. 0.09+ 0.01 mm2 in Apoe2/2

recipients, and 0.011+0.01 mm2 vs. 0.09+0.01 mm2 in LDLr2/2 re-
cipients) (Figure 2C and H ). Representative sections are shown in
Figure 2D and I. Sirius red staining revealed that lesional collagen con-
tent was similar in both groups (Figure 2E and J). Overall, we report a
significant effect of macrophage Bcl-2 expression on apoptotic cells
content and necrotic core expansion, which are both important feature
of vulnerable plaques in humans. These findings indicate that increased
macrophage survival is associated with improved indexes of lesion
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vulnerability (apoptotic cells content, necrotic core expansion),
independent of apoE.

3.3 Increased macrophage survival impact
plasma and tissue cholesterol levels
Considering the predominant impact of plasma cholesterol levels on
atherosclerotic lesion development and progression, we then assessed
whether hBcl2 expression in macrophages might alter cholesterol
homeostasis. As shown in Figure 3A, transplantation of Apoe2/2 mice
with bone marrow cells from Mø-hBcl2 Apoe2/2 mice had no effect
on total and free cholesterol as well as on plasma lipoprotein choles-
terol profiles compared with controls (Figure 3B). In contrast, relative
to controls, LDLr2/2 mice transplanted with bone marrow cells from
Mø-hBcl2 (Apoe+/+) LDLr2/2 mice exhibited significant reductions in
total cholesterol and free plasma cholesterol concentrations (215
and 217%, respectively) (Figure 3C). Interestingly, compared with
mice transplanted with bone marrow cells from WT (Apoe+/+)
LDLr2/2 mice, recipients of Mø-hBcl2 (Apoe+/+) LDLr2/2 bone marrow
cells displayed a 25% decrease in VLDL cholesterol and a 20% reduc-
tion in LDL cholesterol (Figure 3D). The lack of any significant reduction
of plasma cholesterol levels in the context of apoE deficiency led us to

hypothesize that apoE would likely play a key role in regulating plasma
cholesterol levels in response to macrophage survival. In this context,
we evaluated apoE protein levels in the plasma of LDLr2/2 mice trans-
planted with bone marrow from Mø-hBcl2 (Apoe+/+) LDLr2/2 mice and
compared it with controls. Immunoblot analysis showed similar levels
of plasma apoE in our groups (Figure 3E). The lower plasma cholesterol
levels were equally associated with a significant reduction in cholesterol
content in the aorta (230%) and the liver (219%) (Figure 3F), which
were not observed in Apoe2/2 recipient mice (data not shown). These
findings suggest a beneficial hypocholesterolemic effect of increasing
macrophage survival at the whole-body level in the presence of ApoE.

3.4 Contribution of macrophage-derived
apoE to plasma cholesterol levels and the
progression of pre-existing plaque
To evaluate whether the reduction in lesion area was mediated by
myeloid-derived apoE rather than non-myeloid-derived apoE, we
transplanted bone marrow cells from Apoe2/2 or Mø-hBcl2 Apoe2/2

mice into irradiated Apoe+/+ LDLr2/2 recipient mice (Figure 4A). The
size of aortic lesions, 20 weeks after transplantation, was similar in

Figure 2 Increased macrophage survival is associated with improved plaque stability. Analyses of apoptosis (A,F), necrosis (B,G), macrophage content
(C,H ), and collagen content (E,J ) of aortic root lesions from each experimental group. Plaque necrosis was quantified by measuring the DAPI-negative
acellular areas in the intima. Staining of macrophages (CD68) were visualized as green and nuclei staining as blue (D,I ). Staining with Sirius red was used to
quantify collagen content. Data are presented as means+ SEM; with n ¼ 14 for Apoe2/2 � Apoe2/2 control group; n ¼ 17 for Mø-hBcl-2 Apoe2/2 �
Apoe2/2; n ¼ 8 for WT (Apoe+/+) LDLr2/ 2� LDLr2/2; n ¼ 10 for Mø-hBcl-2 (Apoe+/+) LDLr2/2 � LDLr2/2. *P , 0.05, **P , 0.01 vs. control by one-
way ANOVA. Scale bar ¼ 500 mm.
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Figure 3 Effect of increased macrophage survival on lipids and plasma apoE levels. Plasma total cholesterol (TC) and free cholesterol (FC) levels in
Apoe2/2 (A) and LDLr2/2 background (C). Lipoprotein–cholesterol distribution from each experimental group (B,D). n ¼ 14 for Apoe2/2 � Apoe2/2

control group; n ¼ 17 for Mø-hBcl-2 Apoe2/2 � Apoe2/2; n ¼ 8 for WT (Apoe+/+) LDLr2/2 � LDLr2/2; n ¼ 10 for Mø-hBcl-2 (Apoe+/+) LDLr2/2 �
LDLr2/2 . (E) ApoE western blot analysis in serum of LDLr2/2 mice transplanted with Mø-hBcl-2 (Apoe+/+) LDLr2/2 (n ¼ 18) or WT (Apoe+/+) LDLr2/2

bone marrow (n ¼ 17). (F ) Cholesterol quantification in aorta and total liver using the GC-MS method with n ¼ 9 for WT (Apoe+/+) LDLr2/2 �
LDLr2/2 and n ¼ 8 for Mø-hBcl-2 (Apoe+/+) LDLr2/2 � LDLr2/2. Mean+ SEM *P , 0.05, **P , 0.01, ***P , 0.001 vs. control by Mann–Whitney test.
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Apoe+/+ LDLr2/2 mice transplanted with bone marrow from Apoe2/2

or Mø-hBcl2 Apoe2/2 mice (0.51+ 0.01 mm2 vs. 0.55+ 0.04 mm2)
(Figure 4B). In addition to lesion size, no significant change in plasma
cholesterol levels (Figure 4C), plasma lipoprotein cholesterol profiles,
liver and aorta cholesterol content was observed (data not shown).
These results indicate that apoE derived from myeloid cells expressing
hBcl2 was a key player in decreasing plasma cholesterol levels in

LDLr2/2 mice recipient of bone marrow cells from Mø-hBcl2 (Apoe+/+)
LDLr2/2 compared with WT (Apoe+/+) LDLr2/2.

3.5 Expression of hBcl2 in CD68-positive
cells enriches the pool of apoE
We next assessed whether the anti-apoptotic transgene expression
could impact macrophage numbers in the spleen, peritoneal cavity,

Figure 4 Contribution of apoE to atherosclerosis progression and cholesterol levels. (A) Experimental design. Measurements of lesion size (B) and
adjacent histological sections of aortic roots stained with oil red O. (C) Plasma total cholesterol (TC) and free cholesterol (FC) levels in Apoe2/2 �
LDLr2/2 (n ¼ 5) and Mø-hBcl-2 Apoe2/2 � LDLr2/2 mice (n ¼ 5). Mean+ SEM *P , 0.05 vs. control by Mann–Whitney test. Scale bar ¼ 500 mm.
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and liver of Apoe2/2 and LDLr2/2 recipient mice. Transplantation with
bone marrow cells from the Mø-hBcl2 mice changed neither splenic
macrophage nor peritoneal macrophage content in either model
(data not shown). However, mice expressing Mø-hBcl2 displayed in-
creased numbers of Kupffer cells (Figure 5A and B: +42% in the
Apoe2/2 recipients and Figure 5C and D: +31% in LDLr2/2 recipients).
To determine whether the transplanted bone marrow cells had repo-
pulated liver macrophages after irradiation, irradiated CD45.2+

LDLr2/2 mice were reconstituted with bone marrow isolated from
wild-type CD45.1+ mice. After 20 weeks, 80% of liver macrophages
had been replenished by donor-derived CD45.1+ cells (see Supple-
mentary material online, Figure S1A). Based on these results, we con-
cluded that the significant elevation in Kupffer cells observed in both
Apoe2/2 and LDLr2/2 irradiated mice was due to repopulation with

bone marrow cells from donor mice. As macrophages are a predomin-
ant source of apoE, we hypothesized an important role for apoE de-
rived from Kupffer cells in our study. To assess the production of
hepatic apoE, we quantified apoE mRNA and protein in the liver. As ex-
pected, liver from Mø-hBcl2 (Apoe+/+) LDLr2/2-transplanted mice pre-
sented with higher levels of either apoE mRNA and protein compared
with control mice (+33 and +18%, respectively, Figure 5E and F ). Fur-
thermore, apoE mRNA expression levels positively correlated those of
CD68 mRNA (Figure 5G), suggesting that in mice expressing Mø-hBcl2,
increased numbers of Kupffer cells might drive additional apoE produc-
tion. Altogether, these results demonstrate that expression of hBcl2 by
Kupffer cells provided an additional source of apoE together with a lar-
ger pool of Kupffer cells, which would likely favour clearance of lipo-
proteins and reduction of lipid levels.

Figure 5 Quantification of apoE-producing cells and measurement of apoE in mouse tissues. Percentages of Kupffer cells of isolated hepatic leucocytes
in Mø-hBcl-2 Apoe2/2 � Apoe2/2 (A) and Mø-hBcl-2 (Apoe+/+) LDLr2/2� LDLr2/2 (C) compared with control. (B,D) Representative dot plots of Kupf-
fer cells gating strategy. n ¼ 14 for Apoe2/2 � Apoe2/2 control group; n ¼ 17 for Mø-hBcl-2 Apoe2/2 � Apoe2/2; n ¼ 8 for WT (Apoe+/+) LDLr2/2 �
LDLr2/2; n ¼ 10 for Mø-hBcl-2 (Apoe+/+) LDLr2/2 � LDLr2/2. (E) Quantification of liver apoE mRNA expression in Mø-hBcl-2 (Apoe+/+) LDLr2/2 �
LDLr2/2 (n ¼ 8) compared to control (n ¼ 10). (F) ApoE western blot analysis in total liver cells of LDLr2/2 mice transplanted with Mø-hBcl-2 (Apoe+/+)
LDLr2/2 (n ¼ 10) or WT (Apoe+/+) LDLr2/2 bone marrow (n ¼ 12). (G) Correlation between mRNA expression levels of CD68 and apoE in the liver
(n ¼ 22). Mean+ SEM *P , 0.05, **P , 0.01 vs. control by Mann–Whitney test.
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3.6 Contribution of Kupffer cells to the
clearance of apoptotic bodies and modified
LDL
As macrophage have been referred to as professional phagocytes and
are very efficient at internalizing lipids or debris notably through vari-
ous ligand such as apoE,15,16 we assessed the capacity of Kupffer cells
expressing hBcl2 to phagocyte apoptotic cells. As shown in Figure 6A,
hBcl2+ macrophages have a comparable capacity to uptake apoptotic
cells. However, the pool of Kupffer cells in Mø-hBcl2 LDLr2/2 mice is
larger than in LDLr2/2 mice suggesting an overall better phagocytic
potential.

Our findings of increased Kupffer cell number and decreased choles-
terol levels are consistent with the increase in cholesterol levels we
previously observed in LysM Cre Bcl-xflox/flox mice in which the pool
of Kupffer cells is decreased, thus underlining an inverse correlation be-
tween Kupffer cell number and plasma cholesterol levels.17 These re-
sults indicate that Kupffer cells could have an impact on cholesterol
metabolism and notably on the clearance of atherogenic lipoproteins
by scavenger receptors, as suggested earlier.18,19 To evaluate these
possibilities, we first assessed the kinetics of acetylated-LDL clearance
in mice depleted or not in liver macrophages. For depletion, intraven-
ous injections of clodronate-liposomes were performed in LDLr2/2

mice and compared against non-depleted mice injected with control li-
posomes. The protocol used in the present investigation is outlined in
detail in Supplementary material online, Figure S2A. In preliminary ex-
periments, we characterized the kinetics of liver macrophage depletion
by flow cytometry using anti-CD68 and anti-CD64 antibodies (as
shown in Supplementary material online, Figure S2B). As a tracer, we
used a radioactive and non-hydrolyzable analogue of cholesterol ester,
[3H] cholesteryl hexadecyl ether (CHE). Upon complete Kupffer cell
depletion (2 days after clodronate injection), we injected [3H]CHE-
acetyl-LDL, as described in Section 2, 24 h after which we euthanized
the mice before collecting samples of blood, liver, bile, and faeces to
quantify cholesterol elimination/excretion. Compared with control
liposome-injected mice (PBSL), those depleted for Kupffer cells
(CLL) exhibited a 57% increase in plasma [3H]-cholesterol (Figure 6B).
While radiolabeled acetylated-LDL cholesterol mobilization in liver and
bile showed no difference between control liposome- and clodronate-
liposome-injected LDLr2/2 mice (Figure 6C and D), clodronate-liposome-
treated mice displayed a 32% reduction of [3H]-cholesterol in their feces
(Figure 6E).

Overall, these data suggest that Kupffer cell depletion reduced the
mobilization of cholesterol from plasma and reduced its removal in
the faeces. These results confirm the participation of Kupffer cells in
cholesterol homeostasis and disposal of excess from the body.

3.7 Expression of hBcl2 is associated with
Ly-6Clow monocytosis, increase production of
apoE and cholesterol accumulation in
Ly-6Clow monocytes
In addition to increased Kupffer cell numbers, both of our experimental
models displayed Ly-6Clow monocytosis. Indeed, while the number of
Ly-6Chi was unchanged, Ly-6Clow number increased by 52% in Apoe2/2

mice transplanted with bone marrow cells expressing hBcl-2 (Figure 7A)
and by 56% in LDLr2/2 mice transplanted with bone marrow cells from
Mø-hBcl2 (Apoe+/+) LDLr2/2 mice (Figure 7B) compared with control.
Low-level expression of the transgene hBcl2 in circulating monocytes
remained unchanged in both subsets (data not shown). To further val-
idate the engraftment yield of our experimental setting, we performed
an analysis of blood chimerism in CD45.2 mice transplanted with
CD45.1 bone marrow cells at 14 weeks. The flow cytometry data con-
firmed that 98% of the monocytes were donor-derived CD45.1+ cells
(see Supplementary material online, Figure S3A). We also quantified
apoE mRNA and protein levels in Ly-6Chi and Ly-6Clow monocytes
from LDLr-deficient mice isolated by cell sorting. As shown in
Figure 7C and D, Ly-6Clow monocytes expressed three-fold more
apoE mRNA and six-fold more apoE protein levels than Ly-6Chi mono-
cytes. Consistent with this finding, we found that Ly-6Clow monocytes
expressed higher levels of Abca1 and Abcg1 mRNA (Figure 7E)

Figure 6 Kupffer cell efferocytosis and cholesterol excretion. (A)
Quantification of CFSE staining in Kupffer cells from 1 h after CFSE-
labelled apoptotic Jurkat T cells injection (n ¼ 7–8 per group). (B–
E) Mice were treated with Clodronate (CLL, n ¼ 8) or PBS-containing
liposomes (PBSL, n ¼ 10), respectively. [3H]CHE-acetyl-LDL was
quantified in plasma (B), liver (C ), bile (D), and faeces (E). Results
are expressed in fold change between PBSL and CLL condition and
as a percentage of [3H] dose 3 min post-injection. Mean+ SEM
*P , 0.05 vs. control by Mann–Whitney test.
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suggesting enhanced accumulation of cholesterol in these cells. To val-
idate this hypothesis, we quantified cholesterol level in both monocytes
subsets and observed that cholesterol content was increased by 34% in

Ly-6Clow monocytes when compared with Ly-6Chi monocytes
(Figure 7F). Collectively these data show that Mø-hBcl2 models display
an increase of several potential sources of apoE, which include Kupffer

Figure 7 Increased macrophage survival is associated with Ly-6Clow monocytosis providing an additional source of apoE. Ly-6C monocyte subtype
count in Mø-hBcl-2 Apoe2/2� Apoe2/2 (A) and Mø-hBcl-2 (Apoe+/+) LDLr2/2 � LDLr2/2 (B) compared with control. n ¼ 14 for Apoe2/2 � Apoe2/2

control group; n ¼ 17 for Mø-hBcl-2 Apoe2/2 � Apoe2/2; n ¼ 8 for WT (Apoe+/+) LDLr2/2 � LDLr2/2; n ¼ 10 for Mø-hBcl-2 (Apoe+/+) LDLr2/2 �
LDLr2/2 . Mean+ SEM *P , 0.05, **P , 0.01 vs. control by Mann–Whitney test. (C) Monocyte subtypes fold expression level of apoE mRNA. (D) ApoE
western blot analysis in sorted monocytes of LDLr-deficient mice. (E) Monocyte subtypes fold expression level of Abca1 and Abcg1 mRNA. (F) Chol-
esterol quantification in monocyte subtypes using the GC-MS method. Mean+ SEM *P , 0.05, **P , 0.01, ***P , 0.001 vs. control by paired t-test
(n ¼ 4–5 per group).
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cells and monocytes (especially Ly-6Clow monocytes). These likely
contribute towards increasing cell-associated apoE, which directly or
indirectly favour turnover of lipoproteins and reverse cholesterol
transport and ultimately protect mice from plaque progression.

4. Discussion
The objectives of atherosclerosis therapy are to reduce progression of
pre-existing lesions and to stabilize unstable lesions through modifica-
tion of their cellularity and composition. Lipid-driven lesional macro-
phage death and their defective clearance actively contribute
towards instability thus highlighting the therapeutic potential of ma-
nipulating the survival of these cells.

The present study investigated the progression of pre-existing le-
sions in Apoe2/2 or LDLr2/2 mice upon repopulation with bone mar-
row cells from Mø-hBcl2 mice, in which macrophage lifespan is
increased.

Interestingly, we found that protection against macrophage cell
death by the Mø-hBcl2 transgene was able to slow down the progres-
sion of advanced lesions and reduce stenosis in LDLr2/2 mice, a phe-
nomenon that was abolished in the absence of apoE expression.
Based on these observations, we conclude that the atheroprotective
effect of macrophage survival depends on the expression of apoE by
macrophages. Despite no change in collagen content, we observed a
decrease in apoptosis and necrosis in mice transplanted with bone mar-
row cells carrying the hBcl2 transgene significant contributor to plaque
instability. These results suggest that whatever the model of hyperchol-
esterolemia, limiting macrophage cell death could decrease features of
advanced plaque morphology. Our findings are consistent with those of
Thorp et al. and Seimon et al., which used reverse strategies that pro-
moted macrophage apoptosis in Apoe-deficient mice lacking either
Bcl220 or p38a.21 Of note, increased lesional apoptosis and necrosis
in these models had no major impact on the lesion size in the context
of apoE deficiency.

However, while macrophage apoptosis decreased, lesional macro-
phage content remained unchanged in both of our recipient mouse
models, suggesting that other mechanisms regulate macrophage plaque
burden.22 The processes that determine macrophage cellularity within
lesions include two factors that promote the accumulation of these
cells—monocyte/macrophage entry and macrophage proliferation—
and two features that lead to their depletion—macrophage death
and macrophage egress. Of these mechanisms, we can hypothesize
that monocyte recruitment or local monocyte/macrophage prolifer-
ation is reduced.23,24 Alternatively, as the disease progresses, defective
efferocytosis and the ensuing accumulation of apoptotic macrophages
would promote plaque necrosis and instability.6,25,26 The probability of
an egression process occurring is very unlikely as it would necessitate a
large decrease in cholesterol levels, which we did not achieve in our
model. Indeed, in a model of aortic transplantation, regression of
pre-existing lesion was only achievable in a normolipidemic recipient
context.27–29

Consistent with the decrease in the size of atherosclerotic lesions,
LDLr2/2 mice transplanted with bone marrow cells expressing hBcl2
displayed significantly lower plasma levels of total and free cholesterol
compared with control mice. We also observed a decrease in VLDL
and LDL cholesterol, suggesting a better clearance of these atherogenic
lipoproteins. The atheroprotective phenotype was reflected by lower
accumulation of cholesterol in the liver and in the whole aorta. Such
differences in atherosclerosis development and lipid profile between

Apoe2/2 and LDLr2/2 background support a crucial role of apoE (espe-
cially macrophage-derived apoE) in this process as shown earlier.30– 33

This was further supported by the fact that plasma cholesterol levels
and lesion progression were unchanged in LDLr2/2 mice transplanted
with bone marrow cells isolated from Apoe2/2 or Mø-hBcl2 Apoe2/2

mice.
In our transgenic model, as a consequence of hBcl2 overexpression,

a larger pool of Kupffer cells would contribute to enhanced production
of macrophage-derived apoE in the whole liver that would subsequent-
ly improve liver-mediated uptake of cholesterol-rich lipoproteins
resulting in lower cholesterol levels. These mechanisms were inde-
pendent of significant changes in plasma circulating levels of apoE in
contrast to other regression studies that have shown that the injection
of recombinant virus containing human apoE or transduction of apoE-
deficient bone marrow with apoE-containing retroviral constructs, into
mice deficient in apoE34 – 36 helps reduce plasma lipids37 and athero-
sclerotic lesions through systemic supply of apoE.

The decrease in plasma cholesterol levels observed in Mø-hBcl2
(Apoe+/+) LDLr2/2 � LDLr2/2 mice was due to macrophage-derived
apoE expression, as validated by the lack of such decrease following
transplantation of bone marrow cells from Apoe2/2 or Mø-hBcl2
Apoe2/2 mice. In agreement with these results, adoptive transfer stud-
ies have shown the pro-atherogenic effect of the absence of
macrophage-derived apoE.38 Inversely, even a 2–10% restoration of
plasma apoE levels by transplanted macrophages from Apoe+/+

mice31,39,40 or hypomorphic apoE mice41 is sufficient to normalize plas-
ma cholesterol levels and prevent the formation of atherosclerosis in
Apoe2/2 mice.

Interestingly, in our experimental condition, the expression of hBcl-2
in macrophages was associated with an increase in liver Kupffer cells
and circulating Ly-6Clow monocytes in both models of hypercholester-
olemia. As Ly-6Clow monocytes are derived from short-lived Ly-6Chigh

monocytes independently in bone marrow and blood and that Ly-6
Chigh blood monocytes are obligatory precursors of steady-state Ly-6
Clow monocytes.42 In this context, it can be hypothesized that the en-
hanced pool of Ly-6Clow monocytes in our models results from a loss
of expression of the Ly-6C by Ly-6Chi monocytes due to their poor re-
cruitment to inflammatory sites, a notion which is supported by the
macrophage cellularity (discussed above).

Macrophages and monocytes are major sources of apoE. Among
monocytes, Ly-6Clow expressed three-fold more apoE than Ly-6Chi

suggesting that, in our model, the increase in different sources of
apoE might underlie the atheroprotective effect. ApoE secretion in
the plaque by local macrophages has been proposed as a protective
process that prevents foam cell formation by stimulating efflux of
free cholesterol from the cholesterol-loaded macrophages and/or by
facilitating reverse cholesterol transport from the artery wall.43 Con-
sistently, our data suggest that Kupffer cells expressing the transgene
hBcl2 produced more apoE than controls, which would support chol-
esterol exchanges in an autocrine/paracrine manner.44

Consistent with increased levels of apoE in Ly-6Clow monocytes
compared with the Ly-6Chi monocytes, we have observed a significant
increase in Abca1 and Abcg1 mRNA expression, which is in agreement
with higher intracellular cholesterol content in Ly-6Clow monocytes
and targeting of LXR genes.

In addition to their known functions in metabolic waste disposal
for metabolites of the blood compartment,45 we have here demon-
strated that Kupffer cells play a role in the clearance of atherogenic li-
poproteins. In the absence of liver macrophages, radiolabelled
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acetylated-LDL injected into mice depleted for Kupffer cells accumu-
lated in the blood and was less well excreted in the faeces. The inverse
correlation between Kupffer cell number and plasma cholesterol level
implied here is consistent with the increase in plasma cholesterol levels
we observed in a former study using LysM Cre Bcl-xflox/flox mice in
which the pool of Kupffer cells is depleted.17 Taken together, these ob-
servations indicate that mononuclear phagocytes may directly or indir-
ectly influence cholesterol homeostasis.

In conclusion, our data show that increasing macrophage lifespan
through hBcl-2 expression is associated with an increase in two specific
cell populations: Kupffer cells and monocytes. We demonstrated that
Kupffer cells and apoE are critical to lipoprotein clearance and contribute
towards cholesterol removal. We also identified Ly-6Clow monocytes as
an important source of apoE. Collectively, these findings introduce a new
dimension to our understanding of how macrophage survival links chol-
esterol metabolism to monocyte and macrophage functions in athero-
sclerosis susceptibility. The insights gained from this analysis support
the therapeutic potential of targeting macrophage survival to improve
plaque stability and control systemic cholesterol levels.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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Conflict of interest: none declared.

Funding
This work was supported by an Award to P.L. from Fondation de France.
P.L. gratefully acknowledges financial support provided by Region
Ile-de-France CODDIM.

References
1. Nissen SE, Nicholls SJ, Sipahi I, Libby P, Raichlen JS, Ballantyne CM, Davignon J, Erbel R,

Fruchart JC, Tardif JC, Schoenhagen P, Crowe T, Cain V, Wolski K, Goormastic M,
Tuzcu EM, ASTEROID Investigators. Effect of very high-intensity statin therapy on re-
gression of coronary atherosclerosis—the ASTEROID trial. J Am Med Assoc 2006;295:
1556–1565.

2. Crouse JR, Raichlen JS, Riley WA, Evans GW, Palmer MK, O’Leary DH, Grobbee DE,
Bots ML. Effect of rosuvastatin on progression of carotid intima-media thickness in low-
risk individuals with subclinical atherosclerosis: the METEOR trial. J Am Med Assoc 2007;
297:1344–1353.

3. Silvestre-Roig C, de Winther MP, Weber C, Daemen MJ, Lutgens E, Soehnlein O. Ath-
erosclerotic plaque destabilization: Mechanisms, models, and therapeutic strategies.
Circ Res 2014;114:214–226.

4. Swirski FK, Nahrendorf M. Leukocyte behavior in atherosclerosis, myocardial infarc-
tion, and heart failure. Science 2013;339:161–166.

5. Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic balance. Nat
Rev Immunol 2013;13:709–721.

6. Tabas I. Consequences and therapeutic implications of macrophage apoptosis in ath-
erosclerosis: the importance of lesion stage and phagocytic efficiency. Arterioscler
Thromb Vasc Biol 2005;25:2255–2264.

7. Gautier EL, Huby T, Witztum JL, Ouzilleau B, Miller ER, Saint-Charles F, Aucouturier P,
Chapman MJ, Lesnik P. Macrophage apoptosis exerts divergent effects on atherogen-
esis as a function of lesion stage. Circulation 2009;119:1795–U1186.

8. Gautier EL, Huby T, Saint-Charles F, Ouzilleau B, Pirault J, Deswaerte V, Ginhoux F,
Miller ER, Witztum JL, Chapman MJ, Lesnik P. Conventional dendritic cells at the cross-
roads between immunity and cholesterol homeostasis in atherosclerosis. Circulation
2009;119:2367–2375.

9. Gautier EL, Shay T, Miller J, Greter M, Jakubzick C, Ivanov S, Helft J, Chow A, Elpek KG,
Gordonov S, Mazloom AR, Ma’ayan A, Chua WJ, Hansen TH, Turley SJ, Merad M,
Randolph GJ, Consortium IG. Gene-expression profiles and transcriptional regulatory
pathways that underlie the identity and diversity of mouse tissue macrophages. Nat Im-
munol 2012;13:1118–1128.

10. Le Goff W, Settle M, Greene DJ, Morton RE, Smith JD. Reevaluation of the role of the
multidrug-resistant p-glycoprotein in cellular cholesterol homeostasis. J Lipid Res 2006;
47:51–58.

11. Stienstra R, Saudale F, Duval C, Keshtkar S, Groener JE, van Rooijen N, Staels B,
Kersten S, Muller M. Kupffer cells promote hepatic steatosis via interleukin-1beta-
dependent suppression of peroxisome proliferator-activated receptor alpha activity.
Hepatology 2010;51:511–522.

12. Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification
of total lipides from animal tissues. J Biol Chem 1957;226:497–509.

13. Stoneman VE, Bennett MR. Role of apoptosis in atherosclerosis and its therapeutic
implications. Clin Sci (Lond) 2004;107:343–354.

14. Bentzon JF, Otsuka F, Virmani R, Falk E. Mechanisms of plaque formation and rupture.
Circ Res 2014;114:1852–1866.

15. Yancey PG, Blakemore J, Ding L, Fan D, Overton CD, Zhang Y, Linton MF, Fazio S.
Macrophage LRP-1 controls plaque cellularity by regulating efferocytosis and Akt
activation. Arterioscler Thromb Vasc Biol 2010;30:787–795.

16. Grainger DJ, Reckless J, McKilligin E. Apolipoprotein E modulates clearance of
apoptotic bodies in vitro and in vivo, resulting in a systemic proinflammatory state in
apolipoprotein E-deficient mice. J Immunol 2004;173:6366–6375.

17. Shearn AI, Deswaerte V, Gautier EL, Saint-Charles F, Pirault J, Bouchareychas L,
Rucker EB III, Beliard S, Chapman J, Jessup W, Huby T, Lesnik P. Bcl-x inactivation in
macrophages accelerates progression of advanced atherosclerotic lesions in
Apoe(2/2) mice. Arterioscler Thromb Vasc Biol 2012;32:1142–1149.

18. Van Eck M, De Winther MP, Herijgers N, Havekes LM, Hofker MH, Groot PH, Van
Berkel TJ. Effect of human scavenger receptor class A overexpression in bone marrow-
derived cells on cholesterol levels and atherosclerosis in ApoE-deficient mice. Arterios-
cler Thromb Vasc Biol 2000;20:2600–2606.

19. Pieters MN, Esbach S, Schouten D, Brouwer A, Knook DL, Van Berkel TJ. Cholesteryl
esters from oxidized low-density lipoproteins are in vivo rapidly hydrolyzed in rat Kupf-
fer cells and transported to liver parenchymal cells and bile. Hepatology 1994;19:
1459–1467.

20. Thorp E, Li Y, Bao L, Yao PM, Kuriakose G, Rong J, Fisher EA, Tabas I. Brief report: in-
creased apoptosis in advanced atherosclerotic lesions of Apoe2/2 mice lacking
macrophage Bcl-2. Arterioscler Thromb Vasc Biol 2009;29:169–172.

21. Seimon TA, Wang Y, Han S, Senokuchi T, Schrijvers DM, Kuriakose G, Tall AR,
Tabas IA. Macrophage deficiency of p38alpha MAPK promotes apoptosis and plaque
necrosis in advanced atherosclerotic lesions in mice. J Clin Invest 2009;119:886–898.

22. Randolph GJ. Mechanisms that regulate macrophage burden in atherosclerosis. Circ Res
2014;114:1757–1771.

23. Swirski FK, Libby P, Aikawa E, Alcaide P, Luscinskas FW, Weissleder R, Pittet MJ. Ly-6
Chi monocytes dominate hypercholesterolemia-associated monocytosis and give rise
to macrophages in atheromata. J Clin Invest 2007;117:195–205.

24. Robbins CS, Hilgendorf I, Weber GF, Theurl I, Iwamoto Y, Figueiredo JL, Gorbatov R,
Sukhova GK, Gerhardt LM, Smyth D, Zavitz CC, Shikatani EA, Parsons M, van
Rooijen N, Lin HY, Husain M, Libby P, Nahrendorf M, Weissleder R, Swirski FK. Local
proliferation dominates lesional macrophage accumulation in atherosclerosis. Nat Med
2013;19:1166–1172.

25. Schrijvers DM, De Meyer GR, Herman AG, Martinet W. Phagocytosis in atheroscler-
osis: molecular mechanisms and implications for plaque progression and stability. Car-
diovasc Res 2007;73:470–480.

26. Thorp E, Tabas I. Mechanisms and consequences of efferocytosis in advanced athero-
sclerosis. J Leukoc Biol 2009;86:1089–1095.

27. Llodra J, Angeli V, Liu J, Trogan E, Fisher EA, Randolph GJ. Emigration of monocyte-
derived cells from atherosclerotic lesions characterizes regressive, but not progressive,
plaques. Proc Natl Acad Sci USA 2004;101:11779–11784.

28. Chereshnev I, Trogan E, Omerhodzic S, Itskovich V, Aguinaldo JG, Fayad ZA, Fisher EA,
Reis ED. Mouse model of heterotopic aortic arch transplantation. J Surg Res 2003;111:
171–176.

29. Trogan E, Fayad ZA, Itskovich VV, Aguinaldo JG, Mani V, Fallon JT, Chereshnev I,
Fisher EA. Serial studies of mouse atherosclerosis by in vivo magnetic resonance im-
aging detect lesion regression after correction of dyslipidemia. Arterioscler Thromb
Vasc Biol 2004;24:1714–1719.

30. Linton MF, Hasty AH, Babaev VR, Fazio S. Hepatic apoE expression is required for rem-
nant lipoprotein clearance in the absence of the low density lipoprotein receptor. J Clin
Invest 1998;101:1726–1736.

31. Boisvert WA, Spangenberg J, Curtiss LK. Treatment of severe hypercholesterolemia in
apolipoprotein E-deficient mice by bone marrow transplantation. J Clin Invest 1995;96:
1118–1124.

32. Bellosta S, Mahley RW, Sanan DA, Murata J, Newland DL, Taylor JM, Pitas RE.
Macrophage-specific expression of human apolipoprotein E reduces atherosclerosis
in hypercholesterolemic apolipoprotein E-null mice. J Clin Invest 1995;96:2170–2179.

33. Linton MF, Atkinson JB, Fazio S. Prevention of atherosclerosis in apolipoprotein
E-deficient mice by bone marrow transplantation. Science 1995;267:1034–1037.

34. Potteaux S, Gautier EL, Hutchison SB, van Rooijen N, Rader DJ, Thomas MJ,
Sorci-Thomas MG, Randolph GJ. Suppressed monocyte recruitment drives macro-
phage removal from atherosclerotic plaques of Apoe2/2 mice during disease regres-
sion. J Clin Invest 2011;121:2025–2036.

L. Bouchareychas et al.122
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article-abstract/108/1/111/265664 by Biom
edical Library user on 11 D

ecem
ber 2019

http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv177/-/DC1


35. Hasty AH, Linton MF, Brandt SJ, Babaev VR, Gleaves LA, Fazio S. Retroviral gene ther-
apy in ApoE-deficient mice: ApoE expression in the artery wall reduces early foam cell
lesion formation. Circulation 1999;99:2571–2576.

36. Tsukamoto K, Tangirala R, Chun SH, Pure E, Rader DJ. Rapid regression of atheroscler-
osis induced by liver-directed gene transfer of apoe in apoe-deficient mice. Arterioscler
Thromb Vasc Biol 1999;19:2162–2170.

37. Kashyap VS, Santamarina-Fojo S, Brown DR, Parrott CL, Applebaum-Bowden D,
Meyn S, Talley G, Paigen B, Maeda N, Brewer HB Jr. Apolipoprotein e deficiency in
mice: gene replacement and prevention of atherosclerosis using adenovirus vectors.
J Clin Invest 1995;96:1612–1620.

38. Fazio S, Babaev VR, Murray AB, Hasty AH, Carter KJ, Gleaves LA, Atkinson JB,
Linton MF. Increased atherosclerosis in mice reconstituted with apolipoprotein E
null macrophages. Proc Natl Acad Sci USA 1997;94:4647–4652.

39. vanEck M, Herijgers N, Yates J, Pearce N, Hoogerbrugge PM, Groot PHE,
vanBerkel TJC. Bone marrow transplantation in apolipoprotein E-deficient mice: effect
of ApoE gene-dosage on serum lipid concentrations, (beta)VLDL catabolism, and ath-
erosclerosis. Atherosclerosis 1997;134:236–237.

40. Fazio S, Atkinson JB, Lee HJ, Delzell JA, Parsh N, Brantley DM, Linton MF. Prevention
of atherosclerosis by bone-marrow transplantation in apoe deficient mice. J Cell
Biochem 1995;363–363.

41. Gaudreault N, Kumar N, Olivas VR, Eberle D, Rapp JH, Raffai RL. Macrophage-specific
ApoE gene repair reduces diet-induced hyperlipidemia and atherosclerosis in hypo-
morphic apoe mice. PLoS One 2012;7:e35816.

42. Yona S, Kim KW, Wolf Y, Mildner A, Varol D, Breker M, Strauss-Ayali D, Viukov S,
Guilliams M, Misharin A, Hume DA, Perlman H, Malissen B, Zelzer E, Jung S. Fate map-
ping reveals origins and dynamics of monocytes and tissue macrophages under homeo-
stasis. Immunity 2013;38:79–91.

43. Zanotti I, Pedrelli M, Poti F, Stomeo G, Gomaraschi M, Calabresi L, Bernini F. Macro-
phage, but not systemic, apolipoprotein E is necessary for macrophage reverse choles-
terol transport in vivo. Arterioscler Thromb Vasc Biol 2011;31:74–80.

44. Dove DE, Linton MF, Fazio S. ApoE-mediated cholesterol efflux from macrophages:
separation of autocrine and paracrine effects. Am J Physiol Cell Physiol 2005;288:
C586–e35592.

45. Crispe IN. The liver as a lymphoid organ. Annu Rev Immunol 2009;27:147–163.

Macrophage survival on established atherosclerosis 123
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article-abstract/108/1/111/265664 by Biom
edical Library user on 11 D

ecem
ber 2019



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


