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Abstract

Atherosclerosis is a multistage disease promoted by cholesterol accumulation in the
macrophages recruited in the subendothelial space. Despite the fact that apolipoprotein E (ApoE)
released by infiltrated macrophages promotes cholesterol efflux, this process is not sufficient to
preclude the progression of atherogenesis, especially since apoE gene expression is down regulated in
the inflammatory environment at the lesional site. The purpose of this study was to test whether
increased amounts of apoE released in situ would revert the atherogenic phenotype. To this aim, RAW
264.7 murine macrophages were stably transfected with the human apoE3 isoform and characterized
for the main monocyte/macrophage markers and for human apoE expression. Afterwards, the apoE
overexpressing cells were transplanted into apoE deficient mice previously fed with a high fat diet for
one month. The post-mortem quantification of the aortic plaques area revealed a significant decrease in
the mice transplanted with ApoE-expressing RAW 264.7 cells (4.14 = 0.86 mm?), as compared with
those transplanted with unmodified RAW 264.7 cells (6.047 + 1.43 mm?®) or those who received vehicle
only (6.33 + 0.62mm?). Taken together, our results sustain the involvement of apoE released by
transplanted macrophages in the regression of the atherosclerotic plaque.
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1. Introduction

Atherosclerosis is a progressive disorder of large and medium-size arteries. At present,
there are several theories regarding atherogenesis, ranging from the lipid hypothesis that
considers hyperlipidemia as a major cause of the disease, to complex multifactorial processes
(1,2,3). The latter theory involves, besides dyslipidemia and endothelial activation and injury,
an inflammatory process having major impact in all stages of atherogenesis. Monocytes
adhesion and migration as well as endothelial activation are the initial events of the
atherosclerotic plaque formation (4,5). Then, when the plaque develops, a number of cellular
actions take place: smooth muscle cell migration, leukocyte infiltration in the subendothelial
space followed by their activation, etc. All of these processes are accompanied by the
accumulation of lipids (cholesterol, cholesteryl esters) leading to foam cell formation. The
cells have certain means to fight against the intracellular lipid accumulation. Among the most
important proteins involved in the cholesterol efflux are the transportersABCA1 and ABCGl,
scavenger receptors (SR-A1 and SR-B1), and apolipoprotein E secreted at the level of the
atherosclerotic lesion.
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Apolipoprotein E (ApoE), a glycoprotein of 34 kDa, is a major component of the
lipoprotein transport system playing important roles in lipid metabolism. The three isoforms
of human ApoE (ApoE2, ApoE3, and ApoE4) have different binding affinities (e.g. for lipids,
LDL receptor) and thus there are some alterations in the lipoprotein metabolism correlated to
apoE polymorphism, as recently reviewed (6). ApoE2, the isoform with the lowest lipid
affinity, is considered a risk factor for cardiovascular diseases (7).ApoE4 is considered a risk
factor for Alzheimer’s disease due to its low affinity for B-amyloid (8), while ApoE3 is
considered the normal variant. ApoE deficiency results in atherosclerosis, a phenomenon
described since 1981 (9). At the site of the atherosclerotic lesion, ApoE is provided by the
macrophages found in the vascular wall. We have previously established that inflammatory
conditions (similar to those found at the atherosclerotic site) trigger the down regulation of
the endogenous apoE gene expression in macrophages (10), suggesting that the local
beneficial effect of ApoE may be impaired during plaque development. As a result, despite
the fact that macrophages are present in the lesion, their ability to regress atherosclerosis
appears to be seriously compromised. Based on these findings, we hypothesized that
increasing local concentration of ApoE at the site of atherosclerotic plaque would provide
significant benefits in the fight against atherosclerosis. Targeting modified
monocytes/macrophagesat the atherosclerotic plaques is based on the physiological monocyte
infiltration in the atherosclerotic plaque. Here we report that the transplant of RAW264.7
murine monocytes/macrophages stably expressing human ApoE3 in atherosclerotic mice
accelerates the cholesterol efflux, event accompanied by plaque regression.

2. Materials and methods

All the restriction enzymes (Fast Digest type) were from Thermo Scientific. DMEM and
fetal calf serum (FCS) were from Euroclone, Fugene HD from Promega, pLNCX was from
Clontech, total RNA isolation kit from Analytik Jena (Analytik Jena, AG, Germany), High
Capacity cDNA Reverse transcription kit from Applied Biosystems, the primers were from
Metabion, anti-human apoE antibodies were from IBL, Japan. ECL kit was from Thermo
Scientific. Midori Green was from Nippon Genetics Europe (Germany). The kits for serum
lipids determination were from Dialab (Austria). Enhanced Chemiluminescence plus detection
kit was from Pierce. All the other chemicals and reagents were purchased from Sigma.

2.1. Plasmids. The plasmid containing the human apoE3 gene was obtained by sub-
cloning the apoE3 cDNA in the vector pPLNCX (Clontech). For this, cDNA encoding human
apoE3 was cut out with BamHI and EcoRI restriction enzymes from the plasmid pLION-
apoE-HRP, described in (11) and sub-cloned in the BamHI /EcoRI site of pRKS vector
(Addgene). Then, apoE3 cDNA was excised using Clal and HindIII restriction enzymes and
cloned in Clal / HindIII site of pLNCX, obtaining the plasmid pLNCApoE3.

2.2. Cell culture and stable transfection. RAW264.7 mouse macrophages, kindly
provided by Prof. C. Tsatsanis (University of Crete Medical School, Heraklion, Greece), were
grown in DMEM culture medium containing 1%o glucose, and supplemented with 10% FCS,
100 pg/ml penicillin and 100 pg/ml streptomycin at 37°C in a 5% CO: incubator. Twenty
hours before transfection, the cells were plated at 80% confluence. RAW264.7 cells stable
transfection was performed by lipofection with pLNCApoE3 plasmid and Fugene HD
(Promega), according to the manufacturer’s protocol. After 48 hours, the medium was
replaced with fresh DMEM, supplemented with 10% fetal calf serum and 500pg/ml G418.
The positive clones were selected in three weeks, tested for ApoE expression and further used
in experiments.
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2.3. Gene expression assay (RT-PCR). Total RNA isolation and synthesis of cDNA
from total RNA were performed with commercial kits, following the manufacturer’s
instructions. The resulted cDNA was used as template in PCR reactions performed in order to
detect the expression level of the following genes: human apoE, mouse apoE, Ly6c, CDI1 1a,
CDI11b, CD62L, CCR2, CD45, CD68, and GAPDH. The primers used in PCR and the size of
the corresponding products are described in Table 1. The resulted PCR fragments were
visualized after electrophoresis on 1% agarose gel by staining with Midori Green.

Table 1. Primers used for gene expression quantification by RT-PCR
and the length of the corresponding PCR products in base pairs (bp)

Gene Forward Reverse PCR product
CDlla CTCTCCGTCTCCTTCAACAGCAG | CCTCCATCAGCCTCCATCTTCTCC 261
CD11b GCTGCTAATGGGTCCTTCTCTGG | ACTGAACATCTCTGCTGGCTTTCC 227
Lyé6e TTCTGCCCTGCTGGTGTGCC TTCCACACACTATCCCCACATTG 289
CCR2 GCCATCTCTGACCTGCTCTTCC | CAAACACAGCCACCACCCAAGT 259
CD68 AGCCCAAGGAACAGAGGAAGAC | GTGGGAGAAACTGTGGCATGAG 243
CD45 TCATACAGGAGTTGGAGGACAC | GCAATCATCATTTCTGGTTTCC 245
CD62L CCCTCTTCATTCCTGTAGCC TCCTTCCAGATTCGTTGAGCA 261
:lp(:;:se ACAGATCAGCTCGAGTGGCAAA | ATCTTGCGCAGGTGTGTGGAGA 389
L‘;‘;‘l‘;“ CCAGCGGAGGTGAAGGAC CGCTTCTGCAGGTCATCG 586
GAPDH | ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 452

2.4. Western blot. ApoE-expressing RAW264.7 cells (ApoE-RAW) and control cells
were homogenized in Laemmli buffer, and equal amounts of proteins were separated on 12%
SDS-PAGE and transferred onto nitrocellulose membrane. The human ApoE was probed with
an anti-ApoE antibody, followed by a secondary antibody labeled with HRP (horseradish
peroxidase), and visualized with the Enhanced Chemiluminescence plus detection kit was
from Pierce. The images were taken with Fujifilm LAS-4000 Luminescent Image Analyzer
Cooled CCD Camera. Digital images were quantified with Total Lab Quant software
(Nonlinear Dynamics).

2.5. Experimental animals. All the animals enrolled in this study were housed in a
specific pathogen free medium with free access to water and standard rodent chow. We have
done all the efforts to minimize the number of the animals used in this study, and to avoid
their suffering. Animal handling and experimental protocols were in accordance with the
Directive 2010/63/EU of the European Council, and have been approved by the Ethical
Committee of the Institute of Cellular Biology and Pathology “N. Simionescu” (Bucharest,
Romania).

Fifteen female apoE” mice (10 weeks old) were fed for 4 weeks with high fat diet
(rodent chow enriched with 1% cholesterol and 15 % saturated fats) in order to accelerate the
atherosclerotic process. Then, the animals were randomly divided into three groups, each
containing five animals: (i) control, RAW, and ApoE-RAW. The mice were injected
intravenously (in the lateral tail vein) twice a week, for two weeks, with: 200 uL. RPMI
(control group), 200 uL suspension of ~ 230000 RAW 264.7 cells in RPMI (RAW group), or
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200 pL suspension of ~ 230000 apoE3-expressing RAW 264.7 cells in RPMI (ApoE-RAW
group). During the treatment and afterwards (until the end of experiment), the mice received
standard rodent chow. Three weeks after the last injection, the mice were anesthetized, the left
ventricle was cannulated and the blood was removed by perfusion with saline phosphate
buffer (PBS, 137 mM NaCl, 2.7 mM KCI, 10mM Na:HPOs4, 1.8mM KH2PO4) supplemented
with 5.5 mM D-glucose, 1 mM CaClz, and 0.5 mM MgClz in order to preserve the aortic
tissue structure. After blood removal, the animals were perfused with 4% paraformaldehyde
in PBS, and then the aortas were isolated. The experimental design is schematically
represented in Figure 1.

e

Four weeks Two weeks Three weeks " Aortas were harvested

of high fat diet of treatment post-transplant period and the atherosclerotic
(four intravenous plaques were quantified
injections)

Figure 1. The schematic view of the experimental design. After four weeks of atherogenic diet, the apoE

deficient mice were injected four times during two weeks with apoFE stably transfected or non-transfected RAW

264.7 cells or vehicle alone (as control). After a period of three weeks, the animals were sacrificed and the aortas
were isolated and analyzed.

2.6. Atherosclerotic plaque quantification. The aortas were placed in black silicone
coated Petri dishes, washed three times with PBS and the adventitial tissue and lipids were
removed. The aortas were open longitudinally, pinned down the edges, and the luminal face
was exposed. After 1h incubation in 0.3% Oil Red O solution in 60% isopropanol, the aortas
were washed three times with 60% isopropanol. The images were taken with a Stemi2000
microscope (Zeiss, Austria) equipped with a digital camera.

2.7. The assessment of the aortic lesion. The digital images (8 — bit color) were used
for atherosclerotic plaque measurements with Image J software (www.imagej.nih.gov). The
lesion area was measured and expressed as percent of the surface area (the entire aorta).

2.8. Serum lipid determination. Total serum cholesterol, as well as cholesterol from
HDL (high-density lipoprotein), LDL (low-density lipoprotein) fractions were measured with
corresponding kits, by a semi-micro method, in 96-well plates read with a
SpectraMax340PC(Molecular Devices), according to the manufacturer’s instructions.

2.9. Statistical analysis. The data were expressed as means + standard error of the
mean (SEM). Statistical analysis was done by one-way ANOVA test and the results were
considered statistically significant only for p < 0.05.

3. Results

3.1. Stably transfected RAW 264.7 cells highly express human apoE3 and maintain
the cellular markers. In order to induce stable expression of human ApoE3 isoform in RAW
264.7 cells, the plasmid pPLNCApoE containing apoE3 cDNA in pLNCX vector was obtained
and used in lipofection experiments. The transfected RAW 264.7 cells were selected based on
their resistance to geneticin (G418), and checked for the expression of specific cellular
markers (CD11a, CD11b, Ly6C, CCR2, CD45, CD68, and CD62L), as well as for the level of
mouse ApoE and human ApoE3 at mRNA and protein level. The results of RT-PCR
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experiments showed non-altered gene expression of the mouse CD11a, CD45, CD68, CCR2
as illustrated in Figure 2A.By contrast, CD11b was slightly decreased and Ly6C was
increased in the apoE3-transfected RAW264.7cells (Figure 2A, lane ‘ApoE-R’) as compared
with the non-transfected ones (Figure 2A, Ctr-R). CD62L and murine apoE mRNA levels are
very low, both in the control and transfected cells (Figure 2B, ‘control’ and ‘apoE-RAW’
lanes, respectively), while human mRNA ApoE3 level was detected only in the transfected
cells (Figure 2A, ‘control’ and ‘ApoE-RAW’ lanes, respectively). As evidenced by Western
blot, transfected RAW264.7 cells expressed a high level of human ApoE3 protein, and there
was no cross-reactivity to mouse protein, as verified in the control cells (Figure 2B). Taken
together, these data showed that the stable transfection with pLNCApoE does not alter the
cellular phenotype and does induce human ApoE expression.

A Ctr-R ApoE-R M Cir-R ApoE-R

M
Figure 2. Characterization of the apoE-transfected RAW

264.7 cells (ApoE-R) and control RAW 264.7 cells (Ctr-
— GAPDH R). A) The expression of some cellular markers (CD11a,
CD11b, Ly6C, CR2, CD68, CD45, and CD62L), mouse
ApoE, human ApoE and GAPDH was tested by RT-PCR. M

represents the band of 450 bp of the DNA ladder. B) The
human ApoE (right panel) and actin (left panel) protein
expression assessed by Western blot in transfected
| —— actin RAW264.7 cells.

CD11a
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CD68 CD45
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B
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3.2. The transplantation of the ApoE-expressing macrophages in apoE’ mice
contributes to the decrease of the atherosclerotic plaque area. We hypothesized that the
increased secretion of ApoE3 from newly recruited macrophages at the atherosclerotic sites
triggers the accelerated cholesterol efflux and subsequently reduces the size of the
atheromatous lesion. To test this hypothesis, we used the ApoE3-expressing RAW cells in
transplant experiments in apoE deficient mice and we followed the atherosclerotic lesion
evolution. Thus, the apoE” mice were injected into the lateral tail vein (four times, twice a
week) with ApoE3-expressing RAW?264.7 (ApoE-RAW group), non-transfected RAW264.7
cells (RAW group), or just the vehicle represented by RPMI (control group). After three
weeks from the last injections, the mice were sacrificed and the aortas (from the heart to the
common iliac bifurcation) were harvested. The luminal face of the aorta was exposed, stained
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with Oil Red O to reveal the lipid accumulation (Figure 3A), and the atherosclerotic plaques
area were measured. The results showed that the mice from the ApoE-RAW264.7 group have
a mean area of the lesion of4.14 + 0.86 mm?, mice from RAW group have 6.05 + 1.43 mm?,
and those from the control group 6.33 + 0.62 mm?. Comparing these data, the decrease of the
aortic atherosclerotic lesions of the mice transplanted with ApoE3-expressing RAW 264.7
cells (Figure 3B) is obvious. These data support the beneficial effects of the ApoE3 isoform
for the atherosclerotic process deceleration, and for the diminution of the lesions.

control apoE-RAW

Figure 3. Intravenously transplanted ApoE- g . I
expressing RAW 264.7 cell decrease the ot 1 T I
atherosclerotic lesions area: Representative s 61 &
images of the luminal face of the Oil Red O = 5 1 }
stained aortas from control mice injected with the £ ‘E 4]
vehicle alone (control), mice injected with RAW g E -
264.7 cells (RAW), and mice injected with °
ApoE3-expressing RAW264.7 cells (ApoE-RAW). 8 21
In the lower part, the graphic representation of the ._.:m_. L
aortic atherosclerotic lesion measurements of the = 0
three groups of mice. control RAW apoE-RAW

3.3. Serum lipids in transplanted animals. Lipid profile of control and transplanted
mice was assessed regarding total cholesterol and its distribution in HDL and LDL fractions.
A significant decrease of total cholesterol concentration (p<<0.001) was noticed in apoE-RAW
transplanted mice (134.5 £ 8.2 mg/dl), compared with control-RAW mice (173.8 + 31.3
mg/dl) and control (204.9 + 8.2 mg/dl), as illustrated in Figure 4A. No significant alteration
was found in LDL-cholesterol with values of 93.1 + 12.5, 119.5 + 23.1, 98.8 £ 15.7 mg/dl, for
ApoE-RAW, control-RAW and control mice, respectively (Figure 4B). Large individual
variations impeded drawing a conclusion regarding HDL-cholesterol (data not shown).

4. Discussion

Monocyte recruitment in atherogenesis has been described for the first time in 1962 by
Still and O'Neal, who published the first electron micrographs of macrophages "clinging to
and apparently penetrating" into the aortic intima of the rats fed an excess of butter(12). More
recently, the process of monocyte recruitment and foam cell formation in atherosclerosis was
described at molecular level as reviewed in (13). Monocytes, the most numerous
inflammatory cells in the plaque, function as major effectors of this response. There are many
attempts to reveal the monocytes infiltration into the vascular wall, using a variety of
methodologies, from PCR-based methods (14) to imaging by micro-single-photon emission
computed tomography (15).
Romanian Biotechnological Letters, Vol. 21, No. 2, 2016 11423
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Figure 4. Cholesterol level and distribution in LDL particles. Plasma cholesterol (A) and LDL-cholesterol
(B) in transplanted animals with RAW 264.7 cells (RAW) and ApoE-expressing RAW 264.7 cells (ApoE-RAW)
and control group (control). Total cholesterol was significantly decreased in ApoE-RAW mice as compared with

the control group, but LDL-cholesterol level did not vary notably across the groups.

In our experiments, we envisaged to transplant activated monocytes expressing ApoE3
into apoE knockout mice. For this, we used RAW cells transfected with plasmids encoding
the human ApoE3 isoform. We chose the ApoE3 variant since ApoE2 has low lipid binding
affinity and ApoE4 may induce an inflammatory phenotype in RAW 264.7 cells as showed by
others (16). Despite that RAW264.7 cells are extensively used, there are no data in the
literature about the expression of the monocyte/macrophage markers. Thus, as illustrated in
the Figure 2A, we tested by RT-PCR a series of known markers involved in important
processes such as cell adhesion, trans endothelial migration, etc. First, we checked the
expression of two integrins, CD11a and CDI11b that play an important role in the trans
endothelial migration of monocytes (17). We found that CD11a expression was unchanged in
transfected RAW 264.7 cells, and CD11b expression was only slightly diminished in ApoE-
expressing RAW 264.7 cells. Ly6C, a marker present at high level on classical monocytes and
in low levels on patrolling monocytes showed an increased expression in transfected cells.
Our data showed that ApoE3-expresing RAW 264.7 or non-transfected cells express a high
amount of CCR2. It was demonstrated that the CCR2" monocytes have a higher migratory
and infiltration capacity than the CCR2" subset (18). The monocytes expressing high CCR2
and Ly6C levels are quickly recruited to the sites of the lesions (19), thus we believe that the
RAW cells employed in the transplant experiments presented a highly infiltrative profile.
Transfected RAW cells maintained unchanged the expression of the leukocyte marker CD45
as well as the expression of macrophage marker CD68, revealing a monocyte/macrophage
phenotype of RAW264.7 cells. Little amount of murine ApoE protein is expressed by
RAW264.7 cells, despite that mRNA is expressed in the cells. On the other hand, stably
transfected RAW264.7 cells highly expressed human ApoE3. Thus, we could safely assume
that after stable transfection, RAW264.7 cells expressed human ApoE3 isoform. In our study
we included apoE” mice fed for 1 month with a high fat diet, in order to accelerate the
atherosclerotic plaque development. Four injections of the ApoE-expressing macrophages
during two weeks contributed to the decrease of the atherosclerotic plaques area and a
decreased total plasma cholesterol, compared with the control animals. It is well documented
that lipid profile in apoE deficient mice is affected, with highly increased values of total
cholesterol even on a chow diet (20). In the present study, we found that transplantation of
ApoE-overexpressing RAW macrophages into apoE-null mice had a significant lowering
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effect on serum cholesterol level, despite no effect on the cholesterol found in LDL. Current
data in the literature regarding experiments triggering increased ApoE secretion at different
sites pertain to the use of stem cell transplantation in apoE null mice. After transplantation of
bone marrow from wild type to apoE-deficient mice, ApoE was detected in serum and
promoted clearance of lipoproteins and normalization of serum cholesterol concentrations and
VLDL catabolism; moreover, apoE-deficient mice given transplants of normal bone marrow
cells showed virtually complete protection from diet-induced atherosclerosis (21,22). Another
group demonstrated that in obese leptin-deficient (0b/0b) apoE null mice transplanted with
bone marrow from ob/ob, apoE null or ob/ob apoE™*donors, even very low levels of
macrophage-derived ApoE are able to reduce plasma lipids and atherosclerotic lesion areas;
moreover, macrophage-derived ApoE does not affect adipose tissue expansion or
inflammatory status (23). Contrasting with mouse mesenchymal stem cells (MSC), human
MSC do not express ApoE in culture. A recent work described in vitro experiments in which
ApoE expression was induced in human MSC by modulation with dexamethasone; data
showed that dexamethasone induced-ApoE could bind to VLDL and to synthetic micelles that
can be taken up by hepatocyte cells (24). Based on the present data, we consider that our
strategy to induce ectopic ApoE expression in a cellular vehicle naturally attracted to the
atherosclerotic plaque can be an efficient anti-atherosclerosis treatment. Instead of the current
approach for plaque regression by either stimulating the migratory egress of the macrophages
from the plaque or blocking their infiltration, we sought to take advantage of macrophage
infiltration as a way to deliver ApoE inside the lesion to increase the cholesterol efflux. We
believe that increasing ApoE secretion at the atherosclerotic plaque level by targeting ApoE-
secreting monocytes will confer a better anti-atherosclerotic protection and contribute to the
regression of atherosclerotic plaques. In addition, this strategy can be further developed for
the delivery of other proteins at the atherosclerotic site (other apolipoproteins, enzymes, etc.).
Accordingly, we consider that the results will pave the way for personalized anti-
atherosclerotic therapies, based on the auto-transplant of engineered monocytes.

5. Conclusions

This study revealed that transplanting human apoE3-overexpressingRAW?264.7cells to
apoE” mice fed with high fat diet contributed to the reduction of the atherosclerotic plaques
area and decreased total plasma cholesterol. The induction of ectopic ApoE expression in
monocytes, which naturally migrate into the atherosclerotic plaque,in order to increase the
apoE secretion at the lesion area, can be an efficient anti-atherosclerosis strategy.
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