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The earliest recognizable atherosclerotic lesions are fatty streaks composed of lipid-laden macrophages
(foam cells). Circulating monocytes are the precursors of these foam cells, but the molecular mecha-
nisms that govern macrophage trafficking through the vessel wall are poorly understood. Monocyte
chemoattractant protein-1 (MCP-1), a member of the chemokine (chemotactic cytokine) family, is a
potent monocyte agonist that is upregulated by oxidized lipids. Recent studies in hypercholesterolemic
mice lacking apo E or the low-density lipoprotein receptor have suggested a role for MCP-1 in mono-
cyte recruitment to early atherosclerotic lesions. To determine if MCP-1 is critically involved in athero-
genesis in the setting of elevated physiological plasma cholesterol levels, we deleted the MCP-1 gene in
transgenic mice expressing human apo B. Here we report that the absence of MCP-1 provides dramat-
ic protection from macrophage recruitment and atherosclerotic lesion formation in apo B transgenic
mice, without altering lipoprotein metabolism. Taken together with the results of earlier studies, these
data provide compelling evidence that MCP-1 plays a critical role in the initiation of atherosclerosis.

J. Clin. Invest. 103:773-778 (1999).

Introduction

Fatty streaks, the earliest of atherosclerotic lesions, are
largely composed of lipid-laden macrophages known as
foam cells (1). Studies in swine (2) and macaques (3)
have demonstrated that circulating blood monocytes
are the precursors of these foam cells, but the chemoat-
tractants that recruit these cells to the vessel wall are
only now being identified.

Chemokines are low-molecular-mass (8-10 kDa)
proteins that attract and activate leukocytes and are
thought to play important roles in controlling
inflammation. There are two major families of
chemokines, CC and CXC, which differ in the posi-
tions of the first two of four conserved cysteines and
in the types of leukocytes they attract. In general, the
CXC chemokines are agonists for neutrophils, while
the CC chemokines are agonists for mononuclear
cells. Monocyte chemoattractant protein-1 (MCP-1) is
a member of the CC family and is a potent agonist for
monocytes, T lymphocytes, natural killer cells, and
basophils (4). MCP-1 binds to and activates a seven-
transmembrane domain receptor known as CC
chemokine receptor 2 (CCR2).

In cell culture systems, MCP-1 synthesis is upregu-
lated by oxidized lipids (e.g., from oxidized lipopro-
teins; ref. 5) and by a variety of cytokines. Both in
humans and in experimental animals, MCP-1 is
expressed at high levels in macrophage-rich areas of
atherosclerotic plaques (6-8). The fact that MCP-1
expression can be induced by oxidized lipoproteins

and that MCP-1 is robustly expressed in atheroscle-
rotic lesions suggests that MCP-1 expression could
play a key role in recruiting monocytes/macrophages
into early atherosclerotic lesions.

We recently assessed the role of CCR2 activation by
MCP-1 in atheroma formation in two genetically modi-
fied mouse models with increased susceptibility to ath-
erosclerosis: apo E-deficient mice (9-11) and low-densi-
ty lipoprotein (LDL) receptor-deficient mice (12-14).
The absence of apo E or the LDL receptor in these mice
causes marked retardation of the clearance of lipopro-
teins from the plasma, leading to hypercholesterolemia.

In the current study, we sought to assess the impor-
tance of the MCP-1/CCR2 axis in a mouse model char-
acterized by an overproduction of atherogenic lipopro-
teins. To achieve this goal, we examined the effect of
MCP-1 expression on the development of atheroscle-
rotic lesions in mice that overproduce apo B (15, 16).
Human apo B transgenic mice are characterized by a
marked overproduction of apo B-containing lipopro-
teins in the liver, a mild elevation in plasma cholesterol
levels, and an increased susceptibility to atherosclerosis
on a high-fat diet. The lipoprotein profile in these mice
is similar to that in most human subjects with prema-
ture atherosclerosis, exhibiting elevated levels of human
apo B-containing LDL (17). In this study, we report that
the absence of MCP-1 expression provides sustained
protection from foam cell formation and atherosclerot-
ic lesion development in transgenic mice that overpro-
duce human apo B-containing lipoproteins.
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Methods

Genetically modified mice. Human apo B transgenic mice gen-
erated with an 80-kb fragment of genomic DNA (HuBTg"/?)
have been described and characterized previously (15, 16).
The genetic background of these mice was [P3% C57Bl/6 and
7% SJL. MCP-1 knockout mice have been described previ-
ously (ref. 14; the gene encoding MCP-1 in the mouse is
named ScyA2, but the genotype of these mice will be denoted
MCP-1-/~for convenience). The genetic background of these
mice was [93% C57B1/6 and [7% 129/Sv). Male MCP-1*/-mice
were crossed with female HuBTg"/? mice to generate double
heterozygotes (MCP-17/-HuBTg"?). The latter mice were inter-
crossed to generate human apo B transgenic mice that were
homozygous for the MCP-1 knockout mutation (MCP-
17/"HuBTg"/?) and littermate controls that carried the human
apo B transgene but were wild-type at the MCP-1 locus (MCP-
1"*HuBTg"?). Genotyping was performed by Southern blot
analysis of genomic DNA prepared from tail biopsies (15).

The animals were maintained in a pathogen-free barrier
facility with a 12-h light/12-h dark cycle and had free access
to food and water. The mice were weaned to a chow diet 21
days after birth and were placed on a high-fat diet (16, 18)
containing 1.25% cholesterol and 0.05% sodium cholate (ICN
Biochemicals, Aurora, Ohio, USA) at 6-8 weeks of age. The
mice were maintained on the high-fat diet for 9, 15, or 18
weeks before they were sacrificed for analysis of atheroscle-
rotic lesions. Study animals were female, and there were eight
or more mice in each group.

Lipid measurements. Serum was collected from all mice at the
time of sacrifice. Plasma was collected at the 15-week time
point in tubes containing 1.0 mM EDTA and 113 KIU/ml
aprotinin (ICN Biochemicals) for measurement of triglyc-
erides. For both the plasma and serum samples, the total cho-
lesterol and high-density lipoprotein (HDL) cholesterol levels
were measured, in duplicate, with a colorimetric assay (15, 19).
Total plasma triglycerides were measured in fresh plasma sam-
ples with a colorimetric assay (GPO triglyceride kit; Boehringer
Mannheim GmbH, Mannheim, Germany) (15, 19).

Analysis of lipid distribution within the plasma lipoproteins. The distri-
bution of plasma cholesterol and triglycerides within the plasma
lipoprotein fractions was assessed by fast-protein liquid chro-
matography (FPLC) (15, 16, 19). For these experiments, plasma
samples from four or more mice of each genotype were pooled and
size-fractionated on a Superose 6 HR 10/30 column (Pharmacia
Biotech Inc., Piscataway, New Jersey, USA) at a flow rate of 0.4
ml/min; fractions of 0.5 ml were collected.

Immunoassays. Plasma levels of human and mouse apo B-
100 were measured by competitive radioimmunoassays as
described (20-23). High-binding, 96-well, flat-bottom
polypropylene plates (Nunc A/S, Roskilde, Denmark) were
coated with LDL (1 pg/ml) for 4 h at room temperature,
blocked with 2% BSA in PBS, and washed four times with
SPRIA (PBS with 0.1% BSA, 0.05% Tween-20, and 0.08% sodi-
um azide). Plasma samples were diluted with PBS, added to
the wells, and incubated overnight with '?I-labeled anti-
bodies against murine apo B-100 (23) or human apo B-100
(22). Bound antibody was quantitated by counting gamma
emissions (model 8000; Beckman Instruments, Fullerton,
Callifornia, USA), and apo B-100 levels were determined
from a standard curve. In addition to the competitive
immunoassays, mouse apo B-100 levels were also deter-
mined with a monoclonal antibody-based, solid-phase sand-
wich immunoassay (23-26).

Quantitation of atherosclerotic lesions. The heart and proximal
aorta were harvested as described (16, 27), except that the
mice were perfused first with PBS and then with freshly pre-
pared 3% paraformaldehyde in PBS, and the tissues were
equilibrated in 20% sucrose for a minimum of 2 h, embedded

in OCT, and frozen. Cryosections (10 Hm) were cut, and the
extent of atherosclerosis was measured by quantification of
oil red O staining of serial sections as described (16, 27). Sec-
tions used for analysis spanned a total of 550 Um, centered
on the orifice of the left coronary artery. Image analysis was
performed with the Image-1/AT system (Universal Imaging
Corp., West Chester, Pennsylvania, USA) by two persons
blinded to the genotypes (16, 27).

Immunobistochemistry. Serial cryosections (10 im) were col-
lected at 50-pum intervals. The endogenous peroxidase activ-
ity was neutralized with H,O; (0.3% vol/vol) for 10 min at
25°C, and the sections were blocked with BSA (3% wt/vol in
PBS and 20 mM glycine) for 45 min at 25°C. Serial sections
were stained overnight with MOMA-2 (BioSource Interna-
tional, Camarillo, California, USA; 1:400 dilution in PBS
and 20 mM glycine at 4°C), a monoclonal antibody specific
for murine monocytes/macrophages, as described (11). After
washing, a goat anti-rat biotinylated secondary antibody
(PharMingen, San Diego, California, USA) was added, fol-
lowed by streptavidin-horseradish peroxidase (PharMingen)
(11). The signal was enhanced with a tyramide signal ampli-
fication (TSA) kit (NEL 702; Du Pont NEN Research Prod-
ucts, Boston, Massachusetts, USA) according to the manu-
facturer’s protocol, and sections were counterstained for
nuclei with SYTOX Green from Molecular Probes Inc.
(Eugene, Oregon, USA).

Statistical analysis. To analyze differences in lipid measure-
ments and the extent of atherosclerosis, the ¢ test and Mann-
Whitney U tests were performed with InStat 2.01 software
(GraphPad Software for Science Inc., San Diego, California,
USA) for Macintosh.

Results

Atherosclerotic lesion formation in MCP-1—deficient mice. To
place the MCP-1 deletion on an atherogenic background,
we crossed MCP-1 knockout mice with human apo B
transgenic (HuBTg"/°) mice. HuBTg"/0 mice develop diet-
dependent atherosclerotic lesions, clustered primarily in
the proximal aorta (16). We then quantified the extent of
atherosclerotic lesions in microscopic sections of the prox-
imal aorta in two groups of human apo B transgenic mice:
one group homozygous for the MCP-1 knockout muta-
tion (MCP-17/"HuBTg"°) and the other homozygous for
the wild-type MCP-1 allele (MCP-1"HuBTg"").

At each time point examined, the absence of MCP-1
expression significantly reduced the extent of athero-
sclerosis (Fig. 1). After nine weeks on the high-fat diet,
the mean lesion area was 64,606 Um?2 in the MCP-
I*HuBTg"* mice and 25,886 Um? in littermate MCP-
I--HuBTg"* mice (P = 0.0083). Lesions in the MCP-
1*"HuBTg"° mice progressed steadily with time, whereas
lesion progression in the MCP-1/-HuBTg"/° mice was
markedly attenuated in comparison: mean lesion size in
the MCP-1-- HuBTg"° mice was 70% smaller at 15 weeks
(P=0.0001) and 60% smaller at 18 weeks (P =0.0009).

Immunocytochemistry. Representative oil red O-stained
sections from mice fed the high-fat diet for 18 weeks are
shown in Fig. 2. In general, the lesions were both thinner
and less extensive in the MCP-17-HuBTg"/ mice than in
the MCP-1/"HuBTg"/° mice. We next sought to determine
if the decrease in lesion size in the MCP-1-deficient mice
was due to a reduction in macrophage recruitment to
the vessel wall. Sections from MCP-17/-HuBTg"° and
MCP-1"HuBTg/*mice on the high-fat diet for 15 weeks
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were stained for macrophages with MOMA-2. As shown
in Fig. 3, the macrophage content was significantly
reduced in the absence of MCP-1. Moreover, at this rela-
tively early time point, the vast majority of the oil red
O-positive area appeared to be composed of lipid-laden,
MOMA-2-positive macrophages.

Lipoprotein analysis. Lesion size in murine models of
atherosclerosis is dependent on the levels of both total
cholesterol (27) and HDL cholesterol (28-30). To
determine if the deletion of the MCP-1 gene altered
plasma lipid metabolism, plasma lipid and lipoprotein
levels were measured, and the distribution of lipids
within the plasma lipoproteins was assessed by fast-
protein liquid chromatography. As shown in Fig. 4,
and as reported previously (31), the MCP-1/- human
apo B transgenic mice had higher levels of intermedi-
ate-density lipoproteins and LDL than nontransgenic
littermates. Deletion of MCP-1 had no significant
effect on the levels of total cholesterol, HDL choles-
terol, and triglycerides, or on the lipoprotein profile
(Table 1 and Fig. 4). In addition, the MCP-1 knockout
mutation did not alter the plasma levels of human or
mouse apo B-100 (data not shown).

Discussion

This study demonstrates that MCP-1 promotes the
development of early atherosclerotic lesions. At each
time point examined, MCP-1-deficient mice had less
macrophage infiltration of the proximal aorta, and
markedly smaller lesion areas than littermate control
mice. Significantly, these effects were independent of
alterations in cholesterol metabolism. Taken togeth-
er with the results of very recent studies (11, 14), these
new data provide compelling evidence that MCP-1
plays a pivotal role in fatty streak formation.

Most inbred strains of mice do not develop athero-
sclerotic lesions, even when fed a high-fat, high-cho-
lesterol diet (32-34). However, in recent years, athero-
sclerosis-susceptible mice have been created by either
knocking out or overexpressing key genes in lipopro-
tein metabolism. Each of these mouse models has spe-
cific advantages and disadvantages. Mice deficient in
apo E (Apoe”-) have defective clearance of lipoproteins
from the plasma; consequently, they have very high
plasma cholesterol levels ((500 mg/dl) on a chow diet
and even higher levels ([12,000 mg/dl) on a high-fat
diet (10, 35-37). The majority of the cholesterol in the
plasma of Apoe’/-mice is carried on very-low-density
lipoprotein (VLDL) particles, whereas in humans, the
majority of the cholesterol is carried on LDL particles.
In addition, most of the cholesterol in Apoe/-mice is

carried on apo B-48-containing particles, and the lev-
els of apo B-100 in the plasma are actually very low. In
contrast, apo B-100 is the major cholesterol-carrying
protein in human plasma, and apo B-48 levels are
extremely low. Apo E-deficient mice develop severe
atherosclerotic lesions on a chow diet, particularly in
the proximal aorta, and lesion development is acceler-
ated and widespread if the animals are fed a high-fat
diet (35, 37). We believe that Apoe-/-mice are a useful
model for investigating rapidly progressing athero-
sclerotic lesions in the setting of severe hypercholes-
terolemia. We recently demonstrated that apo E-defi-
cient mice have decreased atheroma formation in the
setting of hypercholesterolemia and a deficiency of
CCR2, the receptor for MCP-1 (11).

The LDL receptor-deficient mouse (Ldlr/-) is anoth-
er useful model for atherosclerosis studies (13, 38). A
deficiency in LDL receptor expression also interferes
with the clearance of lipoproteins from the plasma and
results in a striking accumulation of LDL cholesterol.
In humans, mutations in the LDL receptor gene cause
familial hypercholesterolemia, a severe form of the dis-
ease additionally characterized by premature athero-
sclerosis. On a chow diet, Ldlr-/- mice have only mildly
elevated LDL cholesterol levels and develop only mini-
mal atherosclerotic lesions. Production of significant
atherosclerotic lesions in Ldlr/-mice requires a high-fat
diet, which results in severe hypercholesterolemia (13).
However, when Ldlr-/- mice are fed a high-fat diet, a large
fraction of the cholesterol is contained in large, VLDL-
sized particles rather than in the LDL (13). In a recent
study, Gu et al. (14) generated LDL receptor-deficient
mice that were also deficient in MCP-1 (Ldlr/-MCP-1--)
and fed them a high-fat diet. Significantly, those mice
manifested a marked reduction in atherosclerotic
lesions compared with LDL receptor-deficient mice
expressing normal levels of MCP-1 (14).

Most humans with atherosclerosis do not have severe
hypercholesterolemia or mutations in lipoproteins or
receptors that lead to defects in lipoprotein clearance.
Rather, they have only mildly increased plasma levels
of LDL cholesterol and apo B. This “garden variety”
lipoprotein abnormality (frequently called hyperapo-
betalipoproteinemia) is thought to be caused by
increased apo B production rates (39-41). Although
earlier studies had established a role for MCP-1 in early
atheroma formation, they did so in murine models
with high plasma cholesterol levels. A complicating
factor in these studies was the possibility that the
extremely high plasma cholesterol levels might induce
synthesis of MCP-1 and thereby result in atheroscle-

rotic lesion formation that was

artificially MCP-1-dependent. It
was important, therefore, to eval-
uate the role of MCP-1 in an ani-
mal in which cholesterol levels

Table 1
Cholesterol and triglyceride levels in mice on the high-fat diet

Genotype Weight Total cholesterol Total triglyceride HDL cholesterol

g mg/dl were only moderately elevated.
MCP-1+/* HuB Tg*0 26.6+3.3 354 £ 67 73£15 4010 Human apo B transgenic mice
MCP-17- HuB Tg"/° 26.2+2.7 415 £ 54 68+ 12 3910 (16, 17, 42) have significantly

increased apo B production rates
(17) but, unlike apo E-deficient
mice, have relatively low plasma

Values are mean + SD (n = 5 animals in each group), at the 15-week time point. Total triglyceride and HDL cholesterol
levels were measured in freshly isolated plasma, and total cholesterol was measured in serum. Statistical analysis (Mann
Whitney) revealed no differences between the groups.
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Figure 1

Atherosclerotic lesion area in MCP-1*/*HuBTg"® and MCP-17/-HuBTg"°
mice. Microscopic cross sections (10 pm) of the proximal aortic root
were stained with oil red O to reveal lipids and quantitated by digital
morphometry. Each symbol represents the average lesion area of a sin-
gle animal; the bar indicates the mean of the group. At each time, MCP-
17*HuBTg"/® mice had a significantly larger mean lesion area than MCP-
17/-HuBTg"/? mice: 64,606 vs. 25,886 pm? at 9 weeks (n=11; P =
0.0083); 185,772 vs. 53,027 pm?2 (n 29; P=0.0001) at 15 weeks; and
305,790 vs. 123,025 pm? at 18 weeks (n 2 8; P = 0.0009). MCP-1,
monocyte chemoattractant protein-1.

cholesterol levels and do not develop atherosclerosis
on a chow diet. Human apo B transgenic mice do
develop atherosclerotic lesions when fed a high-fat
diet, but do so in the setting of lower plasma choles-
terol levels than are found in either apo E-null or LDL
receptor-null mice (16). As in humans, a large fraction
of the cholesterol in the plasma of human apo B trans-
genic mice is in LDL-sized particles. In the current
study, we examined the impact of MCP-1 gene expres-
sion in the setting of apo B overproduction. Our
results provide strong evidence that MCP-1 is a critical
factor in foam cell formation in this model of human
atherosclerosis.

It is interesting to compare the results of the current
study with two recently reported atherosclerosis stud-
ies (11, 14). In Apoe/-CCR27/- mice, lesions were [150%
smaller than in Apoe/-CCR2** mice at each of the three
time points examined. However, at 13 weeks, it
appeared that the lesions in the Apoe/-CCR2~~ mice
were catching up with those in the Apoe/-CCR2** mice
(11). In contrast, in LDL receptor-deficient mice, the
extent of atherosclerosis was [B80% lower in the

Figure 2

Photomicrographs of proximal aortic lesions in MCP-7%*"HuBTg"/® and MCP-77/~HuBTg"/? mice maintained on a high-fat diet for 18 weeks. Sections
were taken at the level of the coronary artery and stained for lipid with oil red O. (a) MCP-1**HuBTg*/%; (b) MCP-1/-HuBTg*°. Shown are repre-
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Ldlr--MCP-1-- mice than in the Ldlr/-MCP-1*/* mice,
and this reduction was sustained after 20-25 weeks on
a high-fat diet (14). The results of the current study, in
which a 60%-70% lesion reduction was maintained for
18 weeks, are thus more similar to those of the LDL
receptor-deficient model. The reason for this differ-
ence is not clear. We speculate that the more marked
hypercholesterolemia in the apo E-deficient mice
induces the synthesis and secretion of other
chemokines, which might recruit monocytes to the
arterial wall independently of MCP-1. Alternatively, the
difference may be due to the fact that studies involving
the LDL receptor knockout mice and the human apo B
transgenic mice used MCP-1-deficient animals, where-
as the study using apo E-deficient mice utilized mice
deficient in CCR2. If MCP-1 were to activate receptors
other than CCR2, one might reasonably predict that
the absence of MCP-1 would be more atheroprotective
than the absence of CCR2. Although molecular
descriptions of functional receptors for MCP-1 other
than CCR2 are lacking, it is conceivable that such
receptors could be induced by hypercholesterolemia.

sentative images from the data presented in Fig. 1. Original magnification X70.
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Figure 3

Photomicrographs showing macrophage infiltration of the proximal aorta in MCP-1*/*HuBTg*/® and MCP-17/~HuBTg"/® mice maintained on the
high-fat diet for 15 weeks. Cross-sections of the aorta at the level of the coronary artery branch were stained for macrophages with MOMA-2
(shown in red) and counterstained for nuclei with SYTOX Green. Regions of overlap appear yellow. (a) MCP-1*/*HuBTg*/%; (b) MCP-1-/-HuBTg"°.

Original magnification X130.

One potentially confounding feature of the study
involving LDL receptor-deficient mice was the higher
triglyceride level in Ldlr/-MCP-17/- mice than in
Ldlr/-MCP-1* mice (14). Triglyceride levels are regu-
lated in part by lipoprotein lipase, which has been
implicated in the development of atherosclerotic
lesions (43) and is synthesized by vessel wall
macrophages (44). Thus, it was difficult to discern
whether the changes in triglyceride levels in the
Ldlr--MCP-1-- had a direct role in reducing atheroma
formation or merely reflected the failure to recruit
macrophages to the vessel wall. Because the plasma
triglyceride levels were essentially identical in our two
groups of mice, our data indicate that MCP-1 defi-
ciency must influence atherogenesis by affecting the
recruitment of monocytes/macrophages into lesions.

The data in this paper, taken together with recent
studies in apo E- and LDL receptor-deficient mice (11,
14), present a compelling argument that activation of
CCR2 by MCP-1 plays a central role in the recruitment

Figure 4

Cholesterol distribution in the plasma lipoprotein fractions of mice with
different genotypes. Plasma samples were pooled from groups of mice
with the same genotype (n 2 4) and fractionated on an FPLC column. The
cholesterol concentration in each fraction was measured with a colori-
metric kit. FPLC, fast-protein liquid chromatography; HDL, high-density
lipoproteins; IDL, intermediate-density lipoproteins; LDL, low-density
lipoproteins; VLDL, very-low-density lipoproteins.

of monocytes/macrophages to early atherosclerotic
lesions. MCP-1 is synthesized by multiple cells in the
vessel wall (S, 6, 8), and the relative contributions of
macrophages, smooth muscle cells, and endothelial
cells are not yet clear. In particular, it will be important
to determine the extent to which stimulation of MCP-
1 production by foam cell/macrophages establishes a
positive-feedback loop for the recruitment of addi-
tional monocytes. It will also be interesting to deter-
mine if other chemokines are critical in related but dis-
tinct models of vessel disease, such as transplant
arteriosclerosis, in which RANTES (45) and MCP-1
(46) are present at high concentrations.
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