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Inflammation and oxidative stress contribute to the

pathogenesis of many human diseases including

atherosclerosis. Advanced human atheroma con-

tains high levels of the enzyme myeloperoxidase

that produces the pro-oxidant species , hypochlor-

ous acid (HOCl). This study documents increased

numbers of myeloperoxidase-expressing macro-

phages in eroded or ruptured plaques causing acute

coronary syndromes. In contrast , macrophages in

human fatty streaks contain little or no myeloper-

oxidase. Granulocyte macrophage colony-stimulat-

ing factor , but not macrophage colony-stimulating

factor , selectively regulates the ability of macro-

phages to express myeloperoxidase and produce

HOCl in vitro. Moreover , myeloperoxidase-positive

macrophages in plaques co-localized with granulo-

cyte macrophage colony-stimulating factor. Pro-in-

flammatory stimuli known to be present in human

atherosclerotic plaque, including CD40 ligand, ly-

sophosphatidylcholine, or cholesterol crystals ,

could induce release of myeloperoxidase from

HOCl production by macrophages in vitro. HOCl-

modified proteins accumulated at ruptured or

eroded sites of human coronary atheroma. These

results identify granulocyte macrophage colony-

stimulating factor as an endogenous regulator of

macrophage myeloperoxidase expression in hu-

man atherosclerosis and support a particular role

for the myeloperoxidase-expressing macrophages

in atheroma complication and the acute coronary

syndromes. (Am J Pathol 2001, 158:879–891)

Inflammation and oxidative stress contribute to the patho-

genesis of many human diseases including atheroscle-

rosis.1 Recent studies have demonstrated the presence

of the active pro-oxidant enzyme myeloperoxidase

(MPO)2 and products of MPO-mediated reactions in hu-

man atherosclerosis.3–6 Stimulated phagocytes secrete

this enzyme at inflammatory sites,7,8 where it generates a

powerful reactive oxygen species, hypochlorous acid

(HOCl), at physiological chloride concentrations.9,10

HOCl can in turn serve as a metal-independent oxidizing

agent in vivo.4,5,10–12 Biasucci and colleagues13 found

significantly higher leukocyte intracellular MPO content in

patients with coronary heart disease and determined that

circulating phagocytes release MPO by degranulation in

acute coronary syndromes. Thus, the MPO-HOCl system

may contribute to oxidative stress in human atheroscle-

rosis. Many lines of evidence implicate oxidation of low

density lipoprotein in atherogenesis,14,15 and recent

studies establish MPO as one pathway for modifying low

density lipoprotein in the artery wall.2–5,11,12,15,16

Macrophages play critical roles in atherogenesis1,17,18

and participate in the pathogenesis of the acute coronary

syndromes.19–21 Their pro-inflammatory properties likely

contribute to destabilization of atheroma by promoting

extracellular matrix (ECM) degradation and hence super-

ficial erosion or rupture of plaques, causes of episodic

progression of atherosclerosis and, ultimately, of occlu-

sive thrombus formation.21–23 During atherogenesis, cir-

culating monocytes migrate into the arterial wall and

mature into macrophages whose functional properties
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probably depend on the local microenvironment.17,18,20,24

Daugherty and colleagues2 found that macrophages in hu-

man atheroma contain MPO. However, traditional sources

of MPO include blood neutrophils but not tissue macro-

phages,7,25 thus raising the possibility that lesional macro-

phages in human atheroma differ in this respect in vivo and

that MPO-containing macrophages might play a special

role in pathogenesis of atherosclerosis by producing the

MPO-derived reactive oxygen species, HOCl.

We hypothesized that MPO-containing macrophages

and HOCl derived from these cells might influence ath-

erosclerotic plaque stability. To test this hypothesis, we

investigated the expression of MPO in various stages

of human atherosclerosis and the factor(s) that may

regulate macrophage MPO expression in human athero-

sclerosis. Our results indicate that MPO-containing mac-

rophages might contribute to atherogenesis and particu-

larly the acute coronary syndromes by augmenting

oxidative stress.

Materials and Methods

Rabbit polyclonal antibody (pAb) MPO was purchased

from Biodesign, Inc. (Kennebunk, ME). Monoclonal anti-

body (mAb) CD68 was obtained from DAKO Corp.

(Carpinteria, CA). mAb GM-CSF was obtained from Gen-

zyme (Cambridge, MA). mAb CD66b was acquired from

Coulter (Hialeah, FL). mAb HOCl-modified protein

(HOP-1, clone 2D10G9)26 was provided by Dr. Ernest

Malle and Dr. Roland Stocker (Graz, Austria). Recombi-

nant CD40 ligand (CD40L) was a gift from Dr. Marilyn R.

Kehry, Boehringer Ingelheim Pharmaceuticals, Inc.,

(Ridgefield, CT). The secondary antibodies for immuno-

staining, ABC-kits, and AB-blocking reagent were ac-

quired from Vector Laboratories, Burlingame, CA. Puri-

fied MPO and other chemicals were obtained from Sigma

Chemical Co., St. Louis, MO. Recombinant granulocyte

macrophage colony-stimulating factor (GM-CSF) and

macrophage colony-stimulating factor (M-CSF) were gifts

from Genetics Institute (Cambridge, MA). Zymosan was

opsonized by incubation with human serum at 37°C for

60 minutes.

Human Arterial Samples

Human nonatherosclerotic arteries and atherosclerotic

arteries (coronary arteries, carotid arteries, and aortas)

were obtained from patients who underwent transplanta-

tion and carotid endarterectomy or from autopsy. The

arteries were immediately rinsed with phosphate-buff-

ered saline (PBS), embedded in OCT compound, and

stored at 280°C. Ruptured or eroded coronary arteries

were obtained from sudden cardiac death patients and

fixed in formaldehyde. We histologically classified these

into nondiseased arteries (n 5 7), diffuse intimal thicken-

ing (type I, n 5 14), fatty streaks (type II, n 5 14),

atheromatous plaques (type Va, n 5 25), fibromuscular

plaques (type Vc, n 5 17), eroded plaques (type VI, n 5

7), and ruptured plaques (type VI, n 5 8) by the American

Heart Association histological criteria.

Immunohistochemistry

Frozen sections were cut in 6-mm-thick sections and fixed

in 4% paraformaldehyde. Paraffin sections of ruptured or

erosive plaques were cut in 6-mm-thick sections, dew-

axed in xylene, and rehydrated in ethanol. The sections

were incubated in 0.5% bovine serum albumin, 2.5%

nonfat dried milk, 5% nonimmune serum/PBS for 30 min-

utes to block nonspecific binding of the primary antibody.

Nonspecific avidin and biotin binding was diminished by

AB-blocking reagent. Sections were incubated for 1 hour

at room temperature with the primary antibodies and

immunostaining was performed with an avidin-biotin-al-

kaline phosphatase system with fast red as a chromogen.

In some experiments, we performed double immuno-

staining using pAb MPO as the first primary antibody and

mAb CD68 or CD66b as the second primary antibody. At

first, MPO immunoreactivity was detected by an avidin-

biotin-alkaline phosphatase system (red), and then the

sections were treated with AB-blocking reagent again

and incubated with the second primary antibody at 4°C

overnight. The next day, the second target immunoreac-

tivity was detected by an avidin-biotin-glucose oxidase

system (blue). (dilution of antibodies: 1:250 for MPO,

CD68; 1:300 for GM-CSF; 1:100 for CD66b; 1:10 for

HOP-1). Nuclei were counterstained with hematoxylin for

single staining or with methyl green for double staining.

By examining low-power fields (3100) in serial sections,

MPO-positive cells were counted and GM-CSF-immuno-

reactive areas were selected and quantitated by comput-

er-assisted image analysis (Image-Pro Plus, Media Cy-

bernetics). Linear regression analysis was performed to

examine the correlation between the number of MPO-

positive cells (cells/low-power field) and GM-CSF-immu-

noreactive areas (mm2/low-power field).

Isolation of Human Monocytes

Human peripheral blood mononuclear cells were isolated

from plateletpheresis residues of normal donors (provid-

ed by Dr. Steven Clinton at the Dana-Farber Cancer

Institute) by Ficoll density gradient centrifugation (densi-

ty 5 1.077 g/ml, 400 3 g for 45 minutes). The mid-layer

cells were collected and suspended in Ca, Mg-free

Hanks’ balanced salt solution. The mononuclear cells

were again overlayered on separation media (density 5

1.070 g/ml) and recentrifuged for 15 minutes at 400 3 g

to separate a lymphocyte-rich fraction and to limit neu-

trophil contamination in the monocyte-rich fraction. After

centrifugation, the monocyte-rich fraction was collected

from the mid-floating layer, and the cells were plated on

6-well plates (Falcon 3046, Falcon, Oxnard, CA) and

incubated for 1 hour at 37°C to allow adhesion. Then, the

preparation was washed three times with Hanks’ bal-

anced salt solution and the remaining adherent cells

were used as freshly isolated monocytes or cultured in

Medium-199 containing penicillin/streptomycin with or

without various factors for the days indicated. The mono-

cyte content of this preparation is .92% as determined

by flow cytometry using mAb CD68.
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MPO Activity Assay

Monocytes and monocyte-derived macrophages were

harvested with buffer A [(10 mmol/L phosphate buffer

containing phenylmethylsulfonyl fluoride (1 mmol/L), leu-

peptin (100 mmol/L), pepstatin A (1 mmol/L), and cetyl-

trimethylammonium bromide (0.5%) pH 5 7.0]. The sam-

ples were sonicated at 4°C. DNA content was measured

in the total cell lysate.27 The cell lysate was centrifuged at

400 3 g for 10 minutes and the supernatant was used for

MPO activity assays and Western blotting. Peroxidase

activity in the cell lysate was measured by the guaiacol

peroxidation method2 and MPO activity was calculated

from NaN3-inhibitable peroxidase activity using purified

MPO as a standard. In situ endogenous peroxidase ac-

tivity in atherosclerotic tissue was examined by diamino-

benzidine or tetramethylbenzidine as the reducing sub-

strate. Atheromatous carotid plaques and nondiseased

aortas were homogenized in buffer A and centrifuged at

3000 3 g for 10 minutes. In the supernatant, NaN3-

inhibitable peroxidase activity was measured by tetram-

ethylbenzidine peroxidation method and protein concen-

tration was determined by bicinchoninic acid kit (Pierce,

Rockford, IL).

Western Blotting

Human nondiseased aorta and atheromatous carotid ar-

teries were homogenized in buffer A and centrifuged at

400 3 g for 10 minutes. The supernatant was collected as

the total arterial extract. MPO in the cell lysate, and the

total arterial extract were separated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis and blotted

onto polyvinylidene difluoride membranes (Bio-Rad,

Richmond, CA) with a semidry blotting apparatus. Non-

specific binding was reduced by blocking buffer (5%

nonfat dry milk, 2% normal serum, 0.1% Tween20/PBS),

and the primary (1:250 anti-MPO and 1:250 anti-GM-

CSF) and peroxidase-conjugated secondary (1:4,000 an-

ti-rabbit-IgG and 1:5,000 anti-mouse-IgG from Jackson

ImmunoResearch, West Grove, PA) antibodies were di-

luted in the blocking buffer. Blots were incubated in

chemiluminescence reagent (DuPont-New England Nu-

clear Life Science, Boston, MA) and visualized by expo-

sure to X-ray film.

Reverse Transcriptase-Polymerase Chain

Reaction (RT-PCR) Analysis of MPO and

GM-CSF-mRNA Expression

Total RNA was extracted from HL-60 cells, arterial tis-

sues, monocytes, and macrophages. Total RNA (5 mg)

was used for cDNA synthesis, and the reverse transcrip-

tase reaction mixture (2 ml) was used for PCR reaction

with a DNA thermal cycler for 40 cycles (30 seconds at

92°C, 30 seconds at 56°C, and 2 minutes at 72°C).

Identical reactions were also set up in the absence of

reverse transcriptase for control experiments and these

control reactions yielded the negative results, indicating

no genomic contamination (data not shown). Primers:

G3PDH sense 59-ACCACAGTCCATGCCATCAC-39, anti-

sense 59-TCCACCACCCTGTTGCTGTA-39; MPO sense

59-GACACCTCGTTGGTGCTGAG-39, antisense 59-TCG-

CAGTTGACGCCAGTGC-39; GM-CSF sense 59-CCT-

GAACCTGAGTAGAGACAC-39, antisense 59-TCCCAT-

TCTTCTGCCATGCCT-39. The amplified PCR products

(G3PDH, 452 bp; MPO, 674 bp; GM-CSF, 484 bp) were

electrophoresed in 1.5% agarose gels and visualized by

ethidium bromide staining.

Assay of HOCl Production and MPO

Degranulation from Macrophages

HOCl production from macrophages was determined as

reported previously.28 GM-CSF-treated macrophages

were stimulated by various stimuli [phorbol myristate ac-

etate (PMA), opsonized zymosan, A23187, norepineph-

rine, interleukin-1b (IL-1b), tumor necrosis factor-a , in-

terferon-g, lysophosphatidylcholine (lysoPC), CD40L, or

cholesterol crystals] in Krebs-Henseleit buffer solution

(pH 5 7.4) containing taurine (20 mmol/L) at 37°C for 2

hours. The concentration of HOCl-mediated product, tau-

rine chloramine, in the incubation medium was deter-

mined by Ellman’s Reagent. MPO levels in the culture

medium were determined by MPO-specific enzyme-

linked immunosorbent assay (Calbiochem, La Jolla, CA).

Cells were harvested by PBS-ethylenediaminetetraacetic

acid to measure DNA content.27

Statistical Analysis

Data in figures represent the means 6 SD of the indi-

cated number of samples. The mean values for more than

three groups were compared by analysis of variance. The

difference between two mean values was analyzed with

the unpaired Student’s t-test. A value of P , 0.05 was

considered statistically significant.

Results

MPO-Positive Macrophages Vary at Different

Stages of Lesion Evolution in Human

Atherosclerosis

Recent studies have demonstrated the presence of en-

zymatically active MPO in human atherosclerosis.2 Ad-

vanced atheromatous plaques (type Va, n 5 25) consis-

tently expressed abundant MPO immunoreactivity in

intimal mononuclear cells (Figure 1, A and B), and human

atherosclerotic lesions expressed MPO variably depend-

ing on the stage of disease (Table 1 and Figure 1A).

Advanced atheromatous lesions contained MPO-positive

cells particularly in the fibrous cap, near microvessels,

and in the lipid core (Figure 1B). Arteries with diffuse

intimal thickening (n 5 14), fatty streaks (n 5 14), and

fibromuscular plaques (n 5 17) generally exhibited little

MPO immunoreactivity, although some of these speci-

mens did contain MPO-containing cells (Table 1 and

Figure 1A). Advanced fibromuscular plaques (type Vc)

Macrophage MPO in Acute Coronary Syndromes 881
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Figure 1. Expression of MPO immunoreactivity in various stages of human atherosclerotic arteries and localization in advanced plaques. Frozen sections were
incubated with pAb-MPO and MPO immunoreactivity was visualized with the alkaline-phosphatase ABC method (red). A: MPO immunoreactivity localized in
early to advanced human atherosclerosis (arrowheads). Atheromatous plaques exhibited abundant MPO, but lacked staining by nonimmune rabbit IgG used as
a negative control. Arteries with fatty streaks, and fibromuscular plaques usually exhibited little MPO (large panels), but some samples contained MPO in the
intima (insets). Original magnification, 3200. These results are representative of 14 fatty streaks, 17 fibromuscular plaques, and 25 atheromatous plaques. B:
MPO-containing cells were localized in all regions of advanced plaques, especially in fibrous cap, near microvessel (M, indicates lumen of microvessel), and lipid
core of atheromatous plaques. Some of fibromuscular plaques contained MPO-containing cells in the subendothelial space and deep intima. Some of the
lipid-laden foam cells were also MPO-positive in atheroma (arrowheads). Original magnification, 3400.
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contained MPO-positive cells in the subendothelial space

and deep intimal region (Figure 1B). Most MPO-contain-

ing cells were not lipid-laden foam cells, but some lipid-

laden foam cells were also MPO-positive. Arteries that

showed no signs of disease (n 5 7) all lacked MPO

immunoreactivity (data not shown).

Human Atherosclerotic Lesions Contain Two

Phenotypes of Macrophages

To determine unambiguously which cells within human

atheroma express MPO, we performed double immuno-

staining using anti-MPO antibody and cell-type specific

antibodies (CD68 for macrophages and CD66b for neu-

trophils). Intimal cells of human atherosclerotic arteries

did not express the neutrophil marker CD66b (data not

shown). The MPO-positive cells in atherosclerotic lesions

were mononuclear cells and reacted with CD68, identi-

fying these cells as macrophages (Figure 2, arrow-

heads). Fatty streaks contained many CD68-positive in-

timal mononuclear cells but few MPO-containing cells

(Figure 2, left). In contrast, many cells in advanced ath-

eromatous plaques were positive for both MPO and

CD68, although some CD68-positive macrophages

lacked MPO (Figure 2, right). Thus, human atheroscle-

rotic lesions contained two phenotypes of macrophages,

one MPO-positive and the other MPO-negative.

MPO-Containing Macrophage Accumulation in

the Culprit Lesions of Acute Coronary

Syndromes

Most myocardial infarctions are caused by thrombosis on

the substrate of a disrupted atherosclerotic plaque.22,23

Major mechanisms of plaque disruption include fracture

of the fibrous cap22 and superficial erosion of the endo-

thelial cells lining the artery wall.21 We therefore studied

culprit lesions of both types in coronary arteries from

victims of sudden cardiac death. Sites of plaque rupture

in the fibrous caps (n 5 8) and superficial erosions (n 5

7) in coronary arteries from victims of sudden cardiac

death exhibited abundant MPO-containing mononuclear

cells (Figure 3 and Table 1). We found significantly in-

creased numbers of MPO-positive macrophages at sites

of eroded or ruptured plaques (Table 1, P , 0.01). In

eroded or ruptured plaques, few neutrophils (CD66b-

positive cells) localized at the sites of erosion or rupture,

although the occlusive thrombi do contain occasional

neutrophils (data not shown).

GM-CSF Selectively Regulates MPO Expression

during Monocyte-Macrophage Differentiation in

Vitro

We used freshly isolated and cultured human monocytes

to explore mechanisms that might regulate MPO expres-

sion in macrophages. Culturing adherent monocytes in

medium supplemented with human serum (5%) caused

an initial rapid loss of both MPO activity and protein that

was almost complete by 3 days as reported previously.29

Similar results were observed when serum concentra-

tions varied from 5 to 20% (data not shown). GM-CSF

and, to a lesser extent, IL-3 preserved MPO activity dur-

ing the 7-day culture period, whereas M-CSF was inac-

tive in this regard (Figure 4A). Retention of MPO activity

depended on GM-CSF concentration (10 to 500 U/ml)

(Figure 4B) and the GM-CSF-treated macrophages (but

not human serum-treated macrophages or M-CSF-

treated macrophages) contained MPO protein (Figure

4C). These results indicate that GM-CSF selectively reg-

ulates MPO levels during differentiation of circulating

monocytes into macrophages. RT-PCR detected MPO

mRNA in cultured HL-60 cells but not in human athero-

sclerotic tissue, monocytes, or monocyte-derived macro-

phages (data not shown).

Advanced Atheroma Contain GM-CSF and

MPO-Positive Macrophages Localize in the

GM-CSF-Expressing Intima

Advanced atheromatous plaques (type Va) consistently

exhibited considerable GM-CSF immunoreactivity in the

intima (n 5 15) (Figure 5A). The advanced carotid artery

Table 1. Semiquantitative Analysis of MPO Expression in Various Stages of Human Atherosclerosis

Artery type n MPO-positive sample (%) MPO-positive cells/LPF

Nondiseased arteries 7 0 (0%) 0 6 0
Type I (Diffuse intimal thickening) 14 3 (21%) 1 6 0
Type II (Fatty streaks) 14 10 (71%) 3 6 1
Type Va (Atheromatous plaque) 25 25 (100%) 48 6 5*
Type Vc (Fibromuscular plaque) 17 6 (35%) 5 6 3
Type VI (Rupture of

atheromatous plaque)
8 8 (100%) 118 6 25†

Type VI (Erosion of fibromuscular
plaque)

7 6 (86%) 69 6 26‡

MPO immunoreactivity was evaluated in human nondiseased arteries and various stages of human atherosclerotic arteries. Human arteries were
classified by the American Heart Association histological criteria. To semiquantify the MPO expression, we counted the number of MPO-positive cells
in the low-power field (LPF, 3100) in every lesion by two independent observers and MPO-positive cells/LPF is shown as mean 6 SE.

*P , 0.01 versus type Vc.
†P , 0.01 versus type Va.
‡P , 0.01 versus type Vc.
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atheroma, but not nondiseased aorta, expressed GM-

CSF protein and GM-CSF mRNA (Figure 5, B and C).

MPO-positive macrophages localized in the GM-CSF-

expressing atherosclerotic intima (Figure 5D). Depend-

ing on the stage of disease, human atherosclerotic le-

sions also variably expressed GM-CSF in the intima;

arteries with fatty streaks (n 5 8), and fibromuscular

plaques (n 5 12) varied but generally exhibited little

immunoreactive GM-CSF (data not shown). We further-

more found that the areas of immunoreactive GM-CSF

and the number of MPO-positive macrophages corre-

lated significantly in human atherosclerotic lesions (R2
5

0.84, P , 0.001 by linear regression analysis) (Figure 5E).

MPO, Endogenous Peroxidase Activity, and

HOCl-Modified Protein Co-Localize in Advanced

Atheromatous Plaques

In advanced atheromatous plaques, MPO immunoreac-

tivity and endogenous peroxidase activity co-localized

intracellularly in the intima and extracellularly in the lipid

core (Figure 6A, n 5 12). Extracts of human advanced

atheroma (n 5 5), but not of nondiseased aortae (n 5 4),

contain MPO activity (277 6 143 mU/mg protein; range,

77 to ;825; n 5 5). Advanced human atheromatous

plaques typically have a large central hypocellular lipid-

rich region.30,31 This lipid core probably plays a key role

in the biomechanical destabilization of plaques and in

thrombogenesis.17,22,23,32 Lipid cores of advanced ath-

erosclerotic lesions, especially lipid cores with gruel,

contained both MPO immunoreactivity and endogenous

peroxidase activity (Figure 6A). The in situ endogenous

peroxidase activity was inhibited by the heme poison

NaN3 and by a polyclonal antibody to MPO (data not

shown). We also found that the endogenous peroxidase

activity and immunoreactive HOCl-modified proteins

co-localized in the intima of advanced atheroma (Fig-

ure 6B). Specifically, thin fibrous caps, zones sur-

rounding the necrotic lipid core, and fragmented ECM

in atheroma contain HOCl-modified protein epitopes

(Figure 6B). The MPO-poor fibromuscular plaques ex-

amined (n 5 17) contained few HOCl-modified proteins

(data not shown). HOCl-modified protein immunoreac-

tivity was prominent at the sites of ruptured fibrous

Figure 2. MPO-positive macrophages and MPO-negative macrophages in human atherosclerosis. Fatty streaks and atheromatous plaques were examined by
double immunostaining with pAb-MPO (red) and mAb-CD68 (blue). Bottom: A high magnification of each of the top panels. MPO-positive cells were
CD68-positive mononuclear cells in both fatty streaks and atheromatous plaques (purple, arrowheads). Fatty streaks contained many intimal CD68-positive
mononuclear cells but few MPO-positive cells. In atheromatous plaques, many MPO-positive cells were CD68-positive macrophages (purple, arrowheads),
although some CD68-positive macrophages lacked MPO (blue). Original magnification, 3100 (top), 3400 (bottom). These results are representative of six fatty
streaks and 10 atheromatous plaques.
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caps (n 5 8) or eroded plaques (n 5 7) of acute

coronary syndromes (Figure 6C).

Macrophages Release HOCl and MPO in

Response to Pathophysiological Stimuli

To investigate the possibility that MPO-containing mac-

rophages may mediate oxidative stress and trigger in-

flammatory events in atherosclerotic lesions, we exam-

ined the behavior of macrophages treated with GM-CSF

in vitro. The cells chlorinated extracellular taurine in re-

sponse to PMA and to opsonized zymosan (Figure 7) and

PMA provoked MPO release from macrophages, pre-

sumably by degranulation (medium MPO levels: vehicle,

1.0 6 0.2; PMA, 21.2 6 3.1 ng/ml; n 5 3; P , 0.01).

Pathophysiological stimuli known to be present in human

atherosclerotic plaques, CD40L,33 lysoPC,34 or choles-

terol crystals,30 induced HOCl-release from GM-CSF-

treated macrophages (Figure 7) and MPO release from

macrophages in vitro (medium MPO levels: vehicle, 1.0 6

0.2; CD40L, 17.5 6 2.6; cholesterol crystals, 12.1 6 1.8;

lysoPC, 14.8 6 2.2 ng/ml; n 5 3; P , 0.01).

Discussion

This study functionally identified a distinct phagocytic

population, MPO-containing macrophages, in lesions of

human atherosclerosis at various stages, particularly

those provoking the acute coronary syndromes. MPO-

containing macrophages produce HOCl, a specific MPO-

derived reactive oxygen species, in response to patho-

physiological stimuli known to be present in human

atheroma and HOCl-modified proteins accumulated at

ruptured or eroded sites of human coronary atheroma.

Such cells may therefore influence the stability of athero-

sclerotic plaque and hence the thrombotic complications

of atheroma by augmenting oxidative stress. Our results

also suggest that GM-CSF can promote accumulation of

MPO-positive macrophage in human atheroma. Macro-

phages in fatty streaks have little MPO, perhaps because

such lesions contain scant GM-CSF. These observations

help to explain why fatty streaks seldom, if ever, disrupt

and provoke thrombosis, as do advanced atheroma

where MPO-positive macrophages abound. This obser-

vation also supports the notion that expression of pro-

Figure 3. MPO immunoreactivity in ruptured and eroded coronary plaques in patients with acute coronary syndromes. Paraffin sections of ruptured or eroded
plaques were incubated with pAb-MPO and MPO immunoreactivity was visualized with the alkaline-phosphatase ABC method (red), MPO-positive macrophages
(red) were prominent at rupture sites in atheroma and at sites where fibromuscular plaques had eroded in victims of sudden cardiac death. Bottom: High-power
views (original magnifications, 3400) of each upper rectangle area. These results are representative of six eroded and eight ruptured plaques.
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oxidative enzymes can modulate the evolution of athero-

sclerotic lesions.

Acute coronary syndromes involve the remodeling of

arterial ECM and the erosion of plaques or rupture of the

fibrous cap.19–23 Recently, several studies have impli-

cated lesional macrophages in ECM degradation be-

cause of production of matrix metalloproteinases

(MMPs),35,36 inhibitors of metalloproteinases (the TIMPs),

and because the MMP pro-enzymes require extracellular

activation.37 Therefore, increased MMP synthesis alone

may not suffice for tissue destruction; activation of pro-

MMPs and a shift in the MMP-TIMP balance would need

to prevail at sites of pathological ECM degradation. The

present study demonstrates that MPO-positive macro-

phages generate HOCl and that the fragmented ECM in

atheroma contains HOCl-modified protein. HOCl can in-

activate TIMP-138 and HOCl can activate pro-MMPs,39,40

that are expressed in human atheroma.35,36 Thus, the

MPO-containing macrophages could play a special role

in ECM degradation by acceleration of proteinase cas-

cade through oxidative stress. Our observation that MPO-

containing macrophages and HOCl-modified proteins lo-

calize in the fibrous cap and HOCl itself can solubilize

collagen41,42 also suggest that these macrophages may

contribute to structural weakening of the fibrous cap and

plaque rupture independent of proteolysis. MPO-positive

macrophages localized in subendothelial space in some

advanced fibromuscular plaques and HOCl itself can

degrade proteoglycan,43 decrease adhesiveness of sub-

endothelial ECM to endothelial cells,44 and cause endo-

thelial cell retraction and death.45 Each of these functions

may promote local endothelial desquamation that pro-

Figure 4. GM-CSF, but not M-CSF, modulates macrophage phenotype to express MPO in vitro. MPO activity (guaiacol peroxidation method) and MPO protein
were examined in cellular lysate. A: GM-CSF (100 U/ml) and IL-3 (10 ng/ml), but not M-CSF (100 U/ml), preserved MPO activity in monocyte-derived
macrophages during 7 days in culture (n 5 3). IL-1b (10 ng/ml), tumor necrosis factor-a (10 ng/ml), PDGF (10 ng/ml), interferon-g (1,000 U/ml), PMA (100
nmol/L), lysoPC (15 mmol/L), and CD40L (2 mg/ml). Each factor was added to the medium on the 0, second, fourth, and sixth day in culture. B: The effect of
GM-CSF on MPO activity depended on its concentration (10 to 500 U/ml) (n 5 3). C: Extracts of cultured macrophages containing 2 mg of DNA were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. GM-CSF-treated macrophages, but not human serum-treated macrophages and M-CSF-treated
macrophages expressed MPO protein. Each result represents three independent experiments.
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Figure 5. Human atherosclerotic arteries express GM-CSF and MPO-positive macrophages localize in the GM-CSF-expressing atherosclerotic intima. Frozen sections
were incubated with mAb-GM-CSF and GM-CSF immunoreactivity was visualized with the alkaline-phosphatase ABC method (red). A: Advanced atheromatous plaques
expressed substantial GM-CSF immunoreactivity in the intima, but lacked staining by nonimmune mouse IgG1 used as a negative control. These results are representative
of those obtained by study of 15 atheromatous plaques. Original magnification, 3200. B: Each total tissue homogenate of nondiseased aorta and advanced atheromatous
carotid arteries (100 mg of protein/lane) was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and GM-CSF protein was determined by Western
blotting. C: GM-CSF mRNA expression was determined by RT-PCR analysis as described in Materials and Methods. The advanced atheromatous carotid arteries, but not
nondiseased aorta, expressed GM-CSF protein and mRNA. D: MPO and GM-CSF immunoreactivity in the adjacent sections of atheromatous plaques (red). The
MPO-positive macrophages localized in the GM-CSF-expressing intima of atheroma. These results are representative of those obtained by study of 15 atheromatous
plaques. Original magnification, 3200. E: MPO-positive cells were counted in the low-power field (3100), and GM-CSF-immunoreactive areas were selected and
quantitated by computer-assisted image analysis. (open circle, fatty streaks; open triangle, fibromuscular plaques, filled circle, atheromatous plaques). The areas of
immunoreactive GM-CSF and the number of MPO-positive macrophages correlated significantly in human atherosclerotic lesions (R2

50.84, P , 0.001).
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duces superficial erosion of the intima, an important

cause of coronary thrombosis in fibromuscular plaques.

We also found significantly increased numbers of these

MPO-positive macrophages and presence of HOCl-mod-

ified proteins in the culprit lesions of acute coronary

syndromes. Taken together, these observations indicate

that the lesional MPO-containing macrophages may par-

ticipate in the development of acute coronary syndromes.
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Morphologically, so-called “vulnerable” or unstable

plaques have a thin fibrous cap and a large lipid core

(atheromatous plaque, type Va), and so-called “stable”

plaques have a thick fibrous cap, abundant ECM, and

smooth muscle cells with low lipid content (fibromuscular

plaque, type Vc).19,32,46 We found many MPO-containing

macrophages in the advanced atheromatous plaques

(“unstable plaques”) and observed that macrophages of

this phenotype accumulated locally at sites of rupture in

coronary plaques. Some fibromuscular plaques with mor-

phological features of stability also locally contained nu-

merous MPO-containing macrophages in the subendo-

thelial space. Eroded coronary fibromuscular plaques

have similar levels of MPO-containing macrophages, as

do atheromatous plaques, suggesting that accumulated

MPO-containing macrophages locally destabilized the

fibromuscular plaques. Thus, the present observations

support a novel concept that local accumulation of MPO-

containing macrophages in plaques could influence ath-

eroma stability irrespective of the dominant plaque mor-

phology, and in that manner govern a plaque’s

propensity to provoke thrombosis.

Although most atheroma exhibit features of chronic

inflammation,47 the actual triggers of the acute local in-

flammation that leads to clinical symptoms remain un-

clear. For MPO-positive macrophages to realize their pro-

inflammatory capacity in the arterial wall, they must

release MPO into the extracellular space. The stimuli for

and mechanisms of this degranulation remain unknown.

We demonstrate here that CD40L, lysoPC, or cholesterol

crystals, stimuli found in human atheroma,30,33,34 can

trigger the release of MPO and HOCl production from

MPO-positive macrophages in vitro. Thus, the activation

of MPO-containing macrophages and subsequent de-

granulation might contribute to the transition to acute

complications of atheroma. The present findings that

PMA (a potent PKC activator) induced the HOCl produc-

tion from MPO-positive macrophages in vitro suggest

possible signaling pathways.

Our data underscore macrophage heterogeneity.17,18,20,24

We identified two phenotypes of macrophages in human

atherosclerotic lesions, one MPO-positive and the other

MPO-negative. Previously, Owen and colleagues48 and

Akiyama and colleagues49 reported the existence of two

distinct monocyte populations, high MPO and low MPO

monocytes, in circulating human blood. The present ob-

servations demonstrate a similar dichotomy of macro-

phage phenotype in human atherosclerosis in vivo. MPO-

containing macrophages in plaques might arise from the

high MPO monocytes in circulating blood through selec-

tive survival and differentiation if local environmental fac-

tors maintained their phenotype. We demonstrate here

that GM-CSF, but not M-CSF, preserves MPO activity in

human monocyte-derived macrophages in vitro. We also

show that MPO-positive macrophages localize in the GM-

CSF-expressing atherosclerotic intima and localize abun-

dant GM-CSF within the atheroma. These observations

suggest a specific role of GM-CSF in the regulation of

macrophage phenotype in human atherosclerosis. Alter-

natively, the MPO-positive macrophages might arise from

preferential recruitment into atheroma. Human athero-

mata contain several chemokines, including monocyte

chemoattractant protein-1, IP-10, Mig, SDF, I-TAC, or

IL-8.50–52 Circulating mononuclear cells have heteroge-

neous chemokine receptor expression.53 The notion that

this heterogeneity might selectively recruit high MPO

monocytes into atherosclerotic arteries requires further

investigation.

We demonstrated that advanced human atheromatous

plaques expressed GM-CSF-protein and mRNA in the

present study. We have not yet formally identified the cell

types that express GM-CSF in the arterial wall. However,

all types of atheroma-associated cells, endothelial cells,

macrophages, smooth muscle cells, and T-lymphocytes

can produce GM-CSF.54,55 Moreover, bioactive GM-CSF

can bind to extracellular proteoglycans and retain biolog-

ical activity.56 Thus, GM-CSF is synthesized locally in the

artery wall and stored extracellularly in proteoglycan-rich

plaques. Elucidation of the mechanisms that regulate

Figure 6. MPO, endogenous peroxidase activity, and HOCl-modified proteins co-localized in advanced atheroma and HOCl-modified proteins abound in culprit
lesions of acute coronary syndromes. A: Frozen sections of advanced atheromatous plaques were incubated with pAb-MPO and MPO immunoreactivity was
visualized with the alkaline-phosphatase ABC method (red), and endogenous peroxidase activity was examined using the diaminobenzidine peroxidation method
(brown). The adjacent sections of atheromatous plaques show that MPO immunoreactivity (left) and endogenous peroxidase activity (right) co-localized
intracellularly in the intima and extracellularly in the lipid core (arrow, cellular MPO; arrowhead, lipid core MPO). These results are representative of 12
atheromatous plaques. B: Frozen (top, adjacent sections) and paraffin sections of advanced atheromatous plaques (bottom) were incubated with mAb-HOCl-
modified proteins and the immunoreactivity was visualized with the alkaline-phosphatase ABC method (red). Endogenous peroxidase activity was examined
using the tetramethylbenzidine peroxidation method (blue). The endogenous peroxidase activity and immunoreactive HOCl-modified proteins co-localized in the
intima of advanced atheroma, but the lesions lacked staining by nonimmune mouse IgG2b used as a negative control (top, n 5 8). The thin fibrous cap (left),
areas of matrix fragmentation near the lipid core (middle, arrows; degrading area), and fragmented ECM in atheroma (right), but not the area of intact ECM
(asterisk) and media (middle), contain HOCl-modified protein epitopes. These results are representative of 12 atheromatous plaques. C: Paraffin sections of
ruptured or eroded coronary plaques were incubated with mAb-HOCl-modified proteins and HOCl-modified protein immunoreactivity was visualized with the
alkaline-phosphatase ABC method (red). Shown is substantial staining of HOCl-modified protein immunoreactivity at the site of ruptured fibrous cap and erosion.
(arrowhead, ruptured site; arrow, eroded site). These results are representative of six eroded and eight ruptured plaques.

Figure 7. MPO-positive macrophages in vitro produce HOCl in response to
atherogenic stimuli. Bar graph indicates HOCl production from GM-CSF (100
U/ml)-treated macrophages on day 7 measured by taurine chloramine gen-
eration. PMA (300 nmol/L), opsonized zymosan (OZ) (0.2 mg/ml), lysoPC
(15 mmol/L), CD40L (5 mg/ml), or cholesterol crystals (1 mg/ml) induced
HOCl production in macrophages, but A23187 (1 mmol/L), norepinephrine
(10 mmol/L), IL-1b (10 ng/ml), tumor necrosis factor-a (50 ng/ml), and
interferon-g (1,000 U/ml) had no effect (*, P , 0.01 versus vehicle, n 5 3).
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GM-CSF expression in atherosclerosis will require further

study.

The underlying mechanisms of MPO expression in hu-

man atherosclerosis remain uncertain. However, the ab-

sence of detectable MPO mRNA in atheroma suggests

that transcription of MPO gene and de novo synthesis of

MPO protein in the arterial wall contribute little to MPO

expression in atherosclerosis. MPO is a stable and highly

cationic protein that binds readily to negatively charged

ECM components such as glysaminoglycans and proteo-

glycans. This property may permit accumulation and per-

sistence of biologically active MPO protein in the athero-

sclerotic plaques.

Many lines of evidence indicate production of HOCl by

MPO in human atherosclerosis.3–6 We show here the

presence of HOCl-modified proteins within advanced

atheroma and particularly in culprit lesions of acute cor-

onary syndromes. These findings support the pathologi-

cal significance of HOCl production in atherogenesis. We

cannot ascertain the actual local in vivo concentrations of

hypochlorous anion produced in atherosclerotic lesions.

The present study showed that cultured MPO-positive

macrophages produce ;7.5 pmol HOCl/103 cells/hour,

and the ruptured plaques contain 118 6 25 MPO-positive

macrophages/low-power field. HOCl can rapidly react

with next target molecules at the site of its generation.

Hypochlorous anion within the extracellular space may

reach approximately millimolar concentrations during

moderate inflammation.8

In conclusion, we provide evidence that a distinct phe-

notype of macrophages that expresses MPO localized in

human atherosclerosis and the culprit lesions of acute

coronary syndromes. We identify GM-CSF as an endog-

enous mediator that may favor accumulation of macro-

phages of this phenotype in atheroma. Such pro-inflam-

matory macrophages could play a particular role in the

pathogenesis of human atherosclerosis and acute coro-

nary syndromes by contributing to oxidative stress.
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