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Abstract

Chronic macrophage-mediated inflammation is central to
atherosclerosis. A role of the monocyte chemotactic and ac-
tivating C-C chemokine JE/monocyte chemotactic protein-1
has been proposed. However, the human C-X-C chemo-
kines growth-regulated oncogene (GRO«) and IL-8, and
their shared receptor, CXCR-2, also can be expressed at
sites of chronic inflammation. Because we detected CXCR-2
in the intima of human atherosclerotic lesions, we examined
the role of leukocyte CXCR-2 expression in affecting lesion
cellularity. Atherosclerosis-susceptible LDL receptor—defi-
cient mice were irradiated, successfully repopulated with
bone marrow cells that either lacked or expressed mIL-8RH
(the homologue of CXCR-2), and fed an atherogenic diet for
16 wk. In recipients of mIL-8RH+/+ marrow, mIL-8RH
colocalized with densely accumulated intimal MOMA-2
positive macrophages. In contrast, lesions in recipients of
mIL-8RH—/— marrow lacked mIL-8RH, had little intimal
MOMA-2 staining, and were less extensive. The mIL-8RH
ligand KC/GROa was detected in the intima of all aortic
atherosclerotic lesions. Thus, the capacity of leukocytes to
express mIL-8RH, and associated intralesional expression
of its ligands such as KC/GROa, mediated the intimal accu-
mulation of macrophages in atherosclerotic lesions of LDL
receptor—deficient mice. (J. Clin. Invest. 1998. 101:353-363.)
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Introduction

A chronic inflammatory response to injury is a central feature
of atherosclerosis (1) and may serve as a prognostic marker for
heightened risk of myocardial infarction (2). Monocyte-mac-
rophages and activated T lymphocytes that can recognize in-
tralesional antigens accumulate and colocalize in atheroscle-
rotic lesions of all stages (3, 4). The role of T cells in
atherogenesis is currently unresolved (5-9). However, it is
known that the products of activated macrophages are critical
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for not only the development of atherosclerotic lesions, but
also their progression and superimposed thrombotic complica-
tions (1).

The ingress, retention, and activation of mononuclear leu-
kocytes in atherogenesis are the sequelae of atherogenic in-
sults that induce the expression of certain endothelial adhesion
molecules for leukocytes and the release of a variety of inflam-
matory mediators that can activate and chemoattract leuko-
cytes (1, 10). These include certain products of lipid oxidation
that are released from LDL (11-15), and several mediators re-
leased from cells, such as M-CSF and JE/monocyte chemotac-
tic protein-1 (MCP-1)! (1).

JE/MCP-1 is a member of a subfamily of chemokines, des-
ignated as C-C because of the spacing of the first two of four
conserved cysteines (16), whose members generally chemoat-
tract monocytes and/or lymphocytes. JE/MCP-1 is abundant in
atherosclerotic lesions, and it stimulates monocytes to express
IL-1 in vitro, and induces monocyte chemotaxis and adhesion
to endothelium (16). Furthermore, JE/MCP-1 is a major medi-
ator of oxidized LDL-stimulated monocyte transmigration
through the endothelium (14, 15).

Members of the other major chemokine subfamily, the
C-X-C chemokines (e.g., IL-8, growth-regulated oncogene
[GROq], interferon y—inducible protein-10 [IP-10], and plate-
let factor 4 [PF4]), are predominantly recognized as chemoat-
tractants of neutrophils and/or lymphocytes (17, 18). Never-
theless, the potential role in atherogenesis of IL-8 and other
members of a subset of the C-X-C chemokines that bind the
IL-8 receptor CXCR-2 (including GRO« and neutrophil acti-
vating protein-2 [NAP-2]) (17, 18) is receiving increasing at-
tention. In this regard, IL-8 is expressed by lesional macro-
phage-derived foam cells and by other cell types at several
different stages of the human atherosclerotic process (19-21).
Proatherogenic-oxidized LDL not only stimulates cultured en-
dothelial cells, monocytic cells, and vascular smooth muscle
cells to express JE/MCP-1 (15), but also induces substantial
IL-8 expression by monocyte-macrophages (22), and the ex-
pression of a GRO gene by rabbit endothelial cells in vitro
(23). Cholesterol-loaded macrophages express IL-8 in vitro in
a particularly abundant and long-lived manner relative to
expression of other cytokines (20). Furthermore, other athero-
genic insults can promote the production of additional CXCR-
2-binding chemokines. For example, thrombin induces endo-
thelial cells to express GROa in vitro (24), and the catabolism
of B-thromboglobulin released by activated platelets can gen-
erate NAP-2 (16).

IL-8 is a potent endothelial cell chemoattractant and

1. Abbreviations used in this paper: BMT, bone marrow transplanta-
tion; G3PDH, glyceraldehyde-3-phosphate dehydrogenase; GRO,
growth-regulated oncogene; LDLR—/—, LDL receptor-deficient;
MCP-1, monocyte chemotactic protein-1; NAP-2, neutrophil activat-
ing protein-2; RT-PCR, reverse transcriptase—-PCR.
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growth factor (25). Furthermore, functional IL-8 receptors are
normally expressed on circulating T cells and monocytes
(26-32). Determinations of the fractions of mononuclear leu-
kocytes expressing IL-8 receptors, and the numbers of IL-8 re-
ceptors on normal mononuclear leukocytes have varied sub-
stantially between laboratories (26-32). Although it has been
consistently observed that IL-8 receptors are far less numerous
on mononuclear leukocytes than on neutrophils (28, 29), IL-8
and GROa can chemoattract IL-8 receptor—expressing T lym-
phocytes in vitro (26, 27). Furthermore, IL-8 has been docu-
mented to modulate transendothelial T cell migration into cer-
tain inflammatory skin lesions in vivo (31, 33, 34).

Functional significance of IL-8 receptor expression by
monocytes also has been demonstrated. A surface-bound rab-
bit GRO gene, expressed by endothelium exposed to mini-
mally modified LDL, markedly increases the ability of mono-
cytes to adhere to endothelium in vitro (23). IL-8 also has the
capacity to modulate monocyte—endothelial adhesion in vitro
(35, 36). The effects of IL-8 on the adhesion of monocytes ap-
pear to be mediated in part by rapid stimulation of the activa-
tion states (and the ability to bind selected matrix constituents)
of specific leukocyte integrins (34, 35).

The potential effects of IL-8 receptor-binding C-X-C
chemokines on the function on monocytes and monocyte-
derived macrophages do not appear to be limited to adhesion,
because IL-8 and GRO«a stimulate both signal transduction
and increased NADPH oxidase activity in normal peripheral
blood monocytes (37). Furthermore, expression of the IL-8 re-
ceptor CXCR-2 can be highly regulated by several inflamma-
tory agonists, including LPS in vitro (38, 39), and CXCR-2 ap-
pears to be inducible in a subset of macrophages in chronic
experimental dermal granulation tissue in vivo (40).

In view of the collective observations cited above, we stud-
ied the impact of the responsiveness of mononuclear leuko-
cytes to IL-8 receptor-binding C-X-C chemokines in athero-
sclerosis. One means of blocking the potentially redundant
effects on leukocytes of IL-8 receptor-binding C-X-C chemo-
kines is to inhibit the activity of CXCR-2 (16-18). In this
regard, CXCR-2 is more promiscuous than the homologous
human IL-8 receptor CXCR-1, which binds only IL-8 and
GCP-2 with high affinity (12, 13). In contrast, a subgroup of
human C-X-C chemokines that includes IL-8, GROa, GROB,
GROy, granulocyte chemotactic protein (GCP-2), epithelial
neutrophil activator-78 (ENA-78), and NAP-2 (17) share
structural features (41) that mediate high affinity binding
to CXCR-2 (17, 18). Similarly, the murine IL-8 receptor
homologue of human CXCR-2 (mIL-8RH) (12), acts as a pro-
miscuous high affinity receptor for IL-8 and GRO gene prod-
ucts (43, 44).

Despite the existence of another mouse gene that has par-
tial homology to the human IL-8 receptor CXCR-1 (44, 45),
mlIL-8RH is unequivocally the sole murine receptor on neu-
trophils that functionally binds IL-8 and the murine GRO gene
homologues KC/GROa and MIP-2/GROB,y (43). Further-
more, mice homozygous for deletion of mIL-8RH (mIL-
8RH—/—) retain intact chemotactic responses to non-chemokine
agonists (e.g., FMLP, C5a), but do not demonstrate leukocyte
chemotaxis to the IL-8 receptor-binding subgroup of C-X-C
chemokines in vitro or in vivo (42). Thus, to evaluate the po-
tential role that IL-8 receptor-binding C-X-C chemokines
might play in the localization of mononuclear leukocytes to
atherosclerotic lesions, we have engrafted mIL-S8RH—/— bone
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marrow cells (the precursors of peripheral leukocytes) into ir-
radiated LDL receptor—deficient (LDLR—/—) mice, which are
susceptible to diet-induced atherosclerosis (46, 47).

The LDLR—/— model was chosen because allogeneic wild-
type bone marrow—derived mononuclear leukocytes provided
by transplantation are found in atherosclerotic lesions in mar-
row recipient LDLR—/— mice (47). Furthermore, the ability
of LDLR—/— mice to develop atherosclerotic lesions is not af-
fected by the provision of normal leukocyte-specific LDL re-
ceptors by bone marrow transplantation (47).

Our studies demonstrated that mIL-8RH/CXCR-2 and
KC/GROa are present in atherosclerotic lesions, and provided
the first in vivo evidence for a role of mIL-8RH/CXCR-2 and
its ligands in modulating both the lesional accumulation of inti-
mal macrophages, and the extent of lesions in atherosclerosis.

Methods

Animals. Breeding pairs of mice heterozygous (mIL-8RH—/+) for
knockout of the IL-8 receptor homologue, backcrossed onto the
C57BL/6J background, were obtained from Dr. Mark Moore and Dr.
Grace Cacalano of Genentech (South San Francisco, CA) (27).
LDLR—/— mice (46, 47) also backcrossed onto the C57BL/6J back-
ground were initially obtained from The Jackson Laboratory (Bar
Harbor, ME). All mice were weaned at 4 wk and were initially fed ad
libitum using a chow diet (diet #5015; Harlan Teklad, Madison, WI).
Mice were maintained and bred under a 12-h light-dark cycle in spe-
cific pathogen-free conditions that included housing in autoclaved fil-
ter-top cages and irradiation of food (42).

PCR. To identify homozygous mIL-8RH—/— or mIL-8SRH+/+
littermates, we analyzed genomic DNA of offspring at 3 wk of age.
To do so, tail clippings were digested at 55°C for 18 h in a lysis buffer
containing 1 mg/ml proteinase K, 0.5% SDS, 100 mM NaCl, 50 mM
Tris-HCL, 7.5 mM EDTA, pH 8.0. Genomic DNA was purified using
2.5 M LiCl and precipitated in isopropanol on ice, and then resus-
pended in TE buffer (10 mM Tris-HCI, pH 8.0/1 mM EDTA, pH 8.0).
The genomic DNA was amplified in a single tube 35 cycle PCR reac-
tion using a validated set of specific primers for the wild type mIL-
8RH (5' CCTCGTACTGCGTATCCTGCCTCAG 3’ and 5' TAGC-
CATGATCTTGAGAAGTCCATG 3') which do not amplify with
the Neomycin resistance gene insertion, and the primers 5" CGGT-
TCTTTTTGTCAAGAC 3’ and 5 ATCCTCGCCGTCGGGCA-
TGC 3’, which detect the Neomycin resistance gene insertion (42, 43).

For reverse transcriptase-PCR (RT-PCR), total RNA was iso-
lated from peripheral blood leukocytes, separated from red blood
cells by hypotonic lysis, at 4 wk after bone marrow transplantation
(BMT), and from spleens dissected from all mice at time of death, us-
ing the methods previously described (47). The methods and condi-
tions for reverse transcription also are detailed elsewhere (47), and
the PCR protocol for mIL-8RH detection in cDNA is described above.
Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) mRNA was
coamplified to serve as a positive control.

BMT and atherogenic diet. 24 6-wk-old male LDLR—/— mice
were subjected to 1,000 rad of total body irradiation to eliminate most
of the bone marrow-derived cells, including stem cells (47). Marrow
cells used for repopulation of the irradiated mice were isolated from
either a 6-wk-old male mIL-8RH—/— mouse or mIL-8RH+/+ litter-
mate, by previously described methods (47). Irradiated LDLR—/—
mice that received 2 X 10° marrow cells (injected into the tail vein)
from the mIL-8RH—/— donor mouse were designated IL-8RH—/—
BMT mice), and recipients of an equal number of marrow cells from
the wild-type littermate mouse were designated IL-SRH+/+ BMT
mice). After BMT, the mice were placed on a chow diet for 4 wk, af-
ter which an atherogenic diet containing 15.8% (wt/wt) fat and 1.25%
cholesterol (no cholate) (diet #94059; Harlan Teklad), was given for
16 wk, followed by killing.



The animals were bled at week 0 (before BMT), and 4, 8, and 20
wk after BMT and total cholesterol was analyzed on plasma samples
isolated using a kit from Sigma Chemical Co. (St. Louis, MO). To do
so, blood was drawn into heparin-coated capillary tubes (Baxter
Healthcare Corp., McGraw Park, IL) after a 6-h fast by retro-orbital
puncture under Metofane-induced anesthesia. Plasma was separated
from peripheral blood cells by centrifuging the blood samples at 3,000 g
for 30 minutes at 4°C. Plasma pooled from all mice in each group also
was subjected to FPLC for separation of lipoprotein fractions, as pre-
viously described (47, 48). All animal procedures were institutionally
reviewed and in accordance with accepted guidelines.

Assessment of atherosclerosis in aortas and aortic valves. Details of
the preparation of aortas and aortic valves are described in detail
elsewhere (47, 48). In brief, the aortas were dissected out, opened
longitudinally, and stained with Sudan IV for visual assessment of the
extent of atherosclerosis and photographed. The valve sections of
the heart were used to quantify lesion areas in a defined region of the
aortic valve. In brief, the OCT-embedded hearts were sectioned in a
cryostat until all three leaflets were visible within the aortic valve.
From this point, 10 um sections were taken for the next 300 um of the
valve region, and each section was collected on a Superfrost slide
(Fisher Scientific, Tustin, CA). The lipid-rich lesions were visualized
by staining the sections with oil red O followed by counterstaining
with hematoxylin. A total of five sections taken every 40 um was used
to quantitate lesion areas using a computer-assisted video imaging
system (49). The average lesion area of the five sections from each
heart was taken to represent one animal, and the means of the aver-
age lesion areas from each group were compared.

Immunohistochemistry. Human atherosclerotic lesions were ob-
tained as leftover material at carotid endarterectomy and were em-
bedded in OCT medium and snap-frozen in liquid nitrogen. Cryo-stat
sections (3-5 wm) were acetone-fixed and blocked with nonimmune
rabbit serum before incubation with a poyclonal rabbit antibody spe-
cific for human CXCR-2 (50) (from Dr. I. Schraufstatter, The Re-
search Institute of Scripps Clinic, La Jolla, CA). Mouse atheroscle-
rotic lesions were assessed immunohistochemically using a polyclonal
rabbit anti-mouse mIL-8RH (Chemicon International, Inc., Temec-
ula, CA), a polyclonal goat anti-mouse KC (R & D Systems, Minne-

apolis, MN), a polyclonal rat antibody to the mouse monocyte-mac-
rophage marker MOMA-2 (51) (Serotec Ltd., Kidlington, Oxford,
United Kingdom), and rabbit polyclonal antibodies to a-actin and
murine CD4 and CD8 (Life Technologies, Gaithersburg, MD).

The heart and artery tissue cryo-sections used for immunohis-
tochemical staining were fixed in acetone at —20°C for 2 min and im-
mersed in PBS for 5 min to rehydrate the tissues. All further incuba-
tions were performed at room temperature in a humid chamber,
except for the incubation with primary antibodies. The biotin in the
sections was blocked by incubating in avidin for 15 min, washing and
then reincubating in biotin for 15 min. The sections were incubated in
5% normal sera (matched for the antibodies to KC, mIL-8RH,
MOMA-2, murine CD4 and CD8, a-actin, and human CXCR-2) di-
luted in 0.5% BSA in PBS (PBS/BSA) for 30 min. The tissues were
incubated in a 10 pg/ml dilution of the primary antibodies overnight
at 4°C. After a thorough washing, the sections were incubated with
their respective secondary antibodies at 5 pg/ml (biotinylated goat
anti-rabbit IgG for mIL-8RH and biotinylated rabbit anti-goat IgG
for KC, MOMA-2, murine CD4 and CDS8, «-actin, and human
CXCR-2 (both from Vector Laboratories, Inc., Burlingame, CA).
Endogenous peroxidase was blocked at this point with a blocking
agent (Zymed, South San Francisco, CA) for 2 min. The sections
were incubated with Vectastain ABC Elite solution (Vector Labora-
tories, Inc.) for 30 min. At this point, the staining method differed
for mIL-8RH and KC because of differences in staining intensities.
Staining for mIL-8RH was achieved by developing the sections with
9-amino-3-ethylene-carbazole (AEC) or diaminobenzidine (DAB)
(Vector Laboratories, Inc.) after the Vectastain step. For KC staining
the signal was enhanced using Tyramide Signal Amplification kit
(New England Nuclear, Boston, MA) as recommended by the manu-
facturer. This was done by incubating with 1:50 dilution of biotinyl
tyramide for 8 min after the initial Vectastain incubation, followed by
another incubation with Vectastain and development with AEC. All
sections were counterstained with hematoxylin and mounted with an
aqueous mounting medium (Shandon Lipshaw, Pittsburgh, PA).

Statistical analysis. Statistical significance was determined using
analysis of variance (ANOVA) and the Mann-Whitney U test, where
indicated.

Figure 1. Detection of the IL-8 receptor CXCR-2 in human carotid endarterectomy atherosclerotic lesions. Cryo-sections from atherosclerotic
lesions from different subjects were studied by immunohistochemistry, as described in Methods. Subject A, A-C and F; subject B, D-E. A-D
were stained with a rabbit polyclonal antiserum specific for human CXCR-2; E and F were stained with an irrelevant control antibody (4, X50);
B and D-F (X130); and C (X200). Positive (red) staining of CXCR-2 in the lesions (A and D) was localized to cells within the intima (B and C).
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Results

CXCR-2 can be present in the intima of human atherosclerotic
lesions. CXCR-2 was detected by immunohistochemistry in
the intima of two out of two human carotid artery atheroscle-
rotic lesions examined (Fig. 1). It was localized predominantly
to the intima in regions that are commonly populated with
macrophages (1). This detection of CXCR-2 in human athero-
sclerotic lesions prompted us to examine the role of CXCR-2
in leukocyte localization in atherosclerotic lesions. We chose
to study a murine model, in which the bone marrow of mice
deficient in the CXCR-2 homologue mIL-8RH were used to
repopulate irradiated atherosclerosis-susceptible LDLR—/—
mice.

Effects of BMT and an atherogenic diet. Leukocyte repop-
ulation from respective BMT donors was confirmed by observ-
ing expression of mIL-SRH mRNA in the spleen and the pe-
ripheral blood leukocytes (PBL) of BMT recipients. Fig. 2
shows a representative result of RT-PCR for mIL-S8RH in
splenic mRNA of three animals (at the time of death) from the
mIL-8RH+/+ BMT group and four from the mIL-8RH—/—
BMT group, using G3PDH as a positive control. The PBL of
all recipients of mIL-SRH+/+ BMT expressed mIL-S8RH
mRNA, whereas all recipients of mIL-SRH—/— BMT were
negative for mIL-8RH mRNA by 4 wk after BMT (data not
shown).

Plasma cholesterol values from individual mice at various
times are shown in Fig. 3. Mean cholesterol levels were similar
between the two groups at week 0 (after BMT) and was mod-

LDLR -/- LDLR -/-

miL-8RH */+ mIL-8RH ~/-

miL-8RH —>

G3PDH —

Figure 2. Transplantation with mIL-8RH—/— bone marrow repopu-
lates splenic leukocytes with donor leukocytes in LDLR—/— recipi-
ents. RT-PCR results of RNA isolated from spleen of three represen-
tative recipients of mIL-8RH+/+ BMT and four representative
recipients of mIL-SRH—/— BMT are shown. RNA from the tissues
was reverse transcribed using random primers and amplified for 30
cycles with primers that detect wild-type mIL-8RH mRNA, but not
the mutant mRNA. G3PDH primers were used as positive control, as
seen by the bands on the lower portion of the gel.
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Figure 3. Total plasma cholesterol before (Pre-BMT) and 4, 8, and 20
wk after bone marrow transplantation (Post-BMT). The mice were
given a standard chow diet until 4 wk post-BMT (open symbols) and
then switched to the atherogenic diet for an additional 16 wk. Thus, 8
wk post-BMT and 20 wk post-BMT values represent plasma choles-
terol in mice fed the atherogenic diet for 4 and 16 wk, respectively.
Each symbol represents fasting plasma cholesterol of individual mice
transplanted with either wild-type BMT (circles, n = 12) or mIL-
8RH—/— BMT (squares, n = 11). The mean=SD plasma cholesterol
values (mg/dl) for mIL-8RH+/+ BMT and mIL-8RH-/— BMT
groups were: 307+33 and 272+27 (week 0); 264+101 and 36660
(week 4); 1,004=137 and 716179 (week 8); and 1,029+159 and
705+153 (week 20).

estly elevated in the mIL-8RH—/— BMT group at week 4 (af-
ter BMT) while the animals were on a chow diet. Plasma cho-
lesterol levels increased several-fold from baseline levels, as
expected (46, 47), when the animals were placed on the
atherogenic diet. Mean plasma cholesterol at 8 wk on the
atherogenic diet was 29% lower in the mIL-SRH—/— BMT
mice compared with their mIL-8RH+/+ BMT counterparts,
and was 31% lower at the time of death (16 wk after institution
of the atherogenic diet). FPLC analysis revealed that this dif-
ference in plasma cholesterol was due to differences in all lipo-
protein fractions, particularly VLDL (Fig. 4).

At the time of death, the mIL-8RH—/— BMT mice had
splenomegaly and a lack of splenic germinal centers, consistent
with the previously demonstrated defect in the ability to con-
strain myeloid lineage expansion in the mIL-8RH—/— pheno-
type (42, 52). At the time of death, the coats of mIL-8RH—/—
BMT mice also had lost some of their sheen, and these mice
consistently weighed ~ 15% less than their counterparts that
had received normal bone marrow.

Lesion analysis. To visually assess the extent of athero-
sclerosis in killed mice, aortas were dissected, opened longitu-
dinally, and stained with Sudan IV to render the neutral lipids
bright red. Six animals (three per group) that had similar
plasma cholesterol values between 910-957 mg/dl were chosen
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Figure 4. FPLC separation of the LDLR —/— mouse plasmas on Su-
perose 6 (HR 10/30 column) to reveal the distribution of cholesterol
among the various lipoprotein fractions. Plasma fractions were
pooled for each time point in equal proportions from all mice within
each group and 0.1 ml was applied to the column. Cholesterol in each
0.5 ml fraction was measured by a fluorometric enzyme assay. The
data indicates the relative cholesterol content of each 0.5 ml FPLC
fraction.

for this analysis. Although there was visible variability in the
extent of atherosclerosis, particularly among the three aortas
from the mIL-8RH+/+ BMT mice (Fig. 5, left), the lesions
were clearly less extensive in the three mIL-SRH—/— BMT
mice (Fig. 5, right). This was particularly evident when the arch
regions (at the left end of each aorta) of the two groups were
compared.

Further analysis of the aortic valve sinus of the hearts
with oil red O-stained serial sections of the frozen hearts
also revealed notably smaller and less advanced lesions in the
mIL-8RH—/— BMT mice. These small lesions were character-
ized by a less prominent necrotic core and by less smooth mus-
cle cell proliferation (Fig. 6, C and D, compared with the con-
trol mIL-8RH+/+ mice in A and B).

Quantitative comparison of lesion size. Computer-assisted
video imaging of similarly oil red O-stained aortic valve le-
sions, serially sectioned from frozen hearts as described above,
was used to quantify lesion areas. The results (Fig. 7) con-
firmed the qualitative evidence for reduction in lesion areas in
mice lacking expression of the mIL-8RH in leukocytes after
BMT (Fig. 6). In Fig. 7, where each point represents the mean
lesion area of five valve sections quantified from each mouse,
it is demonstrated that the mean lesional area of the mIL-
8RH+/+ BMT mice was 654,241+99, 117 um?, n = 12, com-
pared with 249,581+147, 197 um? for the mIL-SRH—/— BMT
mice, n = 11 (P = 0.00008 by the Mann-Whitney test).

Because the two groups of mice also differed on the basis
of plasma cholesterol on an atherogenic diet after BMT (f
1/21 = 24.03, P < 0.0001 by ANOVA), further analysis was
necessary. Although the variance between the two groups for
lesion size was even more substantial (f 1/21 = 60.78, P <

0.0001 by ANOVA), a direct relationship between cholesterol
and lesion size was evident when all the animals of both groups
were included in the analysis. Nevertheless, a subgroup analy-
sis of those animals that had comparable plasma cholesterol
values after BMT proved significant. Specifically, we identified
animals in both groups that had an average plasma cholesterol
at 8 and 20 wk between 780 and 960 mg/dl. In this regard, the
mean plasma cholesterol values were 89467 mg/dl (n = 5),
and 892+78 mg/dl (n = 4) in the mIL-8RH+/+ BMT and
mIL-8RH—/— BMT subgroups, respectively. The mean aortic
valve lesional areas in these subgroups of animals were
601,20391,861 um? for the mIL-SRH+/+ BMT mice and
333,095+195,711 pm? for the mIL-8RH—/— BMT mice (P =
0.02 by the Mann-Whitney test). This persistent difference in
lesion area in animals with similar cholesterol levels suggested
that factors other than plasma cholesterol were contributing to
the markedly diminished extent of atherosclerosis in mIL-
8RH—/— BMT mice.

Deficient recruitment of MOMA-2 positive macrophages af-
ter mIL-8R—/— BMT. Immunohistochemical analysis of se-
rial sections from animals matched for plasma cholesterol
demonstrated that the aortic valve lesions of the mIL-SRH+/+
BMT mice expressed mIL-8RH (Fig. 8). The mIL-8RH stain-
ing in the lesions of these mIL-8RH+/+ BMT mice was wide-
spread, intense, and restricted to cell-rich areas throughout the
intima (Fig. 8). Staining of serial sections for MOMA-2, a marker
specific for monocyte-macrophages (51), demonstrated that
mIL-8RH and MOMA-2 were colocalized in the intima (Fig.
8). However, T lymphocyte staining was not detected in these
advanced murine lesions (53) (Fig. 8). Smooth muscle cell-rich
regions of the lesions were generally negative for mIL-8RH
(Fig. 8), consistent with predominant mIL-8RH expression by
the macrophages within these lesions.

Only background staining for mIL-8RH was detected in
the lesions of the mice that received mIL-8RH—/— marrow.
More importantly, mIL-8RH—/— BMT markedly affected the
cellularity of the lesions. This was evidenced by weak intimal
staining for MOMA-2 positive macrophages in these animals
compared with the strong and dispersed MOMA-2 intimal
staining in lesions after mIL-8RH+/+ BMT (Fig. 8).

Expression of the murine IL-8 receptor-binding C-X-C
chemokine KC/GROa. The association of the intralesional
presence of mIL-SRH with more extensive monocyte-mac-
rophage recruitment in mIL-8RH+/+ BMT mice suggested
the potential for direct involvement in atherosclerosis of mIL-
8RH and at least one of its C-X-C chemokine ligands. Mice do
not express an IL-8 peptide homologue (45) but they do ex-
press the GROa homologue KC, and the GROB,y homologue
MIP-2, which are known to bind and activate mIL-8RH (43,
44). To examine the expression of KC/GROw in the lesions,
the heart valve sections were stained with a goat anti-mouse
KC antibody. KC/GROa was detected in the intimal macro-
phage-rich areas of atherosclerotic lesions in both groups of
mice by immunohistochemistry (Fig. 9). Interestingly, some of
the endothelial cells, as well as other cells found within the le-
sion, stained positively for KC/GROw (Fig. 9). The identifica-
tion of KC/GROw in the lesions of both groups of mice, but
mIL-8RH only in the lesions of mice whose leukocytes ex-
pressed mIL-8RH+/+ after BMT, suggested a key role for
KC/GRO«a and possibly other mIL-8RH-binding C-X-C
chemokines in macrophage localization in these atheroclerotic
lesions.
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Figure 5. Sudan IV staining of atherosclerotic lesions in isolated aortas in LDLR—/— mice that received mIL-8RH—/— marrow versus mIL-
8RH+/+ marrow. Shown in this figure are three aortas each from mice that received either mIL-8RH+/+ BMT (three aortas on the left) or mIL-
8RH~—/— BMT (three aortas on the right) all of which were matched for similar plasma cholesterol levels (910-957 mg/dl). The aortas were dis-
sected out after they were carefully stripped of the adventitial fat and stained with Sudan IV to reveal the raised atherosclerotic lesions in the
lumen, shown here to be stained bright red. On all the aortas, the aortic arch is at the left end and the iliac bifurcation at the right end.

Figure 6. Representative oil red
O-stained sections of aortic valves
from two plasma cholesterol-
matched mice in the two groups

20 wk after bone marrow transplan-
tation (and 16 wk after starting the
atherogenic diet). The cryosections
were cut 10 wm thick and stained to
show the bright red staining of the
atherosclerotic lesions. A and B are
sections from recipients of mIL-
8RH+/+ BMT, characterized by
advanced lesions with necrotic core,
proliferated smooth muscle layer
and cell-rich areas of the subendo-
thelium. In contrast, lesions of mice
that received mIL-8RH—/— BMT
(C and D) are generally less ad-
vanced with a much smaller necrotic
core and less prominent smooth
muscle proliferation.
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Figure 7. Quantification of size of aortic valve lesion areas. Oil red
O-stained aortic valve lesion areas, such as those shown in Fig. 4,
were quantified using a computer-assisted video imaging system.
Each symbol represents the mean lesion area of five sections from the
heart of each animal taken every 40 pm through the aortic valve. The
mean=*SD lesion area of the recipients of mIL-8RH+/+ BMT (n =
12) was 654,241+99,117 wm?, whereas it was 249,581+147,197 um?
for the recipients of mIL-8RH—/— BMT (n = 11).

Discussion

Recent studies have suggested that IL-8, and certain other
highly homologous CXCR-2-binding C-X-C chemokines in-
cluding GROa (27), have the potential to modulate athero-
genesis (19-23). In this study, we observed that the human IL-8
receptor CXCR-2 could be detected in the macrophage-rich
intima in human carotid atherosclerotic lesions (Fig. 1). Fur-
thermore, the murine homologue of the human IL-8 receptor
CXCR-2 (mIL-8RH) (42-44) was abundant in macrophage-
rich areas of established aortic atherosclerotic lesions in
LDLR—/— mice fed an atherogenic diet for 16 wk (Figs. 2 and
8). The functional importance of this receptor was confirmed
by demonstration that its absence on bone marrow—derived
peripheral blood leukocytes was associated with reduced le-
sion area (Figs. 5-7) associated with markedly reduced recruit-
ment of mIL-8RH-positive and MOMA-2 positive intimal
macrophages (Fig. 8). The results imply a direct role for IL-8
receptor-binding C-X-C chemokines in the localization of
macrophages in atherosclerotic lesions.

This study identified that KC/GROa (17, 41, 44) shares
with IL-8 the potential to recruit cells to atherosclerotic le-
sions. Lesional KC/GROw expression, which we evaluated be-
cause mice do not express IL-8 (42, 44, 45), was generally
abundant in the atherosclerotic lesions of LDL receptor—defi-
cient mice, irrespective of the presence or absence of mIL-
8RH expression by leukocytes (Fig. 8). Activated monocyte-
macrophages, endothelial cells, smooth muscle cells, and T
lymphocytes all have the potential to produce IL-8 and GRO«
in vitro (16, 18, 22, 23, 40, 54-56), but in human atherosclerotic
plaques IL-8 may be most prominently expressed in foam cells

(20, 21). We detected KC/GROu staining of endothelium of
aortic valve atherosclerotic lesions, but the predominant loca-
tion of KC/GROa was in the macrophage-rich intima (Fig. 8).
Further investigation will be needed to ascertain if GROa is
expressed more widely than IL-8 in human atherosclerotic le-
sions (20, 21). It will also be of interest to determine the rela-
tive contributions of M-CSF and other cytokines (1, 57-59),
and of oxidized LDL (20, 22, 23, 60, 61) to the induction of
KC/GROa and IL-8 in atherosclerotic lesions.

Atherosclerotic lesions can contain many potential agents
other than GROu«a and IL-8 (26, 33, 62) that can modulate
monocyte adhesion and/or transmigration, including JE/MCP-1,
and certain products of lipid oxidation released from oxidized
LDL (11, 13). Thus, it was surprising to see that the accumula-
tion of a fraction of intimal macrophages was dependent on
the presence of mIL-S8RH on bone marrow—derived leuko-
cytes (Fig. 8). It is possible that mIL-8RH-mediated effects of
KC/GROa on monocyte adhesion to endothelium (23, 25),
and monocyte-macrophage activation (37), retention and mat-
uration (52) might jointly account for these effects. Though
CXCR-2 and mIL-8RH expression have been reported to be
an order of magnitude lower in normal circulating monocytes
than in neutrophils (28-31), CXCR-2 expression can be upreg-
ulated by certain inflammatory cytokines and by leukocyte
maturation in vitro (26, 32, 38, 39). Such effects likely account
for the upregulated expression of CXCR-2 in some of the mac-
rophages in chronic experimental granulation tissue (40), and
may explain the unexpectedly prominent expression of mIL-
8RH by MOMA-2 positive intimal macrophages in murine
atherosclerotic lesions (Fig. 8). Thus, it will of interest to fur-
ther define the basic mechanisms and precise functional con-
sequences of enhanced monocyte-macrophage mlIL-8RH/
CXCR-2 expression in vitro, and in vivo in atherosclerotic le-
sions.

IL-8 receptor-binding C-X-C chemokines are potent neu-
trophil chemotaxins (17, 18), but the atherosclerotic lesions of
LDLR—/— mice that expressed KC/GROa and mIL-8RH
consistently demonstrate a scarcity of neutrophils (1, 46, 47).
Similarly, neutrophils are scarce in most human atheroscle-
rotic lesions (1), despite the repeated detection in lesions of
not only IL-8 (19-21) but also of E-Selectin, the major endo-
thelial ligand for neutrophils (10). The paucity of neutrophils
in atherosclerotic lesions that contain IL-8 receptors remains
unexplained and counterintuitive. However, neutrophil emi-
gration is a multi-step process, which requires synergistic inter-
actions between specific chemotaxins, endothelial adhesion
proteins, neutrophil integrins, and matrix constituents (63)
that might be not be favored in atherosclerotic lesions. For ex-
ample, human neutrophil chemotaxis in response to IL-8 re-
quires nanomolar concentrations that are up to 10-fold higher
than the IL-8 concentrations that cause T lymphocyte chemo-
taxis (26), and up to a thousand-fold higher than the IL-8 con-
centrations that cause endothelial cell chemotaxis (25). Alter-
natively, the scarcity of neutrophils in atherosclerotic lesions
suggests the possibility that effects of CXCR-2-binding chemo-
kines on the initial adhesion and emigration of leukocytes dur-
ing lesion formation might be less significant than subsequent
effects of such chemokines on the retention and activation of
macrophages in established lesions that express upregulated
CXCR-2 (Fig. 8).

The concentration of T lymphocytes is very low relative to
that of macrophages in lesions that have reached the stage
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Figure 8. mIL-8RH colocalizes with the macrophage marker MOMA-2. Leukocyte mIL-8RH is necessary for the accumulation of MOMA-2
positive macrophages in aortic valve atherosclerotic lesions. Sections (X130) from plasma cholesterol-matched mIL-8RH+/+ BMT recipients
(A-D) and mIL-8RH—/— BMT recipients (E-H) were incubated with antibodies specific for mIL-8RH (A and E), MOMA-2 (B and F), CD4,
CDS8 (C and G), and the smooth muscle marker a-actin (D and H) and developed as described in Methods. 7 and J (X130) are specificity controls
using sections of mouse spleen stained for MOMA -2 (1, selective red pulp staining) and CD4, CDS (/, selective white pulp staining).

o = 9

Figure 9. Immunohistochemical staining of aortic valve lesions for expression of KC/GRO«. The cryo-sections of aortic valves in plasma-choles-
terol matched animals were incubated with a goat anti-mouse KC polyclonal antibody and detected as described in Methods. A and B show sec-
tions from mice that received mIL-8RH+/+ BMT (X200), whereas C and D show sections from mice that received mIL-8RH—/— BMT (x200).
The majority of the positive staining is localized to the space immediately beneath the endothelium.



where an extensive necrotic core has developed (53), and we
detected no intimal T cell staining in the advanced murine ath-
erosclerotic lesions examined in this study (Fig. 8). However,
these findings do not exclude the possibility that earlier effects
on T cells might influence monocyte-macrophage recruitment
and retention. In this regard, IL-8 and the IL-8 receptor—bind-
ing chemokine GROu act as chemoattractants for CD4+ and
CD8+ T lymphocytes that express CD45RO (26, 27). Further-
more, CD45RO+ cells comprise the majority of T lympho-
cytes within atherosclerotic plaques (64).

Though animals lacking mature T cell function develop
atherosclerosis (5, 6, 9), it will be of interest to define the po-
tential for IL-8 receptor-binding C-X-C chemokines to inter-
act with T lymphocytes in atherosclerotic lesions. In this regard,
the modulating effects of immune responses on atherogenesis
appear variable (7, 8, 53). One could speculate IL-8 receptor—
binding C-X-C chemokines could contribute to the disparities
observed in the T cell subsets and the predominant lesional
T cell response (e.g., Thl versus Th2 response [56, 65, 66]) in
atherosclerotic lesions of different stages (53, 67). Examina-
tion of early and developing atherosclerotic lesions for the cel-
lular patterns of expression of IL-8 receptor-binding C-X-C
chemokines and IL-8 receptors, and further characterization
of mIL-8RH-deficient animals also should be useful in defin-
ing the potential for CXCR-2 expression to directly affect the
atherogenic role of other cells. In this regard, some endothelial
cells (25) also expressed mIL-8RH in atherogenic lesions (Fig.
8), and smooth muscle cells have the capacity to express
CXCR-2 (54).

In this study, the area (Fig. 7) and morphology (Fig. 6) of
aortic and aortic valve atherosclerotic lesions were affected by
the absence of mIL-8RH in bone marrow—derived leukocytes.
This suggests a significant role in lesion progression for KC/
GROa and/or other IL-8 receptor binding C-X-C-chemokines,
acting at the level of localization of mIL-S8RH-bearing mac-
rophages in lesions (Fig. 8). However, limitations to this study
were evident. When the animals were fed the atherogenic diet,
the plasma cholesterol in recipients of mIL-SRH—/— BMT
was ~ 30% lower than in recipients of mIL-8RH+/+ BMT
(Fig. 3). As revealed by FPLC, this reduction was due to de-
creased cholesterol in all the lipoprotein fractions, especially in
VLDL (Fig. 4). Body weight also was consistently 15% lower
in recipients of mIL-SRH—/— BMT. Although food intake
was not recorded, there was no obvious difference in the
amount of food consumed by the two groups of animals.

It is likely that certain characteristics of the mIL-S8RH—/—
phenotype, including consequences of myeloid expansion such
as organomegaly and the potential metabolic effects of disreg-
ulated cytokine production by the expanding myeloid tissues
(42) may account for differences in the cholesterol levels and
weight. The precise causes for these differences and the extent
of their contribution to diminished atherosclerosis in recipients
of mIL-8RH—/— BMT were not defined. However, it is un-
likely that a 30% lower mean plasma cholesterol in recipients
of mIL-8RH—/— BMT (Fig. 3) would by itself cause a more
marked 2.5-fold reduction in lesion area (Fig. 7). First, when
subsets of animals from both groups with similar plasma cho-
lesterol levels were analyzed, the extent of aortic lesions was
far less after mIL-SRH—/— BMT (Figs. 5 and 6). Second, the
mean lesion area of recipients of mIL-SRH—/— BMT also was
twofold less than in recipients of mIL-S8RH+/+ BMT with ap-
proximately equal plasma cholesterol values (P = 0.02). Third,

the histology of atherosclerotic lesions differed according to
the phenotype of the bone marrow donor in animals with
equivalent plasma cholesterols. Specifically, lesions in recipi-
ents of mIL-SRH—/— BMT had not only diminished macro-
phage recruitment but also evidence for less extensive necrotic
cores and smooth muscle proliferation (Figs. 6, 8, and 9).

In conclusion, this study indicated that leukocyte mIL-8RH
expression plays a significant role in the localization of mac-
rophages in atherosclerotic lesions and the progression of such
lesions in LDLR—/— mice. We anticipate that future investi-
gation of the roles of mIL-8RH/CXCR-2 and its ligands in ath-
erosclerotic lesions will yield additional insights into athero-
genesis, and possibly provide new rational therapeutic targets.
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