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A Chemotactic S100 Peptide Enhances Scavenger Receptor and Mac-1
Expression and Cholesteryl Ester Accumulation in Murine Peritoneal
Macrophages In Vivo
Wendy Lau, Jannine M. Devery, and Carolyn L. Geozy
The Heart Research Institute, Camperdown, New South Wales 2050, Australia

Abstract

In the early development of atherosclerotic plaque, mono-
cytes are recruited to the arterial intima where they accumu-
late lipid and become foam cells. The recently described
murine chemotactic S100 protein, CP-10, may have an im-
portant role in this process. Intraperitoneal injection of CP-
104-s~s (chemotactic hinge region peptide) into mice caused
a sustained leukocyte recruitment with a sixfold increase in
monocyte numbers over 24 h. CP-10425,5-elicited monocyte/
macrophages accumulated significantly increased choles-
teryl esters in response to acetylated LDL, both in vivo and
in vitro and this was associated with a twofold increase in
scavenger receptor expression. By contrast, thioglycollate-
and macrophage colony-stimulating factor-elicited macro-
phages expressed levels of scavenger receptor similar to
those on resident macrophages and did not exhibit enhanced
acetylated LDL loading in vitro. The leukocyte integrin
Mac-i (CDiib/CD18) and its j subunit (CD18), but nei-
ther lymphocyte function-associated antigen-i nor very late
activation antigen-4, were upregulated on monocyte/macro-
phages elicited by CP-1042.55, thioglycollate, and macro-
phage colony-stimulating factor. Cholesteryl ester accumu-
lation in vitro was significantly enhanced by adhesion, which
appeared to involve macrophage activation via ligation of
Mac-i. The initial events of monocyte recruitment and adhe-
sion to the vessel wall may be important in macrophage
foam cell development, and CP-10 or related S100 proteins
may contribute to the early inflammatory events of athero-
genesis by stimulating these events. (J. Clin. Invest. 1995.
95:1957-1965.) Key words: atherosclerosis * low density li-
poprotein * inflammation * chemotactic factors * cell adhe-
sion

Introduction

The pathogenesis of atherosclerosis is a chronic process which
develops within a complex inflammatory and hyperlipidemic
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environment ( 1). Although its etiology is unknown, the early
recruitment of monocytes to the arterial intima and their subse-
quent accumulation of modified LDL are well documented (2).
Monocyte recruitment is highly regulated and is influenced by
a variety of chemotactic factors such as FMLP(3), macrophage
colony-stimulating factor (M-CSF),' (4) or monocyte chem-
oattractant protein-i (5 ), and the expression of adhesion mole-
cules (6). Our laboratory described a novel murine chemotactic
mediator termed CP-10 (chemotactic protein of molecular mass
10.3 kD), an S100 protein with potent chemotactic activity for
myeloid cells in vitro (7, 8) and in vivo (8, 9). S100 proteins
are characterized by two highly conserved calcium-binding do-
mains separated by a highly divergent "hinge" region. The
hinge region of CP-10 (CP-1042-55) contributes significantly to
the chemotactic activity of the protein, measured using Boyden
chamber assays (8). In contrast to "classical" leukocyte che-
motactic agents (FMLP, CSa, 1L-8), which elicit relatively
weak and transient (2-6 h) inflammatory reactions in vivo (10,

11), CP-I0 elicits a more sustained (4-24 h) inflammatory
response (8, 9).

Adhesion molecules on both leukocytes and endothelial
cells are important in mediating leukocyte attachment and accu-
mulation at inflammatory foci. The leukocyte #I and 12 integrins
play a critical role in mediating strong, sustained adhesion (6)
and their engagement may influence leukocyte activation and
effector functions (12, 13). Mac-i (CDllb/CD18, aMJ32) and
lymphocyte function-associated antigen-i (LFA-1, CDlIa/
CD18, a&2) share a common 16 chain (CD18) whereas very
late activation antigen-4 (VLA-4, CD49d/CD29, a4381) belongs
to the ,16 family. Mac-I recognizes a diverse array of ligands
involved in the inflammatory process. These include comple-
ment protein fragment C3bi, fibrinogen, factor X, and denatured
proteins (13, 14). The endothelial cell counterreceptors for
Mac-i and LFA-1 (intercellular adhesion molecule-i [ICAM-
1]) and for VLA-4 (vascular cell adhesion molecule-I [VCAM-
1]) are reportedly expressed in human atherosclerotic plaque
(15, 16).

Macrophages in the subendothelial space accumulate
cholesteryl esters (CEs) to become foam cells ( 1, 2). The scav-
enger receptor (SR) mediates uptake of modified LDL such as
oxidized LDL and acetylated LDL (AcLDL) (17) and may be
involved in macrophage foam cell formation in vivo (18). It
may also mediate other potentially important physiological
functions including binding of LPS (19) and adhesion (20).
Unlike the LDL receptor it is not downregulated in response to

1. Abbreviations used in this paper: AcLDL, acetylated LDL; CE,
cholesteryl ester; i.p., intraperitoneal; LFA-1, lymphocyte function-as-
sociated antigen-1; M-CSF, macrophage colony-stimulating factor;
MRP-8, migration inhibitory factor-related protein-8; SR, scavenger
receptor; TG, thioglycollate; VLA-4, very late activation antigen-4.
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high levels of intracellular cholesterol (21). SRmRNAexpres-
sion in macrophages in human atherosclerotic lesions is not
uniform ( 18), and its activity may be dependent on macrophage
maturation (22, 23). Functional expression is increased by M-
CSF (24, 25) whereas TGFf31 (26), IFNy (27, 28), and TNFa
(29) decrease activity. Little is known concerning SR expres-
sion or activity on monocyte/macrophages recruited in vivo.

In this report we compared monocyte/macrophages elicited
intraperitoneally (i.p.) in mice by CP-1042-55 with those recruited
by other proinflammatory chemotactic agents: M-CSF (which
is present in atherosclerotic plaque [30]), thioglycollate (TG),
and FMLP. In contrast to M-CSF, TG, and FMLP, CP-1042-55-
elicited monocyte/macrophages accumulated significantly in-
creased CEs in response to AcLDL both in vivo and in vitro
and expressed increased levels of SR. Expression of Mac- 1 and
its f3 subunit CD18 was upregulated on monocyte/macrophages
elicited by CP-104255, M-CSF, and TG, whereas LFA-1 and
VLA-4 levels were similar to those of the resident population.
Macrophage AcLDL loading was significantly enhanced by ad-
hesion, possibly via activation of Mac-i. These findings suggest
a potential pathogenic role for CP-10 or related S100 proteins
in stimulating monocyte recruitment and foam cell formation.

Methods

Reagents
Lyophilized CP-1042-55 (PQFVQNINIENLFR) as described (8) was dis-
solved in 50 jil of 70% formic acid, resuspended in 0.1% (wt/vol) low
endotoxin BSA (Sigma Immunochemicals, St. Louis, MO) in normal
saline, and pH adjusted to 6.5 using 1 Msodium hydroxide. FMLP
(Sigma Immunochemicals) was stored as a concentrated stock solution
(10-3 M) in DMSOat -20°C. Recombinant human M-CSF (sp act 2
X 10 U/mg protein; active in mouse [31]) was a gift from Chiron
Corp. (Emeryville, CA). TGmedium, Brewer modified, was from BBL
Microbiology Systems (Cockeysville, MD). DMEwith 4.5 g/liter glu-
cose and i-glutamine (hereafter referred to as DME) and HBSSwere
from Cytosystems (New South Wales, Australia). Monoclonal antibody
2F8 to murine macrophage SR was prepared by I. P. Fraser and D.
Hughes (Oxford, United Kingdom) (20); mAbM1/70 against Mac-i
antigen (CDllb/CD18) was from Boehringer Mannheim GmbH
(Mannheim, Germany); anti-mouse CD18 mAb (clone C71/16) and
anti-mouse granulocyte mAb(clone RB6-8C5) were from PharMingen
(San Diego, CA); and anti-mouse F4/80 antigen (clone Cl:A3-1) was
from Serotec Ltd. (Oxford, United Kingdom). The isotype control for
these mAbs was rat IgG2b myeloma protein from ICN ImmunoBiologi-
cals (Costa Mesa, CA). mAbs to mouse LFA-1 (CDlla/CD18; clone
M17/4.4.11.9) and VLA-4 (CD49d/CD29; clone Rl-2) were produced
from rat hybridomas TIB 217 and HB 227 (American Type Culture
Collection, Rockville, MD), respectively; hybridoma supernatant of rat
IgG was used as control. F(ab')2 goat anti-rat Ig-R-phycoerythrin was
from Southern Biotechnology Associates Inc. (Birmingham, AL).

Animals and peritoneal cell harvest
BALB/c mice aged 8-10 wk and housed under conventional hygienic
conditions received i.p. injections of 1 ml of 2.5 JiM CP-104255 in
0.025% (wt/vol) low endotoxin BSA/normal saline, or equivalent con-
centration of diluent. The optimum concentration of CP-104255 for cell
recruitment was predetermined using injections of 0.05-5 1AM CP-
104255 (9). In some experiments FMLP(1 and 10 1AM, 1 ml), M-CSF
(2 jig, 1 ml), or TG (1.5 ml) was injected in an attempt to compare
the response elicited by CP-104255 with other proinflammatory agents.
Cells were harvested by peritoneal lavage using 6-8 ml cold HBSSor
DMEcontaining 0.38% (wt/vol) trisodium citrate, 100 U/ml penicillin,
and 100 jig/ml streptomycin. Viability of washed cell suspensions was
> 98% as determined by Trypan blue exclusion. Differential staining

was performed using a modified Wright-Giemsa stain (Diff-Quik Set;
Lab-Aids, NewSouth Wales, Australia). Endotoxin content of reagents
used for cell harvest and culture was < 60 pg/ml at the concentrations
used and was determined with a chromogenic limulus amoebocyte lysate
assay (Associates of Cape Cod, Inc., Woods Hole, MA).

LDL preparation and macrophage lipid loading
Human LDL was isolated from the serum of healthy, normolipidemic,
fasting donors by sequential ultracentrifugation as described (32) and
used within 7 d. AcLDL was prepared according to the method of Basu
et al. (33), except 6 sl acetic anhydride/mg LDL protein was used for
acetylation. Copper-mediated LDL oxidation was achieved as described
(32). The protein content of LDL samples and cell lysates was deter-
mined by the bicinchoninic assay (Sigma Immunochemicals) using BSA
(fraction V; Sigma Immunochemicals) as standard.

In vivo lipid loading experiments. Mice received i.p. injections of
CP-1042-55, FMLP, or diluent as described. AcLDL (250 ig protein, 1
ml) or normal saline was injected after 8 h and cells harvested 24 h
later, or at 8 and 24 h after CP-104255 injection and cells harvested 48
h later. Two sequential injections of AcLDL were used for the 48-h
samples to allow for rapid clearance from the peritoneal cavity.

In vitro lipid loading experiments. Peritoneal cells from 3-6 mice
per group were pooled, and 4 X 106 cells were plated in 22.6-mm-
diameter polystyrene tissue culture wells (Costar Corp., Cambridge,
MA) in 2 ml of DMEcontaining 10% (vol/vol) human lipoprotein-
deficient serum, 100 U/mi penicillin, and 100 Ag/ml streptomycin, with
or without AcLDL (50 jg protein/ml), and incubated at 370C in humidi-
fied 5% CO2 for 24 h. TG-elicited cells were harvested 16 or 72 h
after injection. Although the composition of the elicited cell populations
varied, AcLDL available for macrophages was not limiting because
predetermined saturating levels were used. In preliminary experiments,
cells were incubated with oxidized LDL (50 jig protein/ml) for 24 h.
Viability of cells cultured in adherent conditions was > 94%. Nonadher-
ent culture was performed in Nunc Minisorp polypropylene tubes (Nunc,
Roskilde, Denmark), and cell viability was 2 93% at the end of the
incubation period. In experiments using anti-Mac-i, cells were preincu-
bated in nonadherent conditions with 1 jg/ml anti-Mac-i (clone M1/
70) or isotype control (rat IgG2b) for 30 min at 37°C before adding
AcLDL.

Analysis of intracellular lipid
HPLC. Cells were washed 3 times with cold PBS, lysed with 0.6 ml of
0.2 M NaOHand intracellular lipid extracted from 0.3 to 0.4 ml of
lysate analyzed for cholesterol, CEs, or lipid oxidation products by
HPLC as described (32).

Oil red 0 staining. Cell suspensions were cytocentrifuged onto glass
slides and stained with oil red 0 (34). Alternatively, cells cultured on
sterile glass coverslips in tissue culture wells under the experimental
conditions specified were washed twice with cold PBS before fixing
and staining. Counterstain was Gill's hematoxylin (Sigma Immuno-
chemicals).

Flow cytometry
Resident or elicited peritoneal cells (106 cells) were suspended in 20%
heat-inactivated normal mouse serum/phenol red-free HBSS to block
nonspecific binding, then incubated with the primary or isotype-matched
control antibody in phenol red-free HBSS/5% heat-inactivated normal
mouse serum/0.05% sodium azide for 60 min at 4°C. Saturating concen-
trations of primary antibodies were used and hybridoma supernatants
were undiluted. Cells were washed twice, incubated with F(ab')2 goat
anti-rat Ig-R-phycoerythrin for 30 min at 4°C, and after a final wash
were fixed with 1% paraformaldehyde/PBS and analyzed by flow cy-
tometry using the EPICs Profile II system (Coulter Corp., Hialeah, FL).
Fluorescence data were collected from 5,000 cells within the bit map
gates. Net fluorescence was the mean channel fluorescence of cells
stained with the mAb minus that of cells stained with isotype control
antibody.
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Table I. Characterization of Inflammatory Infiltrate Elicited by i.p. Injections of CP-1042-5

Total cells per mouse Percentage of neutrophils Percentage of macrophages

Time Diluent (x 106) CP-1042.55 (x 106) Stimulation index Diluent CP-1042ss Diluent CP-1042-53

h

0 3.1±0.3 1 0.4±0.2 66.6±1.5
8 2.4±0.5 4.9± 1.0* 2.2±0.3t 33.8±3.1 59.7±1.9§ 53.2±5.6 26.1±1.4'

24 6.6±1.1 16.6±3.7t 2.4±0.3t 19.2±2.9 35.3±3.3§ 59.0±2.0 44.1±3.1'
48 8.0±1.0 10.4±1.6 1.1±0.3 2.8±0.7 4.4±0.7 72.4±3.0 69.2±2.9

Mice received 1 ml i.p. injections consisting of CP-1042-55 or diluent, cells were harvested after 8, 24, and 48 h and counted, and leukocytes were
quantitated by differential staining. Each value represents the mean±SEMof cells from at least 10 mice. The total number of cells elicited per
mouse was calculated as a stimulation index (CP-1042-55-elicited cells/control diluent-elicited cells) to allow for day-to-day and batch-to-batch
variations in the mice. *P < 0.05, Y1 < 0.01, 'P < 0.001 versus controls.

Statistical analysis
Data were analyzed using Student's t test, except for analysis of stimula-
tion indices (Table I), which was performed using Wilcoxon signed
ranks test for non-parametric data.

Results

Inflammatory infiltrate elicited by CP-104255. Intraperitoneal
injection of CP-104255 elicited a sustained recruitment of cells
over 8-24 h (Table I). Total cell numbers increased signifi-
cantly, by more than twofold compared with controls at 8 and
24 h (stimulation indices 2.2 and 2.4, respectively), returning
to near-control values by 48 h (stimulation index 1.1). The
acute inflammatory infiltrate (8 h) consisted predominantly of
neutrophils (60%). By 24 h the proportion of monocyte/macro-
phages significantly increased (from 26% at 8 h to 44% at 24
h). The absolute number of monocyte/macrophages increased
from 1.2 x 106 at 8 h to 7.3 x 106 per mouse at 24 h, then
remained unchanged between 24 and 48 h (7.3 x 106 at 48 h),
indicating that monocyte recruitment occurred mainly between
8 and 24 h after CP-1042-55 injection.

Macrophage lipid accumulation in vivo. Fig. 1 A shows
CEand free cholesterol accumulation in mouse peritoneal cells
harvested 24 or 48 h after the initial injection of CP-1042-55 or

diluent followed by AcLDL or saline. Total cell protein was
proportional to the number of cells harvested and ranged from
1 16±12 sg for control cells harvested after 24 h to 204±30 Itg
for cells from mice injected with CP-104255 and AcLDL and
harvested after 48 h. The proportion of macrophages did not
vary significantly between different groups within the same time
point, thus the contribution to total cell protein from cells other
than macrophages was not significantly different in any group
within each time point.

Intraperitoneal injection of AcLDL caused macrophage CE
accumulation which became significant only after 48 h (P
= 0.002 compared with control mice). WhenAcLDL was pre-
ceded by CP-104255, macrophage CE accumulation markedly
increased. This was 2.4 times that of cells from control mice
injected with diluent and AcLDL only (P = 0.01) after 48 h,
and 3.7 times that of corresponding cells harvested after 24 h
(P = 0.01). The CE fraction of the total cholesterol increased
from 28±2.6% in cells from AcLDL-injected mice to 38±3.3%
in cells from mice injected with both CP-104255 and AcLDL
after 24 h (P = 0.04), and from 47±4.7 to 59±2.8% in corre-
sponding groups harvested after 48 h (P = 0.08). Changes in
free cholesterol followed a similar pattern, but were less marked
than changes in CE content. Comparable amounts of native
LDL did not accumulate as CE either in resident or CP-
104255-elicited macrophages (not shown).
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Figure 1. Free (hatched bars) and
esterified (filled bars) cholesterol
accumulation in CP-104255- (2.5
.uM, A) and FMLP-elicited (10
jiM, B) peritoneal cells in re-
sponse to AcLDL in vivo. Mice
received i.p. injections of the che-
motactic agent or diluent (+ or
-, top row), followed by AcLDL
or saline ( + or -, bottom row) as
described in Methods. Peritoneal
cells were harvested 24 or 48 h
after the initial injection, and in-
tracellular lipid extracted and ana-
lyzed by HPLC. Each column rep-
resents the mean of at least six
mice. Values for SEMsfall within
20% of mean values for each
sample.
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Figure 2. The effect of CP- 1042s55 on CEaccumulation in resident perito-
neal macrophages. Resident peritoneal cells were incubated for 24 h
with AcLDL (50 ,g protein/ml) and the concentrations of CP-1042-55
given, and lipid extracted and analyzed as described in Methods. Data
represent the means±SEMof six incubations involving two separate
experiments.

In comparison to CP-104255, i.p. injections of FMLP (1
and 10 OM) elicited weak responses; total cell recruitment was

1.2±0.7 times (n = 9) that of control mice after 8 h (NS), but
PMNand macrophage numbers were the same as diluent-elic-
ited cells after 24 h. Although oil red 0 staining indicated
increased lipid accumulation in FMLP-elicited macrophages
(24 and 48 h) from mice injected with AcLDL (not shown),
CE levels determined by HPLC were less than those in CP-
1042-55-elicited cells and the differences failed to reach signifi-
cance (Fig. 1 B).

Macrophage lipid accumulation in vitro. Resident cells cul-
tured with CP-104255 and AcLDL had only minor, statistically
insignificant increased CE accumulation (Fig. 2). In contrast,
monocyte/macrophages elicited by CP-1042-55 accumulated
markedly increased CEs compared with control (diluent-elic-
ited) cells when cultured with AcLDL in vitro (Fig. 3 A).
Cells cultured without AcLDL contained predominantly free
cholesterol with only low levels of CEs. Control cells cultured
with AcLDL contained significant levels of CE, whereas 24-h
CP-104255-elicited macrophages had even more CE (1.7-fold,
P = 0.005). CE accumulation in both control and 24-h CP-
104255-elicited macrophages was completely inhibited by fu-
coidin (50 Ag/ml, not shown), consistent with SRinvolvement
in AcLDL uptake. The CE fraction of total cholesterol of dilu-
ent- or CP-1042-55-elicited macrophages cultured with AcLDL
increased from 55±5.8 to 70±4.5% (P = 0.02) and from
59±4.4 to 78±0.8% (P = 0.009) in macrophages harvested at
8 and 24 h, respectively. In contrast, no significant differences
in either total cholesterol (from 85.8±5.0 to 90.4±5.3 pug/mg
protein) or CE fraction (from 56±3.0 to 60±3.3%) were evi-
dent in macrophages harvested after 48 h.

A single i.p. injection of M-CSF (2 4tg) elicited a weak
response at 24 h (stimulation index 1.3±0.3) and comprised
predominantly macrophages (8±1% PMNs, 65±2% macro-

phages). To obtain an inflammatory population containing simi-
lar proportions of cell types to that 24 h after CP-1042-55 injec-
tion, cells were harvested 16 h after TG injection (stimulation

Figure 3. Free (hatched bars) and esterified (filled bars) cholesterol
accumulation in CP-104255- (A), M-CSF- (B), and TG-elicited (C)
macrophages after 24 h of incubation with AcLDL in vitro. Peritoneal
cells were harvested 24 (A, B) or 16 h (C) after i.p. injection of the
agent or diluent ( + or -, top row), incubated in the presence or absence
of AcLDL ( + or -, bottom row), then lipid extracted from the adherent
macrophage population for analysis. Data represent the means of tripli-
cate incubations and are representative of two experiments. Values for
SEMs fall within 16% of mean values for each sample.

index 8.4±2.3, 40±6% PMNs, 43±7% macrophages). CE ac-

cumulation did not increase significantly in M-CSF-elicited
macrophages cultured with AcLDL (Fig. 3 B), whereas 16-h
TG-elicited macrophages accumulated substantially less CE (P
< 0.001) than control cells (Fig. 3 C). Cells harvested 72 h
after TG injection (80±2% macrophages) also loaded less
AcLDL (not shown).

Macrophages elicited 24 h after CP-104255 injection and
incubated with oxidized LDL accumulated increased free and
esterified cholesterol compared with diluent-elicited controls
(not shown). 7-Ketocholesterol, the predominant oxysterol in
oxidized LDL, increased 1.5-fold from 7.1±0.9 IHg/mg protein
in diluent-elicited cells to 10.7±1.1 /ug/mg protein in CP-
1042-55-elicited cells. CEcontent ( 19+3.8% of total cholesterol)
in CP-104255-elicited oxidized LDL-loaded macrophages was

- 51% less than that of AcLDL-loaded macrophages. This was

consistent with published observations of the lower CE con-

tent in oxidized LDL (32) and oxidized LDL-loaded macro-

phages (35).
Oil red 0 staining. Oil red 0 staining confirmed the differ-

ences in AcLDL loading observed with HPLC analysis, for
macrophages loaded in vivo (Fig. 4, A-C) and in vitro (Fig.
4, D-F). Macrophages from mice injected with saline and
AcLDL only (Fig. 4 B), and from mice injected with both CP-
1042-55 and AcLDL (Fig. 4 C), appeared larger than those from
control mice (Fig. 4 A). Although lipid staining within macro-

phages was heterogeneous, there was a marked increase in both
the number of cells containing lipid and the lipid content of
each cell in CP-1042-55-elicited populations loaded with AcLDL
both in vivo and in vitro, compared with diluent-elicited con-

trols.
Analysis of cellular CE composition. Table II shows that

the proportions of individual CEs in CP-1042-55-elicited macro-

phages were similar whether AcLDL loading occurred in vivo
or in vitro and did not vary significantly between cells harvested
at different times. The major components in both groups were

cholesteryl linoleate and cholesteryl oleate, which comprised
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Figure 4. Photomicrographs of mouse peritoneal cells stained with oil red 0. In vivo lipid loading 48 h after i.p. injections of diluent and saline
(A), diluent and AcLDL (B), and CP-104255 and AcLDL (C). In vitro loading in control diluent-elicited (D and E) and 24-h CP-104255-elicited
(F) macrophages, after 24 h of incubation without (D) or with (E and F) AcLDL. X75.

- 40 and 30% of the total CE fraction, respectively. Loaded
resident peritoneal macrophages had proportionally more
cholesteryl linoleate (49%) and less cholesteryl oleate (26%)
and cholesteryl palmitate (11%) than CP-104255-elicited cells.
The proportions of individual CEs did not vary significantly
between adherent and nonadherent culture conditions (data not
shown).

Flow cytometric analysis of scavenger receptor and ,/ inte-
grin expression on resident and elicited macrophages. Subpop-
ulations within newly recruited myeloid cell populations were
identified using mAbs against Mac-l (3), F4/80 (36), and
mouse granulocyte-specific antigen (37). Activated PMNswere
mostly RB6-8C5bnsbt and Mac- bIight, activated monocyte/mac-
rophages were predominantly F4/80 ' and Mac-i bIght, and res-
ident peritoneal macrophages were F4/80b'9t and Mac-1 bght
(not shown). Parallel increases in Mac-I and CD18 expression
were evident on monocyte/macrophages elicited by CP- 1042-55,
TG and M-CSF, whereas LFA-I and VLA-4 did not change
significantly (Table Il). There was an approximately twofold
increase in SR expression on CP-104255-elicited macrophages

after 24 and 48 h, whereas TG- or M-CSF-elicited cells were
no different from resident or diluent-elicited cells (Table III).

Effect of adhesion on macrophage lipid accumulation. Mac-
rophage CEaccumulation was profoundly affected by adhesion.
CP-1042-55-elicited macrophages incubated with AcLDL for 24
h in adherent conditions had significantly more CE (1.6- to 2-
fold, P < 0.001) than cells cultured in nonadherent conditions
(Fig. 5). Even though resident and TG-elicited macrophages
accumulated proportionally less CE than CP-104255-elicited
macrophages, adherent culture also significantly increased CE
levels by approximately twofold in these cells (not shown).

To investigate the role of Mac-i binding in macrophage
lipid accumulation and in the absence of a neutralizing antibody
to murine Mac-i, we used an anti-Mac-I mAb(MI/70) which
binds to the a subunit (CD l lb) and induces phenotypic changes
which correlate with activation of resident mouse peritoneal
macrophages (38). Cells elicited by CP-104255 after 24 h and
preincubated with MI /70 in nonadherent conditions before add-
ing AcLDL accumulated increased CEs to a similar degree ( 1.5-
fold, P = 0.005) as when adherent cells were cultured without
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Table II. CE Composition of Resident and CP-104255-elicited AcLDL-loaded Macrophages

AcLDL loading Total
Macrophage type conditions CA CL CO CP CS Total CE cholesterol

percentage of total CEfraction aglmg cell protein

CP-104255-elicited In Vivo 11±0.3 41±0.6 29±0.7 15±0.8 4±0.3 94±17.3 159±26.4
CP-104255-elicited In Vitro 8±0.4 39±1.2 31±0.6 16±1.0 6±0.5 80±4.6 109±5.1

Resident In Vitro 10±0.2 49±0.2 26±0.3 11±0.4 4±0.4 39±0.4 74±0.8

Method as for Figs. 1 and 3. CP-1042-55-elicited cells loaded in vivo were harvested after 48 h. CP-10-elicited cells loaded in vitro were harvested
24 h after CP-1042-55 injection and cultured with AcLDL for 24 h. Results represent the means±SEMof cells from at least six mice (for in vivo
data) or at least four incubations (for in vitro data). CA, cholesteryl arachidonate; CL, cholesteryl linoleate; CO, cholesteryl oleate; CP, cholesteryl
palmitate; CS, cholesteryl stearate.

the antibody (P = 0.004, Fig. 5). Free cholesterol content was
not significantly affected by adhesion or by anti-Mac-i and
ranged from 29.8±3.8 to 32.7±2.4 jig/mg cell protein (not
shown).

Discussion

A number of studies have demonstrated increased lipid accumu-
lation by resident and elicited murine peritoneal macrophages
stimulated in vitro (17, 25, 39). Weshow that administration
of AcLDL alone in vivo (i.p.) caused significant lipid loading
in resident peritoneal macrophages and that monocyte/macro-
phages newly recruited by CP-104255 accumulated increased
CEs both in vivo and in vitro. Preliminary studies indicate that
CP-101,88 (full length) elicits similar cellular responses. Al-
though there are limitations in using murine macrophages and
AcLDL to study foam cell development, this study offers useful
insights into the functional properties of monocytes recruited by
this proinflammatory chemotactic peptide. Human and murine
monocyte/macrophages display similarities in that both types
express SRs (17, 22), and lipid loading in vitro may be modu-
lated by various cytokines (24, 26, 28, 29). Human peripheral
blood-derived monocytes differentiated in vitro (22, 23), mac-
rophage cell lines (26), and murine resident peritoneal (17),
TG-elicited (39, 40), or macrophages elicited by various other
nonphysiological inflammatory agents (25, 39) have been used
to investigate lipid accumulation. However, lipid loading char-
acteristics of these macrophage subtypes may be functionally
different from newly recruited cells. Weexamined responses
of cells recruited over 8 to 48 h when a large proportion of the

monocyte/macrophage population comprised newly recruited
cells (Table I).

CP-10 elicits a sustained inflammatory response with cellu-
lar characteristics reminiscent of a delayed-type hypersensitivity
reaction (8). Devery et al. (9) characterized the acute response
to CP-1042s55 which peaked 8 h after i.p. injection and consisted
mainly of PMNs. Table I shows that the early PMN-rich infil-
trate was followed by a population containing proportionally
larger numbers of monocyte/macrophages after 24 h when
monocyte numbers increased some sixfold. Although CP-10 did
not directly promote AcLDL loading of resident macrophages
(Fig. 2), CP-104255-elicited macrophages accumulated sig-
nificantly increased levels of CEs, a reflection of lipid loading
(41), in response to AcLDL both in vivo (2.4-fold; Fig. 1 A)
and in vitro (1.7-fold; Fig. 3). Macrophages resembled foam
cells both morphologically (Fig. 4, C and F) and on the basis
of their lipid content (CE > 50% of total cholesterol [41]). In
accordance with reports that resident (17) or TG-elicited (40)
macrophages do not load with LDL in vitro, native LDL did
not accumulate as CE either in resident or CP-104255-elicited
macrophages. FMLP was used in an attempt to compare the
responses provoked by CP-1042-55 with a classical chemoattrac-
tant. This agent failed to recruit significant numbers of mono-
cyte/macrophages and only minor increases in lipid loading
were evident in vivo (Fig. 1 B). The cell population elicited
16 h after TG injection had a similar composition to that elicited
by CP-104255 after 24 h but AcLDL loading in vitro was de-
creased compared with resident cells (Fig. 3 C). These results
suggest that the increased CE accumulation in response to
AcLDL observed with CP-1042-55-elicited macrophages was not

Table IL. Expression of Scavenger Receptor and /3 Integrins on Resident and Elicited Monocyte/Macrophages

Resident TG 16 h CP-104245 24 h M-CSF 24 h CP-1042-5 48 h

SR 13.0±1.1 11.1±1.3 27.9±3.1§ 11.5±1.4 25.8±3.9$
Mac-i 63.9±5.8 162.9±24.8§ 122.0±32.8* 164.4±6.2§ 157.5±15.0§
LFA-1 1.2±0.5 ND 1.1±0.7 0.5±0.2 2.6±1.0
CD18 93.3±3.1 ND 148.0±7.1$ 118.4±7.0* 111.6±10.8
VLA-4 13.0±2.6 ND 13.6±1.5 15.2±0.7 12.7±1.3

SR, Mac-i, LFA-1, CD18, and VLA-4 expression were analyzed by flow cytometry as described in Methods. Results are expressed as net fluorescence
(arbitrary units) and are the means±SEMof at least three samples. ND, not done. *P < 0.05, $P < 0.01, OP < 0.001 versus resident macrophages.
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Figure 5. The effect of adherent culture (A) and of Mac-l ligation in
nonadherent culture (B) on CEaccumulation in 24-h CP-1042-55-elicited
peritoneal macrophages cultured in vitro with AcLDL. Cells were incu-
bated with AcLDL in Nunc Minisorp polypropylene tubes (nonadher-
ent) or in polystyrene wells (adherent) for 24 h. To ensure that cell
populations for lipid extraction and analysis were equivalent in adherent
and nonadherent samples, plates and tubes were centrifuged at 400 g
for 5 min before and between washes with PBS before lipid extraction.
Data represent the means±SEMof quadruplicate incubations and are
representative of three experiments. In B, samples were preincubated
with anti-Mac-l (MI/70) or isotype control antibody in nonadherent
conditions for 30 min before adding AcLDL.

purely dependent on the presence of PMNswithin the inflam-
matory infiltrate. Moreover, populations of 24-h M-CSF-elic-
ited (Fig. 3 B) and 72-h TG-elicited cells (not shown) which
had higher proportions of macrophages also failed to exhibit
the enhanced AcLDL loading characteristics of CP-1042-55-re-
cruited macrophages. Like human monocytic (42) or murine
macrophage-like cell lines (43) loaded with AcLDL in vitro,
the major CE fraction in AcLDL-loaded murine resident and
CP-104255-elicited peritoneal macrophages was cholesteryl li-
noleate (Table II). Compared with resident macrophages, CP-
104255-elicited macrophages loaded both in vivo and in vitro
contained proportionally less cholesteryl linoleate and more
cholesteryl oleate and palmitate. Furthermore, these individual
CE profiles were very similar to those of cells freshly isolated
from human atherosclerotic plaque (Tertov, V., personal com-
munication).

Enhanced AcLDL loading by CP-104255-elicited macro-
phages was associated with a twofold increase in SRexpression
compared with resident or diluent-elicited macrophages (Table
III), and its involvement in AcLDL uptake was confirmed by
inhibition of CEaccumulation using fucoidin. Furthermore, TG-
and M-CSF-elicited macrophages had levels of SR similar to
those on resident cells (Table III) and did not accumulate in-
creased CE (Fig. 3, B and C). The increases in CP-104255-
elicited macrophage SR expression and CE accumulation in
response to AcLDL were comparable with those observed in
Bio-Gel-elicited macrophages cultured with M-CSF for 48 h
(25), but less than those reported for human monocyte-derived
macrophages cultured with M-CSF for 10 d (24). The increased
SR activity reported during macrophage maturation and differ-
entiation (22, 23) may contribute to the differences seen with
various macrophage subpopulations and may influence potential
foam cell development. In this regard, SR activity of peritoneal

macrophages elicited by multiple systemic injections of M-CSF
over a longer period (31) may be an interesting comparison.
CP-1042-55-elicited cells harvested after 48 h had morphological
characteristics of macrophages (increased size, vacuolar con-
tent) but loaded less efficiently in vitro even though they ex-
pressed high levels of SR. This may be due to functional differ-
ences associated with in vivo and in vitro macrophage activation
(44), which may alter SR activity, affinity, and/or turnover.
Furthermore, the differential expression of SR isoforms which
occurs during monocyte-macrophage differentiation (23) may
also be influenced by macrophage activation status and this may
in turn affect macrophage AcLDL uptake. The expression of
SR isoform types on macrophages harvested at various times
after CP-1042-55 injection would be worthy of investigation.

Expression of aM/32 (Mac-i) was markedly increased (Ta-
ble III) and that of F4/80 decreased (not shown) on monocyte/
macrophages harvested after CP- 1042-55, TG, and M-CSF injec-
tions, confirming them to be activated newly recruited cells
(45). Expression of the ,B chain (CD18) increased in parallel
with Mac-1, whereas aLfi2 (LFA-1) and a431 (VLA-4) levels
were similar to those on resident cells. These studies confirm
our earlier observations that CP-104255 elicits Mac-i bnght my-
eloid cells in vivo (9), whereas it fails to directly upregulate
Mac-I expression in vitro (Cornish, C. J., J. Devery, P. Poronik,
D. I. Cook, and C. L. Geczy, manuscript submitted for publica-
tion). Despite potent chemotactic activity in vivo and in vitro,
the lack of a direct effect characteristic of classical chemoattrac-
tants (46) on some parameters of cellular activation is shared
by other "pure" chemoattractants, e.g., TGF,61 (46, 47). The
possibility that the affinity of Mac-I may be directly altered by
CP-10, as reported for other integrins (48), is currently being
investigated. Our results suggest that the sustained and marked
leukocyte recruitment elicited by CP-lO may be mediated by
the production of other cytokines from cells within the local
environment and these may contribute to and potentiate the
inflammatory response.

Adhesion significantly increased macrophage CEaccumula-
tion by approximately twofold in CP-104255-elicited (Fig. 5),
resident, and TG-elicited macrophages (not shown), which
were all Mac-i bright (Table III). Apart from contributing to the
initiation of macrophage differentiation (49), which in turn is
associated with increased SR activity (22, 23), the process of
adhesion via integrin engagement may result in transduction of
cellular signals that enhance leukocyte activation and effector
functions (12, 13). Ligation of Mac-i with a mAbwhich acti-
vates some functions of murine peritoneal macrophages (38)
increased AcLDL loading in CP-104255-elicited macrophages
cultured in nonadherent conditions to a similar degree as when
adherent culture was used (Fig. 5). Like the SR (20), Mac-i
can mediate both adhesion and endocytosis (14). Although M-
CSF-, TG-, and 48-h CP-1042-55-elicited monocyte/macro-
phages were also Mac-I bright (Table III), levels of CEs in re-
sponse to AcLDL were not significantly enhanced (Fig. 3),
indicating that AcLDL uptake exclusively via Mac- I is unlikely
to be a major contributing factor to macrophage lipid loading.
Optimum loading and CE accumulation may require upregula-
tion of both SRand Mac-I expression and/or affinity, in associ-
ation with an "activated" cell status; and the process of adhe-
sion via Mac-i ligation may result in further cell activation or
potentiation of effector functions. When monocytes are re-
cruited to the developing atherosclerotic lesion, Mac-1 binding
to its counterreceptor intercellular adhesion molecule-I on en-
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dothelial cells ( 15) may initiate foam cell formation by stimulat-
ing lipid loading even before the cells transgress the endothelial
barrier, especially in the setting of hypercholesterolemia.

CP-10 has 58% amino acid identity with the human S100
protein termed migration inhibitory factor-related protein-8
(MRP-8) (8). Like MRP-8 (50), CP-10 is expressed in bone
marrow and circulating myeloid cells but not in resident tissue
macrophages (51), whereas both are expressed by myeloid cells
at sites of inflammation (52) (Kocher, M., personal communi-
cation). MRP-8 has been identified in human atherosclerotic
plaque (53, 54) as part of the LI antigen complex recognized
by the mAb MAC387 (55), suggesting a potential role for
this or related S100 proteins as inflammatory mediators in this
setting. CP-10 (9) and MRP-8 (56) associate with the vascula-
ture adjacent to marginating leukocytes within inflammatory
sites and are possibly secreted onto the associated endothelium
as the cells diapedese. In the inflammatory and hypercholester-
olemic environment of the atherosclerotic plaque, secreted CP-
10 may act in an autocrine or paracrine fashion which, together
with other monocyte chemoattractants (e.g., monocyte chem-
oattractant protein-1 [5], M-CSF [4], TGF31 [47], and oxi-
dized LDL [57]), may form part of the amplification mecha-
nism required for sustained recruitment of mononuclear cells.
As with any factor administered in vivo, one cannot definitively
assign the observed changes in cell function to the direct action
of the factor. Although it is likely that secondary mediators are
responsible for some of the in vivo effects described here, CP-
10 or related S100 proteins may have a role in stimulating
leukocyte recruitment and in generating an inflammatory envi-
ronment which favors macrophage lipid loading and foam cell
formation in the developing atherosclerotic lesion.
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