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Abstract Lyst

 

beige

 

 (beige) mice crossed with LDL receptor-
deficient (LDLr

 

�

 

/

 

�

 

) mice had a distinct atherosclerotic le-
sion morphology that was not observed in LDLr

 

�

 

/

 

�

 

 mice.
This morphology is often associated with a stable plaque
phenotype. We hypothesized that macrophage expression

 

of the beige mutation accounted for this distinct mor-
phology. Cultured bone marrow-derived macrophages from
LDLr

 

�

 

/

 

�

 

 and beige,LDLr

 

�

 

/

 

�

 

 mice were compared for their
ability to accumulate cholesterol, efflux cholesterol, migrate

 

in response to chemotactic stimuli through Matrigel

 

®

 

-coated

 

membranes, and express matrix metalloproteinase 9 (MMP9).
No differences in cholesterol metabolism were identified.
Beige,LDLr

 

�

 

/

 

�

 

 macrophage invasion in vitro appeared to
be less than LDLr

 

�

 

/

 

�

 

 macrophage invasion but did not

 

achieve significance. Nevertheless, tumor necrosis factor-

 

�

 

-induced MMP9 expression, secretion, and enzymatic ac-
tivity of beige,LDLr

 

�

 

/

 

�

 

 macrophages were all significantly
decreased compared with those of LDLr

 

�

 

/

 

�

 

 macrophages

 

(

 

P

 

 

 

�

 

 0.05). For in vivo analyses of macrophage function,
bone marrow transplantation (BMT) studies were per-

 

formed. LDLr

 

�

 

/

 

�

 

 mice and beige,LDLr

 

�

 

/

 

�

 

 mice were ir-
radiated and reconstituted with wild-type or beige bone
marrow from mice expressing green fluorescent protein
(GFP). Identification of GFP cells provided for direct iden-
tification of donor-derived cells within lesions. Only expres-
sion of the beige mutation in the BMT recipients altered the
macrophage location and collagen content of the lesions.
These results suggested that impaired macrophage function
by itself did not account for the stable lesion morphology of
beige,LDLr

 

�

 

/

 

�

 

 double-mutant mice.

 

—Schiller, N. K., A. S.
Black, G. P. Bradshaw, D. J. Bonnet, and L. K. Curtiss.
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A stable atherosclerotic lesion is generally characterized
by increased collagen content, decreased macrophage foam
cells, the absence of necrotic cores, and a thick smooth
muscle cell or fibrous layer (1). In a previous study (2), we

 

observed that LDL receptor-deficient (LDLr

 

�

 

/

 

�

 

) mice
that expressed the beige gene (beige,LDLr

 

�

 

/

 

�

 

 mice) had
exacerbated atherosclerosis. In the current study, the mor-
phology of the double mutant beige,LDLr

 

�

 

/

 

�

 

 lesions
were compared with that of the LDLr

 

�

 

/

 

�

 

 lesions. The
beige,LDLr

 

�

 

/

 

�

 

 lesions had fewer lesion macrophages,
greater lesion collagen content, and an apparent altered
distribution of MOMA-2-staining macrophages. Mecha-
nisms responsible for the development of those character-
istics that are associated with a stable lesion as opposed to
an unstable lesion are not fully understood. To identify
macrophage functions that might influence lesion mor-
phology, we examined the effect of expression of the
beige mutation in macrophages in vivo and in vitro.

The beige mouse is the animal homolog of the human
Chediak-Higashi syndrome (CHS) (3). The clinical symp-
toms of the beige/CHS mutation, such as oculocutaneous
albinism and bleeding disorders, are suggested to be at-
tributable to cellular vesicle secretion malfunction and an
impairment in the exchange of membrane material be-
tween the trans-Golgi network and late endosomes (4, 5).
Patients generally succumb to infections caused primarily
by defective bactericidal activity of neutrophils and Natu-
ral Killer (NK) cells (5, 6). Cytotoxic T-lymphocyte, NK
cell, and neutrophil activities in beige mice as well as CHS
patients are defective; however, less attention has been
paid to macrophage functions. Macrophages with the
beige mutation have characteristic enlarged perinuclear
granules as well as defective chemotaxis in vitro (7–9).
Beige macrophages exhibit delays in in vitro antitumor ac-
tivity similar to the delays in bactericidal activity by neutro-
phils, although antitumor activity is not markedly im-
paired in vivo (10). CHS/beige granulocytes also have
reduced levels of certain lysosomal enzymes and secreted
elastases (8, 9).

In bone marrow-derived cultured beige,LDLr

 

�

 

/

 

�

 

 mac-
rophages, we observed no defects in cholesterol metabo-
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lism but impaired invasion and matrix metalloproteinase
9 (MMP9) expression, secretion, and activity. This sug-
gested that invasion and/or MMP expression may contrib-
ute to the stable lesion morphology characteristic of the
beige,LDLr

 

�

 

/

 

�

 

 double-mutant phenotype. To determine
in vivo if macrophages of the beige,LDLr

 

�

 

/

 

�

 

 mice were
responsible for the unique lesion morphology, we per-
formed two bone marrow transplantation (BMT) experi-
ments. In BMT study 1, irradiated LDLr

 

�

 

/

 

�

 

 mice were re-
constituted with either beige or wild-type bone marrow. In
BMT study 2, irradiated double-mutant beige,LDLr

 

�

 

/

 

�

 

mice were reconstituted with either wild-type or beige
bone marrow. This allowed us to study bone marrow chi-
merae in which only bone marrow-derived cells were beige
(study 1) or all cells except bone marrow-derived cells
were beige (study 2). In both studies, expression of the
beige mutation in the non-bone marrow cells of the recip-
ient had the greatest influence on lesion morphology.
This suggested that expression of the beige mutation
in macrophages alone was not responsible for the ath-
erosclerotic disease phenotype of double-mutant beige,
LDLr

 

�

 

/

 

�

 

 mice. Rather, macrophages in combination with
other cell types participated in the expression of a beige
lesion phenotype that is more characteristic of stable le-
sion morphology.

METHODS

 

Animals

 

LDLr

 

�

 

/

 

�

 

 mice backcrossed onto a C57Bl/6 background were
purchased from Jackson Laboratories (Bar Harbor, ME) and
bred in house. Double-mutant mice were generated by crossing
C57Bl/6J-

 

Lyst

 

bg-J/

 

�

 

 mice (beige), purchased from Jackson Labs,
with LDLr

 

�

 

/

 

�

 

 mice (beige,LDLr

 

�

 

/

 

�

 

) (2). For the BMT studies,
donor beige mice were crossed with mice expressing the green
fluorescent protein (GFP) C57Bl/6-TgN(ACTbEGFP)10sb (beige,
GFP) mice, also purchased from Jackson Labs. RT-PCR was used
to genotype mice for the LDLr

 

�

 

/

 

�

 

 mutation (2). The beige mice
were phenotyped based upon coat color, and GFP expression in
mice (which was under the control of a 

 

�

 

-actin promoter) was
observed under long-wavelength UV light.

The mice were weaned at 4 weeks and fed ad libitum a stan-
dard mouse chow diet (Harlan Teklad 7019). Mice used for in
vitro studies were between 6 and 14 weeks old at the time of bone
marrow isolation. Mice used for in vivo studies were between 8
and 10 weeks old when they were fed a high-fat, high-cholesterol
diet that contained 1.25% cholesterol, 15.8% fat, and no cholate
(Harlan Teklad 94059). This is referred to hereafter as the high-
fat diet. Mice were fasted periodically and venous blood was
drawn from the retro-orbital sinus. Plasma was isolated and total
cholesterol and triglyceride levels were measured by a colorimet-
ric method (Sigma). All mice were housed four per cage in auto-
claved, filter-top cages with autoclaved water and kept on a 12 h
light/dark cycle. All procedures were done in accordance with
institutional guidelines.

To document lesion morphology in beige,LDLr

 

�

 

/

 

�

 

 mice, the
aortic valve sections were stained with MOMA-2 antibody to iden-
tify macrophages as described (2). Masson’s trichrome stain,
which stains the cytoplasm pink, collagen blue, and cell nuclei
black, was used to identify collagen within the aortic sinus sec-
tions (11). Digital image analysis using Adobe Photoshop 7.0 was
used to quantitate the MOMA-2-staining regions (red) and the

 

collagen-staining regions (blue) of five heart valve sections from
each animal. Each heart valve section selected for this analysis
was chosen because its size was nearest the mean lesion area that
had been previously determined for that individual animal. After
selection of a representative color shade and intensity in a single
section, the staining areas of subsequent sections with the same
color shade and intensity were identified and marked using a tol-
erance of 30. Areas selected at this tolerance were then assigned
a uniform black color, and all black pixels were counted. Digi-
tized black pixel counts were divided by the total lesion area to
arrive at the percentage staining for each section. Data pre-
sented represent means of five heart valve section measurements
per mouse.

 

BMT

 

BMT was performed as previously described (11). In the first
BMT study, irradiated LDLr

 

�

 

/

 

�

 

 mice were reconstituted with
marrow from beige,GFP mice (n 

 

�

 

 12) or wild-type GFP (wtGFP)
mice (n 

 

�

 

 12) so that only bone marrow-derived cells expressed
the beige mutation. In the second BMT study, beige,LDLr

 

�

 

/

 

�

 

double-mutant mice were reconstituted with marrow from wt-
GFP mice (n 

 

�

 

 12) or beige,GFP mice (n 

 

�

 

 12). This BMT study
was designed so that all cells expressed the beige mutation ex-
cept the bone marrow-derived cells. All BMT mice were allowed
to recover from irradiation and BMT for 4 weeks. They were
then fed the high-fat diet for 16 additional weeks to promote ath-
erosclerosis.

Atherosclerotic lesion severity was assessed in the aortic sinus
of the heart of the BMT mice as previously described (2). The
aortic sinus lesion sections were monitored for bone marrow-
derived GFP macrophage infiltration using fluorescence micros-
copy. Sections were mounted using Vectashield (Vector Labora-
tories) and observed at 488 nm using an Olympus BH2-RFCA
fluorescence microscope. Green fluorescence of five sections from
each mouse was assessed using Chromatica software and quanti-
tated using NIH Scion Image software.

 

Macrophage cultures

 

For each experiment, two LDLr

 

�

 

/

 

�

 

 mice and two beige,
LDLr

 

�

 

/

 

�

 

 mice between 6 and 14 weeks old were euthanized in
CO

 

2

 

 and the femur and tibia of each leg were excised. Using a 23 g
needle and a 1 ml syringe, the bone marrow was flushed into a
sterile petri dish containing 10 ml of RPMI-1640 with 10% FBS,
2 mM 

 

l

 

-glutamine, and 1% penicillin/streptomycin. Clumps of
cells were disrupted, and the cell suspension was washed in
medium. Cells were resuspended in 30 ml of low-glucose DMEM
containing 30% L-929 cell (ATCC)-conditioned medium, 20%
heat-inactivated fetal bovine serum, 1% penicillin/streptomycin,
Glutamax

 

®

 

, and sodium pyruvate. This is referred to as the bone
marrow growth medium. The conditioned medium from L-929
cells (a fibroblast-like cell) contains multiple growth factors (e.g.,
macrophage-colony stimulating factor and IFN-

 

�

 

) that favor dif-
ferentiation of the marrow cells into monocytes (12). The cells
were seeded onto 100 mm petri dishes at 10 ml/dish (three
dishes per mouse) and cultured at 37

 

�

 

C and 5% CO

 

2

 

. After 3
days, medium containing nonadherent cells was removed and
the adherent cells were fed with 10 ml of fresh bone marrow
growth medium and cultured for 2 additional days. More than
99% of cells subcloned from the cultures were positive for CD11b
and CD18 (12, 13).

At harvest, the medium was removed and the cells were washed
once in 10 ml of ice-cold RPMI-1640 and incubated at 37

 

�

 

C in
prewarmed Versene (1:5,000; Gibco). After 5 min, an equal vol-
ume of 10% FBS-RPMI medium was added to each dish and the
cells were dislodged from the culture dish. Cells were counted
and viability assessed by trypan blue exclusion. Cell yield and re-
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covery were similar between the strains, as were cell proliferation
and growth rates. These bone marrow-derived cells were used for
all of the experimental systems described below.

 

Bone marrow macrophage purity

 

The purity of our macrophage cultures was assessed by FACS
analysis and the RiboQuant™ Multi-Probe RNase Protection As-
say (RPA) System (Pharmingen) for mouse cell surface antigens
(mCD-1) according to the manufacturer’s instructions. The multi-
probe template used in the RPA identified TCR

 

	

 

, TCR

 




 

, CD3

 

�

 

, CD4,
CD8

 




 

, CD8

 

�

 

, CD19, F4/80, and CD45 (see supplemental fig. I).

 

Cholesterol accumulation

 

Bone marrow-derived macrophages were diluted to 5 

 

�

 

 10

 

5

 

cells/ml in RPMI-1640 containing 1% Nutridoma-SP, 2 mM 

 

l

 

-glu-
tamine, 1% penicillin/streptomycin, and 50 

 




 

g/ml acetylated LDL
(or no acetylated LDL for control) and seeded onto 24-well
plates at 1 ml/well. Isolation and acetylation of LDL has been
described previously (14). Cells were incubated for 24 h at 37

 

�

 

C
in 5% CO

 

2

 

. The medium was removed from the wells, clarified
by centrifugation, and frozen at 

 

�

 

20

 

�

 

C until it was assessed by
zymography for matrix metalloproteinase activity (see below).
Adherent cells were extracted at 1 ml/well for 30 min into hex-
ane-isopropanol (3:2). The lipid extracts were removed from the
well, dried down in glass tubes, and stored at 

 

�

 

20

 

�

 

C for further
lipid analysis by thin layer chromatography as described previ-
ously (15). After lipid extraction, cells were lysed for 30 min with
0.1 N NaOH at 0.5 ml/well. Lysates were stored at 

 

�

 

20

 

�

 

C for pro-
tein analysis by a modified Lowry method (16).

 

Cholesterol efflux assay

 

Bone marrow macrophages were diluted to 5 

 

�

 

 10

 

5

 

 cells/ml
in 1% Nutridoma-SP medium containing 50 

 




 

g/ml acetylated

 

LDL (acLDL) and 1 

 




 

Ci/ml NET-725-cholesterol [1,2,6,7-

 

3

 

H(N)]
(1.0 mCi/ml; New England Nuclear). Cells were seeded on 24-
well plates in triplicate and incubated for 20 h at 37

 

�

 

C in 5%
CO

 

2

 

. Medium was removed and cells were allowed to equilibrate
for 1 h in 1% Nutridoma-SP medium. After equilibration, cells
were treated at 37

 

�

 

C with 10 

 




 

g/ml human apolipoprotein A-I
(apoA-I) in 1% Nutridoma-SP medium or with medium alone
for 4 and 24 h (17). Supernatants were collected and centrifuged
at 10,000 rpm for 10 min. Cells were washed once in PBS and
lysed in 1 ml of 0.1 N NaOH. Aliquots of supernatants and cell ly-
sates were counted.

 

Macrophage invasion

 

Bone marrow-derived macrophages were diluted in either 5%
FBS-DMEM or DMEM alone to 2.5 

 

�

 

 10

 

5

 

 cells/ml. Cell sus-
pensions were added in triplicate to rehydrated Matrigel® inserts
(BD-Biocoat) and transferred to wells containing mouse JE/
CCL2 (JE/MCP-1; R and D Systems) (0.03 
g/ml) in 5% FBS-
DMEM or DMEM with no chemoattractant. Matrigel® inserts were
incubated for 20 h at 37�C and 5% CO2. Cell suspensions were
aspirated from the insert, and nonadherent cells were vigorously
removed with a cotton swab. Matrigels® were removed from in-
serts and mounted on microscope slides. Three fields per gel at
10� magnification were digitized, and cells per field were
counted. The average of the three fields was calculated. Each
data point represents the average of three Matrigel® wells per
culture. Matrigels® incubated in the absence of chemoattractant
consistently had between 0 and 30 cells migrating.

Zymography
Bone marrow-derived macrophages were diluted to 5 � 105

cells/ml in RPMI-1640 containing 1% Nutridoma-SP, 2 mM
l-glutamine, and 1% penicillin/streptomycin and seeded onto

Fig. 1. Cellular morphology of double-mutant mice as assessed by infiltration of MOMA-2-positive macro-
phages in the aortic sinus lesions of LDL receptor-deficient (LDLr�/�; A) or beige,LDLr�/� (B) mice. Mag-
nification, 200�. C: MOMA-2-positive cells were quantified by digital imaging software as described in Meth-
ods and are reported as percentage staining per total lesion area.
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24-well plates at 1 ml/well. Cells were allowed to adhere overnight.
Medium was replaced with fresh 1% Nutridoma-SP medium con-
taining tumor necrosis factor-
 (TNF-
; 1 ng/ml) or no treatment
and incubated for 24 h at 37�C and 5% CO2. Supernatants were col-
lected, cleared, and stored at �20�C. Cells were washed once with
PBS and then lysed in 1 ml of 0.1 N NaOH. Protein concentrations
of cell lysates were determined using the MicroBCA™ Protein Re-
agent Kit (Pierce, Rockford, IL). The supernatants were denatured
in SDS and separated on precast 12-well, 10% polyacrylamide gels
containing 0.1% gelatin (Novex) according to the manufacturer’s
instructions. Clearing of gels was analyzed by ImageQuant software
and was normalized to cell lysate protein concentrations.

To confirm that gel clearing was attributable to MMP activity,
the serine protease inhibitor PMSF (1 mM) or the metal chelator
EDTA (20 mM) was added to the developing buffer. Activation of
the pro form of the enzyme was achieved by incubating superna-
tants overnight at 37�C in 2 mM p-aminophenylmercuric acetate
(APMA). To confirm the presence of MMP9, supernatants un-
derwent immunoprecipitation clearing before zymography. We
incubated supernatants with rabbit anti-mouse MMP9 polyclonal
antibodies (Chemicon International). Immune complexes were
immunoprecipitated with rabbit IgG antibodies conjugated to
agarose beads (Novus Biologicals). Beads were pelleted by cen-
trifugation, and supernatants were tested for activity by zymogra-
phy. MMP9 protein in the supernatants was measured by ELISA
using a Quantikine™ M Mouse pro-MMP9 immunoassay accord-
ing to the manufacturer’s instructions (R and D Systems).

MMP9 gene expression
Bone marrow-derived macrophages were cultured as described

above. On day 5, the bone marrow growth medium was replaced

with DMEM containing 1 mM l-glutamine, 1% penicillin/strep-
tomycin, and 1% Nutridoma-SP. Cells were cultured overnight in
the serum-free medium and cultured for an additional 24 h with
or without 20 ng/ml TNF-
. Total RNA was isolated using Trizol
reagent. RNA (5 
g/lane) was loaded onto a 1% formaldehyde-
agarose gel, electrophoresed, and blotted onto a positively charged
nylon membrane. Blots were probed with a 32P-labeled cDNA probe
for MMP9 (1.4 kb). Hybridization was carried out at 42�C and wash-
ing at 65�C. Blots were then stripped and reprobed with a 32P-labeled
�-actin probe from Ambion (DECA template �-actin).

Statistics
All results were expressed as means � SD except where noted.

All lesion data were analyzed by the Mann-Whitney test, and all
other analyses used an unpaired t-test in the Statview SE� statis-
tics package (SAS Institute, Inc., Cary, NC). P � 0.05 was consid-
ered significant.

RESULTS

We previously reported that double-mutant beige,
LDLr�/� mice have exacerbated atherosclerosis com-
pared with LDLr�/� controls (2). Here, we document the
distinct morphology of the aortic sinus lesions of these
mice. Figure 1 illustrates the unique distribution of mac-
rophages within the aortic sinus of beige, LDLr�/� mice
compared with LDLr�/� mice. In these double-mutant
mice, macrophages were localized to the lumenal surface

Fig. 2. Collagen content of aortic sinus lesions from double-mutant mice as assessed by Masson’s
trichrome-staining LDLr�/� (A) and beige,LDLr�/� (B) mice. Magnification, 200�. C: Collagen content of
LDLr�/� (triangles) and beige,LDLr�/� (circles) aortic sinus lesions was quantitated as described in Meth-
ods using digital imaging software. Data are reported as percentage of the total lesion area that stained blue
for collagen.
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of the lesions (Fig. 1B), whereas LDLr�/� mice had le-
sions with MOMA-2 staining throughout the interior as
well as on the lumenal surface (Fig. 1A). Quantitation of
the MOMA-2-positive staining of sections from multiple
mice revealed the presence of significantly fewer macro-
phages in the lesions of the beige, LDLr�/� mice (Fig.
1C). This suggested that the beige mutation may affect
macrophage survival or movement into and/or out of
lesions.

Another characteristic of the lesions in the double-
mutant mice was the sparse presence of lipid cores that
was accompanied by a denser extracellular matrix. Figure
2A, B shows aortic sinus lesions stained with Masson’s
trichrome to assess collagen content (blue). Beige,LDLr�/�

double-mutant mice had lesions with fewer lipid cores and
a more uniform and dense collagen matrix compared
with LDLr�/� mice. To document this difference, the col-
lagen content of beige,LDLr�/� lesions was digitally quan-
tified and found to be significantly increased compared
with that of LDLr�/� mice (Fig. 2C). These histologic
analyses suggested that the beige mutation may influence
both matrix turnover and macrophage infiltration.
Therefore, we characterized both in vitro and in vivo the
beige,LDLr�/� phenotype of bone marrow-derived mac-
rophages.

Effect of the beige mutation on in vitro
macrophage functions

We compared cultured bone marrow-derived macro-
phages that were isolated from LDLr�/� and beige,
LDLr�/� mice. Calculation of the cell yield per mouse af-
ter culture in L-929-conditioned medium for 5 days dem-
onstrated no gender or congenic strain differences. There
were, however, slight differences in cell yields from all
mice between the ages of 5 and 9 weeks compared with
mice between the ages of 11 and 15 weeks (P � 0.06;
1.01 � 107 cells/5–9 week old mice vs. 7.9 � 106 cells/11–

15 week old mice). The purity of the macrophage cultures
was assessed by RPA. The cultured macrophage gave
bands only for F4/80 (a macrophage marker) and CD45
(a hematopoietic marker) (see supplemental fig. I). This
confirmed that the cultures were predominantly macro-
phage and contained few other contaminating cells.

The decreased incidence of lipid-rich necrotic cores
and foam cells within the lesions of beige,LDLr�/� mice
suggested that beige mutant macrophages might have al-
tered cholesterol metabolism. Lipid accumulation was as-
sessed by thin layer chromatography of free cholesterol
and cholesteryl esters after a 24 h labeling period of the
macrophages in the presence of 50 
g/ml acLDL. Base-
line levels of cholesteryl esters (Fig. 3A) and free choles-
terol (Fig. 3B) were comparable between LDLr�/� and
beige,LDLr�/� macrophages. Upon addition of acLDL,
there was a comparable increase in free cholesterol and
cholesteryl esters, suggesting that the beige mutation does
not alter cholesterol accumulation.

Cholesterol efflux also was assessed in the LDLr�/� and
beige,LDLr�/� macrophages (Fig. 4). Bone marrow-
derived macrophages were preloaded by incubation for
20 h with 1 
Ci of [3H]cholesterol and 50 
g/ml acLDL.
Efflux of cholesterol was assessed after 4 and 24 h of
exposure to lipid-free apoA-I. Cholesterol efflux from
beige, LDLr�/� macrophages was comparable to that from
LDLr�/� control macrophages after both 4 and 24 h.

Invasion of neutrophils and monocytes into tissues has
been suggested to be impaired in beige mutant mice (18,
19). Moreover, localization of the MOMA-2 staining of
beige,LDLr�/� lesions to the lumenal surface suggested a
possible impairment in macrophage invasion. Therefore,
invasion of the bone marrow-derived macrophage across a
simulated basement membrane in response to the CCR2
chemokine JE/MCP-1 was examined (Fig. 5). Invasion of
beige,LDLr�/� macrophages in response to 0.03 
g/ml
JE/MCP-1 appeared impaired in individual experiments.

Fig. 3. Accumulation of cholesteryl esters (A) and free cholesterol (B) in cultured bone marrow-derived
macrophages after 24 h of exposure to 50 
g/ml acetylated LDL (acLDL). LDLr�/� (triangles) and
beige,LDLr�/� (circles) macrophages. Data are reported as micrograms per milligram of cell protein. The
means and standard deviations of multiple experiments are shown next to each scatterplot. n � 6 experi-
ments, except n � 4 for acLDL-treated LDLr�/� macrophages.
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Collectively, however, this difference was not significant
(P � 0.32) and this was likely attributable to the large in-
terassay variation. When the data from six different exper-
iments were pooled, it was evident that beige,LDLr�/�

macrophages were equally capable of transversing a Matri-
gel® matrix in response to CCR2 chemokine exposure.

Multiple phases of atherosclerosis are influenced by MMPs
(20, 21). MMPs influence the transmigration of leuko-
cytes as well as the collagen balance of lesions. Therefore,
the altered macrophage distribution as well as the in-
creased percentage of the aortic sinus lesion area that
stained positive for collagen of beige,LDLr�/� mice (Fig.
2) may have been attributable to impaired macrophage
secretion of matrix-degrading enzymes. Macrophages
secrete MMP9 in response to TNF-
 (22). We therefore
compared TNF-
-induced MMP9 mRNA expression, pro-
tein secretion, and activity of cultured macrophage from
LDLr�/� and beige,LDLr�/� mice. Figure 6A shows a typ-
ical experiment with a single band of gelatin clearing (at
�100 kDa) that was induced by exposure of the macro-
phage to increasing doses of TNF-
. This was indicative of
pro-MMP9 activity. This activity was significantly decreased
(P � 0.03 vs. LDLr�/�) in beige,LDLr�/� macrophages
compared with LDLr�/� macrophages upon exposure to
1 ng/ml TNF-
 (Fig. 6B). We confirmed that the band of
clearing was a matrix metalloproteinase by its sensitivity to
EDTA, its insensitivity to PMSF, and its activation by APMA
(data not shown). Moreover, the activity of the secreted
protein was inhibited by an anti-MMP9 antiserum that
contained antibodies that recognized both latent and ac-
tive forms of the enzyme.

The concentration of pro-MMP9 antigen in the super-
natants of the cultured macrophages was quantified by
ELISA (Fig. 7). Baseline levels of pro-MMP9 were similar
between LDLr�/� and beige,LDLr�/� macrophages. How-
ever, upon TNF-
 exposure, the amount of secreted pro-

MMP9 from beige,LDLr�/� macrophages was significantly
less than (P � 0.007) that from LDLr�/� macrophage.
Thus, pro-MMP9 secretion was impaired in beige,LDLr�/�

macrophages.
Finally, MMP9 expression was assessed by Northern blot

analysis (Fig. 8). Compared with LDLr�/� bone marrow-
derived macrophages, beige,LDLr�/� macrophages stim-
ulated with 20 ng/ml TNF-
 had an attenuated induction
of MMP9 expression (P � 0.05). There also appeared to
be a reduction in the baseline level of MMP9 expression
in bone marrow-derived macrophages from beige,LDLr�/�

mice compared with those isolated from LDLr�/� mice.
However, this reduction was not statistically significant in
that the overall level of baseline expression in the non-
stimulated macrophages was minimal.

Effect of the beige mutation on atherosclerotic
lesion morphology

Two BMT studies were performed to examine macro-
phage expression of the beige mutation in vivo. Growth
rates and plasma total cholesterol levels were similar in all
BMT mice (see supplemental fig. II). Using aortic sinus le-
sions, the effect of macrophage expression of the beige
mutation on lesion morphology was examined. This was
accomplished by observing the localization of macro-
phages in the intima, the total macrophages, and the col-
lagen content of the lesions and the area of the lipid
cores. A comparison of panels A and B (BMT 1) with pan-
els C and D (BMT 2) in Fig. 9 suggests that the major de-
termining factor in macrophage localization was not the
genotype of the BMT donors but the genotype of the
BMT recipients. Compared with all LDLr�/� recipients,
the GFP bone marrow cells of the beige,LDLr�/� recipi-
ents were localized predominantly in a subluminal pattern
and not uniformly throughout the intima. Total GFP-posi-
tive cells were quantified in all lesions and expressed as a
percentage of the total aortic sinus lesion area. No signifi-

Fig. 4. Cholesterol efflux of bone marrow-derived macrophages
after 4 and 24 h of incubation in medium containing 10 
g/ml
apolipoprotein A-I. LDLr�/� (triangles) and beige,LDLr�/� (cir-
cles) mice. The means and standard deviations are shown next to
each scatterplot. n � 9 experiments for the 4 h time point and n �
6 experiments for the 24 h time point.

Fig. 5. Invasion of bone marrow macrophages through an 8 
m
pore Matrigel® in response to 0.03 
g/ml JE/MCP-1. LDLr�/� (tri-
angles) and beige,LDLr�/� (circles) macrophages. Data are re-
ported as cell numbers per 10� field. Three fields were counted
per well and three wells per experiment. n � 6 experiments. TX,
treatment.
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cant quantitative differences were observed between the
LDLr�/� or beige,LDLr�/� mice reconstituted with beige,
GFP or wtGFP bone marrow (Fig. 10). Thus, the numbers
of bone marrow-derived cells in all of the lesions were
comparable, although the localization did not appear to
be comparable (Fig. 9).

In double-mutant beige,LDLr�/� mice, the mean per-
centage of the aortic sinus lesions that stained positively
with MOMA-2 was �35% compared with 25% for LDLr�/�

mice (Fig. 1). In our BMT studies, we used GFP fluores-
cence to identify bone marrow-derived cells (Fig. 9), and
these cells represented only 4–8% of the total lesion area.
Although it is inappropriate to compare irradiated BMT
mice (Fig. 9) with nonirradiated mice (Fig. 1) (11), our
studies suggest that MOMA-2 staining and GFP fluores-
cence do not measure identical cell populations and can-
not be directly compared.

Lesions of BMT mice were assessed by Masson’s tri-
chrome for collagen content. The collagen content of aor-
tic sinus lesions was quantified, and no differences were
observed in LDLr�/� recipients regardless of bone mar-
row received (Fig. 11A, B). However, the total collagen
content of the lesions of the beige,LDLr�/� recipients was
greater than that of the LDLr�/� recipients (Fig. 12). Also
evident in Fig. 11 is the presence of smaller lipid cores in
the beige,LDLr�/� recipients. Therefore, the aberrant macro-
phage functions characteristic of the beige mutation that
were identified in vitro did not affect matrix turnover or
cellular infiltration in vivo in the BMT model. Instead, the
data strongly suggested that other cell types expressing
the beige mutation contributed to the increased collagen
content.

Both LDLr�/� mice and beige,LDLr�/� mice reconsti-
tuted with beige bone marrow had smaller lesion areas

Fig. 6. Secreted matrix metalloproteinase activity of supernatants from LDLr�/� (first bars) and
beige,LDLr�/� (second bars) cultured macrophages treated with increasing doses of tumor necrosis factor-

(TNF-
; ng/ml). A: Zymogram showing the dose response of TNF-
 on pro-matrix metalloproteinase 9 (pro-
MMP9) activity. B: Pro-MMP9 activity of macrophages treated with TNF-
 (1 ng/ml) or no treatment (n �
6). Data are reported as clearing per microgram of cell protein.

Fig. 7. Pro-MMP9 concentration of supernatants from untreated
bone marrow-derived macrophages or macrophages treated with 1
ng/ml TNF-
. LDLr�/� macrophage (triangles) and beige,LDLr�/�

(circles). Data are reported as nanograms of pro-MMP9 per milli-
liter. n � 8 experiments for untreated and n � 6 experiments for
TNF-
 exposure.
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than the same mice reconstituted with nonmutant bone
marrow. In BMT study 1 (Fig. 13A), expression of the
beige mutation only in macrophages in LDLr�/� mice sig-
nificantly reduced lesion area. In BMT study 2 (Fig. 13B),
expression of the beige mutation in every cell except mac-
rophages also significantly reduced lesion area. These
BMT studies demonstrated that beige macrophages alone
cannot account for the increased disease severity observed
and reported previously (2) in nonirradiated and non-
BMT double-mutant beige,LDLr�/� mice. Moreover, we
reported previously (11) that the aortic sinus lesions of ir-
radiated and bone marrow-transplanted LDLr�/� mice
differ from those of LDLr�/� mice that are not exposed
to irradiation. Therefore, direct comparisons cannot be
made between studies of double-mutant beige,LDLr�/�

mice and BMT beige,LDLr�/� mice. Nevertheless, these
studies clearly suggest that expression of the beige muta-
tion by additional cell types, including smooth muscle
cells and endothelial cells, is involved in disease severity
and lesion morphology.

DISCUSSION

Erosion, ulceration, or rupture of the surface of athero-
sclerotic plaques exposes highly thrombogenic compo-
nents within the interior of the lesion. Vascular smooth
muscle cell (VSMC) and macrophage apoptosis, loss of ex-
tracellular matrix integrity, and inflammatory cell accu-
mulation in the fibrous cap are thought to be important

Fig. 8. MMP9 expression in bone marrow-derived macrophages
untreated (No tx) or treated with TNF-
 (20 ng/ml). A: Represen-
tative Northern blot showing MMP9 expression and �-actin expres-
sion. Beige,LDLr�/� macrophage data are shown in the left two
bars and LDLr�/� macrophage data are shown in the right two
bars. B: Ratio of MMP9 expression to �-actin expression in bone
marrow-derived macrophages. n � 3 experiments.

Fig. 9. Atherosclerosis in the aortic sinus of LDLr�/� (A, B) and beige,LDLr�/� (C, D) recipients reconsti-
tuted with wild-type green fluorescent protein (wtGFP; A, C) or beige,GFP (B, D) bone marrow. Each field
contains a single lobe and is oriented with the lumen at the top. Penetration of bone marrow-derived macro-
phages into the lesions was revealed by fluorescence microscopy.
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pathogenic factors leading to lesion instability (23). At-
tempts to produce an animal model for plaque rupture
have proved difficult. Atherosclerotic lesions in mice gen-
erally are regarded as resistant to rupture. However, Johnson
and Jackson (24) reported that apoE�/� mice fed a high-
fat diet for at least 1 year exhibited occlusive thrombus
formation in the brachiocephalic (innominate) artery.
Histologic examination of these vessels showed thin caps,
loss of plaque VSMCs, and hemorrhage. The location of
these ruptured lesions was specific to the brachiocephalic
trunk. Rosenfeld et al. (25) reported that apoE�/� mice
fed a chow diet for 42 weeks exhibited a high frequency of

lesion hemorrhage in the innominate artery that was ac-
companied by loss of the fibrous cap and fibrotic conver-
sion of the necrotic core. By 60 weeks, thin fibrous caps
were present with a discontinuous endothelium and occa-
sional exposed macrophage foam cells, suggestive of le-
sion erosion. These studies indicate that vulnerable le-
sions, although difficult to produce, are observed in mice.

Our previous studies of the role of NK cells in athero-
sclerosis were performed in LDLr�/� mice that were
crossed with severely NK cell-deficient beige mutant mice
(2). When the LDLr�/� and beige,LDLr�/� aortic sinus
lesions were compared, striking differences in lesion mor-

Fig. 10. Quantitation of GFP fluorescence in the aortic
sinus lesions of bone marrow transplantation (BMT)
LDLr�/� mice (A) or beige,LDLr�/� mice (B) reconsti-
tuted with wtGFP (open triangles, open circles) or
beige,GFP (closed triangles, closed circles) bone marrow.
The high-fat diet was initiated 4 weeks after BMT, and
mice were fed this diet for 16 weeks until the time of
death. Data are reported as percentage of fluorescence
per total lesion area after quantitation by digital imaging.
n.s., not significant.

Fig. 11. Lesion morphology as assessed by collagen staining of aortic sinus lesions of LDLr �/� or
beige,LDLr�/� BMT recipient mice reconstituted with wtGFP or beige,GFP. Magnification, 200�. Lumen is
shown at top.
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phology were observed. The lesion macrophages in the
beige,LDLr�/� mice were fewer and were confined to the
luminal surface of the intima. Large necrotic cores were
absent. Instead, VSMCs occupied a larger portion of the
intima that was rich in collagen. These features of the le-
sions in beige,LDLr�/� mice are characteristic of a more
stable lesion phenotype. More importantly, these features
can be studied in beige,LDLr�/� mice within reasonable
periods of time. We therefore sought to identify specific
macrophage functions that contributed to the develop-
ment of a stable-lesion phenotype.

The importance of macrophages in atherosclerosis was
established by studies of op/op mice (26–28). These mice
lack macrophage-colony stimulating factor and are se-
verely deficient in circulating monocytes as well as tis-

sue macrophages. Crossing these mice with apoE�/� or
LDLr�/� mice results in little or no macrophage infiltra-
tion or atherosclerosis. Based upon these observations
as well as the fact that macrophages secrete numerous
growth factors and chemokines that further promote cel-
lular accumulation in lesions, macrophages are generally
considered to be proatherogenic. The BMT experiments
in this study were designed to identify the effect of macro-
phage functions on lesion morphology.

The beige protein is involved in cellular vesicle forma-
tion and trafficking (5). This could affect macrophage
cholesterol metabolism and trafficking. Furthermore, the
lesions of the double-mutant beige,LDLr�/� mice exhib-
ited fewer lipid cores and foam cells. This may have been
attributable to impaired cholesterol metabolism in beige,

Fig. 12. Quantitation of collagen content as assessed by Mas-
son’s trichrome staining of the aortic sinus lesions of LDLr�/�

and beige,LDLr�/� mice reconstituted with wtGFP (open
bars) and beige,GFP (closed bars) bone marrow cells. Col-
lagen-positive cells were observed by microscopy and quanti-
tated by digital imaging software. The data are reported as per-
centage of collagen staining per total lesion area. n.s., not
significant.

Fig. 13. Comparison of the extent of lesion areas of BMT
study 1 and BMT study 2. Atherosclerosis in the aortic sinus le-
sions of LDLr�/� (A) or beige,LDLr�/� (B) mice reconsti-
tuted with wtGFP (open triangles, open circles) or beige GFP
(closed triangles, closed circles). Data are reported as area per
square micrometer for individual mice. n.s., not significant.
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LDLr�/� mice. However, upon exposure to acLDL, cellu-
lar free cholesterol as well as the cholesteryl ester contents
of cultured beige,LDLr�/� and LDLr�/� macrophages
were similar. This suggested that vesicular trafficking from
the membrane to lysosomes and the enzymatic activity of
ACAT were not impaired in beige,LDLr�/� macrophages.

Cholesterol efflux from macrophages can occur by pas-
sive aqueous diffusion (29), scavenger receptor class B type
I-mediated uptake by HDL (30), and ABCA1-mediated ac-
tive efflux of phospholipids and cholesterol (31). Choles-
terol-enriched vesicles are routed to the plasma mem-
brane and fuse to form cholesterol-rich rafts that donate
cholesterol to the membrane. Early efflux time points
should reflect membrane-derived cholesterol and late ef-
flux time points should reflect lysosome-derived efflux. In
the present studies, we assessed both short- and long-term
efflux in cultured beige,LDLr�/� macrophages and found
no cellular cholesterol efflux defects.

Neutrophils isolated from patients with CHS have im-
paired migration (18). Cellular migration could be com-
promised as a result of mechanical impediments result-
ing from the enlarged cytoplasmic granules. In vitro
assessment of migration is sensitive to pore size. No mi-
gration defect was observed in beige neutrophils if the
membrane pores were 8 
m in diameter (19). We mea-
sured macrophage invasion through a Matrigel®-coated
membrane of 8 
m pores in response to JE/MCP-1.
Matrigel® is a simulated basement membrane made
primarily of laminin, but it also contains collagen IV
(basement membrane-type collagen), heparin sulfate pro-
teoglycans, entactin, and nidogen. Invasion of beige,LDLr�/�

macrophage was reduced compared with that of LDL�/�

macrophage, although the difference never reached statis-
tical significance. Similar results were observed in response
to the CXCR2 ligand, KC-Gro
 (data not shown), and this
suggested that migration and invasion of beige,LDLr�/�

macrophages may be attributable to the impaired diges-
tion of matrix proteins as opposed to mechanical impedi-
ments.

The extracellular matrix of the arterial medium consists
largely of type I and III fibrillar collagens (32). Atheroscle-
rotic lesions consist largely of proteoglycans intermixed
with loosely scattered collagen fibrils. Macrophages pro-
duce proteases that degrade extracellular matrix, including
interstitial collagenases, stomelysin, and gelatinases such
as MMP9 (33). Cultured beige,LDLr�/� macrophages se-
crete less pro-MMP9 activity compared with LDLr�/� mac-
rophages. MMP9 is a secreted multidomain enzyme that is
important in the remodeling of extracellular matrix and
the invasion of cells (34). It cleaves denatured collagens
(gelatin) and type IV collagen (basement membrane) and
contributes to leukocyte tissue entry. Therefore, decreased
MMP9 activity could affect macrophage distribution in
beige,LDLr�/� lesions. If collagen degradation is impaired,
the balance may be tipped toward matrix accumulation,
and this could lead to a more stable lesion. It is important
to note that zymography measures total enzyme activity
and does not measure net activity, as would be relevant
physiologically. For example, MMP9 is generally found

bound by TIMP-1 and thus has no activity in vivo (33).
The zymography characterized MMP activity. But the ELISA
data suggested that the observed decreased activity of
MMP9 was caused by impaired secretion of the enzyme.
Furthermore, the Northern blot analysis suggested that
the impairment includes reduced gene expression. It is
important to mention, however, that we only performed
this experiment using TNF-
 as the agonist and cannot
eliminate the possibility of impaired signaling through the
TNF-
 receptor.

In the present study, BMT study 1 was performed to
determine the effect of beige macrophages on lesion
morphology. In that experiment, only the bone marrow-
derived cells of the LDLr�/� recipients expressed the
beige mutation. Subsequently, we performed the inverse
experiment in which beige,LDLr�/� mice were reconsti-
tuted with normal bone marrow (BMT study 2). In that
study, all cells except those of bone marrow origin were
mutant. We reported previously that beige,LDLr�/� dou-
ble-mutant mice had greater lesion areas than LDLr�/�

mice (2). Although we hypothesized that mice reconsti-
tuted with beige bone marrow would have greater dis-
ease severity, neither of these BMT studies resulted in
exacerbated atherosclerosis. This substantiates our previ-
ous caveat (11) that direct comparisons between irradi-
ated and nonirradiated mice are inappropriate. Never-
theless, BMT studies involving total body irradiation are
informative when they are suitably controlled. Collec-
tively, these studies confirmed that the exacerbated ath-
erosclerosis of the double-mutant beige,LDLr�/� mice
was not attributable solely to macrophages. This im-
plies that cell types other than macrophages, including
smooth muscle cells and endothelial cells, alone or in
combination with macrophages, contribute to the in-
creased lesion areas.

The cellular content of aortic sinus lesions was similar
between LDLr�/� mice reconstituted with beige,GFP or
wtGFP marrow. Also, beige,LDLr�/� mice reconstituted
with mutant beige marrow had total GFP staining that was
not significantly different from that of beige,LDLr�/�

mice wild-type chimerae. Nevertheless, because all mice in
studies 1 and 2 received irradiation and BMT, multiple
conclusions were obtained by a comparison of BMT study
1 with BMT study 2. This comparison allowed us to iden-
tify the effects of the beige mutation in the BMT recipi-
ents. BMT recipients that expressed the beige mutation
contained comparable numbers of macrophages, but
those that were present appeared to be localized to the lu-
minal surface. The same beige mutant recipient mice ex-
hibited increased collagen staining and fewer necrotic
cores. In conclusion, we documented that double-mutant
beige,LDLr�/� mice have a unique stable-like lesion mor-
phology characterized by increased collagen content and
decreased macrophage infiltration. Importantly, this phe-
notype was not caused solely by aberrant macrophage
function. Instead, this study confirms that other cell types,
including smooth muscle cells and endothelial cells, likely
contributed to the unique stable lesion morphology. This
warrants additional study.
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