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ARTICLE INFO ABSTRACT

Keywords: Background and aims: There is extensive evidence from bone marrow transplantation studies that hematopoietic

Atherosclerosis ATP binding cassette A1 (Abcal) is atheroprotective in low-density lipoprotein receptor (Ldlr) deficient mice. In

ﬁ;’lcal contrast, studies using lysosyme M promoter-driven deletion of Abcal in Ldlr deficient mice failed to show
r

similar effects. It was hypothesized that the discrepancy between these studies might be due to the presence of
Ldlr in bone marrow-derived cells in the transplantation model. In this study, we aim to determine the contri-
bution of Ldlr to the atheroprotective effect of hematopoietic Abcal in the murine bone marrow transplantation
model.

Methods: Wild-type, Ldlr~'~, Abcal™’~, and Abcal/~Ldlr~/~ bone marrow was transplanted into hypercholes-
terolemic Ldlr/~ mice.

Results: Bone marrow Lldr deficiency did not influence the effects of Abcal on macrophage cholesterol efflux,
foam cell formation, monocytosis or plasma cholesterol. Ldlr deficiency did reduce circulating and peritoneal
lymphocyte counts, albeit only in animals lacking Abcal in bone marrow-derived cells. Importantly, the effects of
Abcal deficiency on atherosclerosis susceptibility were unaltered by the presence or absence of Ldlr. Bone
marrow Ldlr deficiency did lead to marginally but consistently decreased atherosclerosis, regardless of Abcal
deficiency. Thus, Ldlr expression on bone marrow-derived cells does, to a minimal extent, influence athero-
sclerotic lesion development, albeit independent of Abcal.

Conclusions: This study provides novel insight into the relative impact of Ldlr and Abcal in bone marrow-derived
cells on macrophage foam cell formation and atherosclerosis development in vivo. We have shown that Ldlr and
Abcal differentially and independently influence atherosclerosis development in a murine bone marrow trans-
plantation model of atherosclerosis.

1. Introduction treatment and prevention strategies.

Cholesterol efflux is an active mechanism, which is regulated by

The treatment and prevention of atherosclerosis are a major public
health priority, as it represents the leading pathological contributor to
cardiovascular disease. A hallmark of atherosclerosis is macrophage
foam cell formation, i.e. excessive accumulation of cholesteryl esters in
macrophages. Therefore, preventing macrophage foam cell formation is
an important therapeutic strategy to lower atherosclerosis susceptibility,
and understanding the mechanisms determining the balance between
macrophage cholesterol uptake and efflux is essential to develop better
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various transporters. Cholesterol efflux transporter ATP binding cassette
Al (Abcal) is present on the macrophage plasma membrane, and me-
diates cholesterol efflux to lipid poor apolipoproteins, such as Apoli-
poprotein (Apo) Al and ApoE [1].

The importance of Abcal in prevention of macrophage foam cell
formation and atherosclerosis is evident from several bone marrow
transplantation studies, in which Abcal deficient or Abcal-
overexpressing bone marrow was transplanted into
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hypercholesterolemic low-density lipoprotein receptor (Ldlr) deficient
mice. First, Abcal deficiency in bone marrow-derived cells results in
increased atherosclerotic lesion formation [2], while overexpression of
hematopoietic Abcal prevents the progression of atherosclerosis [3].
Second, Abcal-mediated cholesterol efflux is crucial for the prevention
of macrophage foam cell formation in vitro and in vivo [2,4,5]. Third,
macrophage Abcal functions as an anti-inflammatory protein [6-8].
Fourth, Abcal deficiency impairs the migration of macrophages [9],
which might lead to the retention of macrophages in lesions. However,
studies using myeloid-specific lysosyme M promoter-driven deletion of
Abcal in Ldlr deficient mice did not affect advanced stages of athero-
sclerotic lesion development, while only minor effects were observed on
early lesions [10,11]. This triggered discussion about the role of
macrophage Abcal in the prevention of atherosclerosis.

There are several differences between bone marrow transplantation
studies and lysosyme M promoter deletion studies that can explain the
contradictory results. One major difference between the used experi-
mental approach is the presence or absence of Ldlr in macrophages. In
the bone marrow transplantation studies, which showed a strong athe-
roprotective effect of hematopoietic Abcal, Ldlr deficient mice were
transplanted with bone marrow that was Abcal deficient, but did ex-
press Ldlr. Thus, upon transplantation of the Abcal deficient bone
marrow, the expression of Ldlr in hematopoietic cells, such as macro-
phages and other leukocytes, is restored. This is in contrast to Ldlr
deficient mice with lysosyme M promoter-driven Abcal deficiency, in
which leukocytes express neither Abcal nor Ldlr.

However, effects of the reintroduction of Ldlr in bone marrow
transplantation models are not yet fully understood. Although recon-
stitution of Ldlr in bone marrow-derived cells failed to reduce athero-
sclerosis susceptibility of Ldlr deficient mice [12,13], macrophage foam
cell formation and atherosclerotic plaque size were significantly reduced
in the absence of an effect on serum cholesterol levels in atherogenic
diet-fed wild-type mice transplanted with Ldlr deficient bone marrow
[14]. Interestingly, Ldlr deficient macrophages display significantly
lower Abcal levels compared to wild-type macrophages [15]. This
opens up the possibility that the presence of Ldlr may be an important
determinant for the role of Abcal in foam cell formation and athero-
sclerosis prevention in our bone marrow transplantation model.

In this study, we therefore specifically examined the contribution of
the presence of Ldlr on the atheroprotective effect of hematopoietic
Abcal in a murine bone marrow transplantation model for
atherosclerosis.

2. Materials and methods
2.1. Mice

Ldlr deficient (Ldlr~/~) mice were obtained from the Jackson Labo-
ratory (Bar Habor, USA). Abcal deficient (Abcal ~/~) mice, a kind gift of
Dr. G. Chimini [16], were backcrossed to the C57Bl/6 background for at
least 8 generations. Abcal ~/*Ldlr~/* bone marrow double heterozygous
offspring, which were generated from cross-breeding, were intercrossed
to obtain wild-type, Ldlr~'~, Abcal™’~, and Abcal /~Ldlr~’~ bone
marrow littermates, of which bone marrow was used for transplantation.
All mice were housed in a light and temperature-controlled environment
and were fed regular chow diet (RM3, Special Diet Services, Whitham,
UK) and water ad libitum unless otherwise specified. All experimental
protocols were approved by the Ethics Committee for Animal Experi-
ments of Leiden University and were performed in accordance with
national laws.

2.2. Bone marrow transplantation
Donor bone marrow of male wild-type, Ldir~’ -, Abcal™’~, and

Abcal™~Ldlr~/~ littermates was isolated by flushing the femurs and
tibias with PBS. Recipient Ldlr™~’~ (12 weeks old) female mice (n = 15/
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group) were irradiated with a single dose of 9 Gy (0.19 Gy/min, 200 kV,
4 mA) total body radiation using a 225 Smart Rontgen source (YXLON
international, Copenhagen, Denmark) one day before transplantation,
and received a single cell suspension of 5 x 10° bone marrow cells in PBS
by intravenous injection into the tail vein. Drinking water of the recip-
ient mice was supplemented with antibiotics (83 mg/L ciprofloxacin and
67 mg/L polymixin B sulfate) and 6.5 g/L, starting 5 days before
transplantation.

After transplantation, mice were fed a regular chow diet during the
reconstitution phase of 8 weeks, after which mice were challenged with
a Western-type diet (WTD); 15% (w/w) total fat and 0.25% (w/w)
cholesterol (Diet W, Special Diet Services, Whitham, UK) for 8 weeks to
induce atherosclerotic lesion development. At 16 weeks post trans-
plantation, mice were anesthetized with a mix of xylazine (70 mg/kg),
ketamine (350 mg/kg), and atropine (1.8 mg/kg) and sacrificed by
orbital exsanguination and perfusion with PBS, after which the organs
were collected for further analysis. Successful reconstitution of the
recipient mice with donor bone marrow was confirmed by analysis of
Ldlr and Abcal transcripts in genomic DNA of the bone marrow of
transplanted mice as described previously [2,13].

2.3. Plasma cholesterol analyses

After an overnight fasting-period, 100 pL of blood was drawn from
the mice by tail bleeding. The concentrations of cholesterol in serum
were determined by incubation with 0.025 U/mL cholesterol oxidase
(Sigma) and 0.065 U/mL peroxidase and 15 pg/mL cholesteryl esterase
(Roche Diagnostics, Mannheim, Germany) in reaction buffer (1.0 KPi
buffer, pH = 7.7 containing 0.01 M phenol, 1 mM 4-amino-antipyrine,
1% polyoxyethylene-9-laurylether, and 7.5% methanol). Absorbance
was read at 490 nm. The distribution of cholesterol over the different
lipoproteins in serum was determined by fractionation of 30 pL serum of
individual mice using a Superose 6 column (3.2 x 300 mm, Smart-
system; Pharmacia, Uppsala, Sweden). Cholesterol content of the
effluent was determined as indicated.

2.4. Histological analysis of the aortic root

Upon sacrifice, the arterial tree was perfused in situ with PBS and the
heart was excised and stored in 3.7% neutral-buffered formalin (Formal-
fixx; Shandon Scientific Ltd., UK) until use. The hearts were bisected just
below the atria, and the base of the hearts plus aortic roots were taken
for analysis. The hearts were then sectioned perpendicular to the axis of
the aorta, starting within the heart and working in the direction of the
aortic arch as described by Paigen et al. [17]. Once the aortic root was
identified by the appearance of aortic valve leaflets, alternate 10-pm
sections were taken and mounted on gelatinized slides and stained with
oil-red-O. The atherosclerotic lesion area in the sections was quantified
by using a Leica image analysis system, consisting of a Leica DMRE
microscope coupled to a camera and Leica QWin Imaging software
(Leica Ltd., UK). Mean lesion area was calculated (in pmz) from 10
sections, starting at the appearance of the tricuspid valves. For
morphological analysis, sections were stained with Masson’s Trichrome
Accustain according to manufacturer’s instructions (Sigma). Macro-
phages were detected by incubation of consecutive sections with
a-MOMA-2 (Research diagnostics, USA). All analyses were performed
blinded.

2.5. White blood cells and peritoneal leukocyte analysis

Upon sacrifice of the transplanted Ldlr~ mice at 16 weeks after
transplantation, the blood and peritoneal leukocytes were collected as
before [5]. Lymphocyte, monocyte/macrophage, and granulocyte
counts were quantified using an automated Sysmex XT-2000iV Veteri-
nary Hematology analyzer (Sysmex Corporation, Kobe, Japan). The
XT-2000iV employs a fluorescent flow cytometry method using a
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fluorescent dye staining cellular DNA and RNA and a semiconductor
laser to detect forward-, side-scattered, and fluorescent light. Corre-
sponding samples were cytospun for manual confirmation and stained
with oil-red-O for detection of lipid accumulation.

2.6. Macrophage cholesterol efflux studies

Human HDL (density 1.21 to 1.063 g/mL) and LDL (density 1.063 to
1.019 g/mL) was isolated from plasma of healthy subjects by ultracen-
trifugation in a KBr discontinuous gradient and dialysed against PBS/1
mM EDTA as described by Redgrave et al. [18]. For generation of
oxidized-LDL (oxLDL), LDL was oxidatively modified by incubation of
200 pg/mL of LDL with 10 pM CuSO4 at 37 °C for 20 h. Oxidation was
terminated by dialysis against PBS containing 0.5 mM EDTA for at least
24 h. Macrophage cholesterol efflux studies were performed using bone
marrow-derived macrophages (BMDM). For culture of BMDM, bone
marrow cells were isolated from both femurs and tibias, plated, and
differentiated in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, 2 mmol/L glutamine, 20% L929
cell-conditioned media (as a source of M-CSF), and
penicillin-streptomycin for 6 days. BMDM were subsequently harvested
and plated at 0.5 x 10° cells/well in 24-well plates in medium without L
cell-conditioned medium. The next day, the cells were washed and
incubated with either 100 pg/mL human LDL or 20 pg/mL oxidized
human LDL and 0.5 pCi/mL 3H-cholesterol in DMEM/0.2% BSA for 24 h
at 37 °C to load the cells with cholesterol. Cholesterol efflux from BMDM
was subsequently studied by incubation of the cells with DMEM/0.2%
free fatty acid-free BSA alone, or supplemented with either 10 pug/mL
apoAl (Calbiochem) or 50 pg/mL isolated human HDL [18]. After a 24-h
efflux period, radioactivity in the cells and medium was determined by
liquid scintillation counting. Cholesterol efflux is defined as (dpmpe.
dium/dpmecenl + dpMmedium) X 100%.

2.7. Statistical analysis

Statistical analysis was performed using Graphpad Prism software
(San Diego CA, USA, http://www.graphpad.com). The significance of
differences was calculated using two-way analysis of variance (ANOVA)
with Tukey post-test. Probability values (p) lower than 0.05 were
considered significant.

3. Results

To test if the presence of Ldlr is required for the atheroprotective
effect of hematopoietic Abcal, we transplanted wild-type, Ldlr~/~,
Abcal™’~, and Abcal ~/~Ldlr’~ bone marrow into Ldlr /" mice and
determined the effect on macrophage foam cell formation and athero-
sclerosis susceptibility.
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Deletion of bone marrow Abcal, Ldlr, or both did not affect plasma
total cholesterol levels when fed regular chow diet, as shown in Fig. 1A.
However, upon challenge with a high fat/high cholesterol WTD to
induce atherosclerotic lesion formation, the bone marrow genotype did
cause differences in plasma cholesterol levels. Total plasma cholesterol
levels in wild-type and Ldlr’~ bone marrow-transplanted mice
increased strongly in response to WTD feeding (4-fold and 3.6-fold,
respectively compared to chow-fed levels; Fig. 1A). Deletion of Abcal
in bone marrow-derived cells resulted in an attenuated increase in
plasma cholesterol upon challenge with WTD (2.2-fold compared to
chow-fed levels). Mice reconstituted with Abcal /"Ldlr’~ bone
marrow showed a comparable WTD-induced increase in cholesterol
(2.1-fold compared to chow-fed levels), indicating that the effect of
hematopoietic Abcal on plasma cholesterol levels is independent of Ldlr
expression in bone marrow-derived cells (Fig. 1A). In both Abcal ~/~ and
Abcal /"Ldlr~/~ transplanted mice, the lower levels of plasma choles-
terol were attributable to reduced VLDL and LDL cholesterol (Fig. 1B).

We next determined the combined effect of hematopoietic Abcal and
Ldlr deficiency on peritoneal macrophage foam cell formation and
cholesterol efflux. As shown in Fig. 2, Abcal deficiency increased peri-
toneal foam cell numbers independent of Ldlr genotype (11- and 10-fold
respectively for Abcal /~ and Abcal /~Ldlr~’~; two-way ANOVA: p <
0.001 for Abcal genotype; Fig. 2A and B). These data indicate that the
essential role of macrophage Abcal in the prevention from foam cell
formation is independent of the presence of Ldlr. In line, Ldlr deficiency
did not influence cholesterol efflux from macrophages to ApoAl, while
Abcal deficiency diminished macrophage cholesterol efflux to ApoAl in
both the absence and presence of Ldlr (>90% decrease, p < 0.001
compared to respective controls; two-way ANOVA: p < 0.001 for Abcal
genotype; Fig. 2C and D). In contrast, macrophage cholesterol efflux to
HDL was not affected by deletion of either Abcal, Ldlr, or both (Fig. 2C
and D). Moreover, cholesterol loading with LDL (Fig. 2C) or oxidized
LDL (Fig. 2D) did not influence the effect of macrophage Abcal defi-
ciency on cholesterol efflux.

Monocytosis is a risk factor for atherosclerosis development [19,20].
Deletion of Abcal in bone marrow-derived cells causes monocytosis and
induces higher peritoneal macrophage counts [2]. Therefore, we
investigated the combined effects of Abcal and Ldlr on the numbers of
circulating monocytes in blood and macrophages in the peritoneal
cavity. Hematopoietic Abcal deficiency increased the number of circu-
lating monocytes independent of Ldlr genotype (2-fold; two-way
ANOVA: p < 0.01 for Abcal genotype; Fig. 3A). In line, we also found
that hematopoietic Abcal deficiency led to higher peritoneal macro-
phage numbers independent of Ldlr genotype (1.7-fold; two-way
ANOVA: p < 0.001 for Abcal genotype; Fig. 3B). In summary, the ef-
fects of hematopoietic Abcal on monocytosis and recruitment of mac-
rophages into peripheral tissues are independent of hematopoietic Ldlr
expression.

15001 Wild-type
Abcat’
Lidr -+

AbcatLldr-+

1000F

500¢

5 10 15
Fraction number

~/~ mice

reconstituted with wild-type, Ldlr~’~, Abcal ’~, and Abcal /~Ldlr’~ bone marrow.
WTD = Western-type diet. Values are mean + SEM. Statistically significant difference ***p < 0.001 vs wild-type; **#p < 0.001 vs Ldlr—/".
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Circulating granulocytes were not affected by the presence of Abcal
in bone marrow-derived cells, but were decreased upon deletion of Ldlr
(two-way ANOVA: not significant for Abcal genotype; p < 0.01 for Ldlr
genotype; Fig. 3A). Interestingly, granulocyte counts in the peritoneal
cavity were increased upon Abcal deletion in bone marrow-derived
cells, but this effect was not influenced by the presence of Ldlr (two-
way ANOVA: p < 0.001 for Abcal genotype; not significant for Ldlr
genotype; Fig. 3B).

In addition to monocytes/macrophages and granulocytes, T lym-
phocytes also express both Abcal [21] and Ldlr [22], and are of great
importance in the progression of atherosclerotic lesions [23]. In addition
to increased monocytosis, hematopoietic Abcal deficiency also led to
increased levels of circulating lymphocytes (1.8-fold, p < 0.01 vs
wild-type) (Fig. 3A). Interestingly, although deletion of the hemato-
poietic Ldlr alone did not significantly affect lymphocyte counts in the
circulation, combined deletion of hematopoietic Ldlr and Abcal reversed
the effect of single hematopoietic Abcal deficiency (1.6-fold reduction,
p < 0.05 vs Abcal /~; Fig. 3B). In the peritoneal cavity, lymphocyte
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Fkk
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E X\gfagy,pe stituted with wild-type, Ldlr’~, Abcal™’~, and
B Lidr- Abcal /"Ldlr’~ bone marrow at 8 weeks on
W Abcat-Lidr- Western-type diet.

(A) Monocytes/macrophages (MONO), granulocytes
(GRANULO), and lymphocytes (LYMPHO), in the
blood. (B) Monocytes/macrophages (MONO), gran-
ulocytes (GRANULO), and lymphocytes (LYMPHO),
in the peritoneal cavity. Values are mean + SEM.
Statistically significant difference *p < 0.05, **p <
0.01, ***p < 0.001 vs wild-type; “p < 0.05, *#p <
0.01, #*#*#p < 0.001 vs Ldlr ",

counts were increased in Abcal /~ bone marrow-transplanted mice
(2.9fold, p < 0.001 ys wild-type) and Abcal’~Ldlr’~ bone
marrow-transplanted animals (2.0-fold, p < 0.05 vs Ldlr™ ~; Fig. 3B). Of
note, the peritoneal lymphocyte counts of Abcal ~/~Ldlr~/~ transplanted
animals were 1.6-fold lower (p < 0.01) as compared to Abcal /~ bone
marrow-transplanted animals. However, the Abcal™’~ lymphocyte
phenotype in the peritoneal cavity was not fully reversed by deletion of
Ldlr in bone marrow-derived cells as observed in blood (Fig. 3B). Single
deletion of the hematopoietic Ldlr did not affect peritoneal lymphocyte
counts as compared to wild-type bone marrow-transplanted mice.

The development of atherosclerotic lesions was analyzed at the
aortic root. After 8 weeks of WID feeding, atherosclerotic lesion size in
the aortic root was 475 + 73 x 10° pm? in wild-type and 359 + 41 x 103
pm? in Ldlr/~ bone marrow-transplanted mice (Fig. 4A). In line with
previous studies [2,4,5], despite the lower plasma cholesterol levels,
Abcal™~ bone marrow-transplantation resulted in a 1.4-fold increase
(681 + 33 x 10° pmz, p < 0.05) in mean atherosclerotic lesion size as
compared to wild-type bone marrow-transplanted mice. Notably,
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Fig. 4. Atherosclerosis in the aortic root in Ldlr/~ mice reconstituted with wild-type, Ldlr/~, Abcal /=, and Abcal /" Ldlr/~ bone marrow at 8 weeks on Western-

type diet.

(A) Mean atherosclerotic lesion size in the aortic root. Each symbol represents the mean lesion area in a single mouse. The horizontal line represents the mean of the
group. (B) Visualization of two-way ANOVA analysis of the effect of Abcal and Ldlr on mean atherosclerotic lesion size in the aortic root of mice as represented in
(A). (C) Photomicrographs showing representative oil-red-O-stained sections (50x). (D) Bar graphs showing the quantification of macrophages in the aortic root. (E)
Bar graphs showing the quantification of collagen in the aortic root. (F) Bar graphs showing the quantification of necrotic core in the aortic root. (G) Photomi-
crographs showing the lesion compositions in the aortic root of mice. Sections of the aortic roots were stained with antibody against Moma-2 to visualize macro-
phages (100x). Morphological staining of atherosclerotic lesions in the aortic root with Masson’s Trichrome Accustain, which stains cytoplasma and muscle fiber red
and collagen blue (100x). Values are mean + SEM. Statistically significant difference **p < 0.01, ***p < 0.001 vs wild-type; *p < 0.05, **#p < 0.001 vs Ldlr /.
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Abcal"Ldlr’/~ bone marrow-transplanted mice also developed
1.6-fold (563 + 41 x 10° prnz, p < 0.05) larger atherosclerotic lesions as
compared to Ldlr’~ bone marrow-transplanted mice, indicating that
the atheroprotective effects of hematopoietic Abcal were preserved in
the absence of Ldlr expression (Fig. 4A). Interestingly, two-way ANOVA
analysis demonstrated not only the atheroprotective effect of hemato-
poietic Abcal (p < 0.001) but also a small pro-atherogenic effect of Ldlr
expression on hematopoietic cells (p < 0.05) (Fig. 4B), confirming the
independent, opposite effects of Abcal and Ldlr on atherosclerotic lesion
size. Quantitative morphological analysis of the atherosclerotic lesions
showed that, in line with the more advanced stage of lesion develop-
ment, hematopoietic Abcal deficiency decreases macrophage content in
the lesions, while collagen content was increased, both independent of
bone marrow Ldlr genotype (two-way ANOVA: p < 0.001 for Abcal
genotype; Fig. 4D, E and G). Hematopoietic Abcal deficiency also
increased the necrotic core size in the lesions, independent of bone
marrow Ldlr genotype (two-way ANOVA: p < 0.001 for Abcal genotype;
Fig. 4F).

4. Discussion

There is extensive evidence from bone marrow transplantation
studies from our group and others that hematopoietic Abcal is athero-
protective. Deletion of Abcal in bone marrow-derived cells, including
leukocytes, dramatically increases foam cell formation and strongly
accelerates atherosclerosis in Ldlr’/~ mice [2], while Abcal over-
expression in hematopoietic cells inhibits atherosclerosis progression
[3]. Nonetheless, studies using lysosyme M promoter-driven deletion of
Abcal in Ldlr~’/~ mice did not show increased atherosclerosis in
advanced lesions, although some minor effects on early lesions were
described [10,11]. The discrepancy between the observed atheropro-
tective effects in the different models may be due to the presence or
absence of Ldlr. In the present study, we have determined the contri-
bution of the presence of Ldlr on the atheroprotective effect of he-
matopoietic Abcal in a bone marrow transplantation setting.

As shown previously [2,4,5], transplantation of Abcal™’~ bone
marrow into Ldlr/~ mice lowered macrophage cholesterol efflux and
massively increased foam cell formation and monocytosis, which are
both key determinants of atherosclerosis susceptibility. In accordance,
the mean aortic root atherosclerotic lesion size was increased in mice
transplanted with Abcal ™/~ bone marrow, despite lower cholesterol
levels in these mice. Interestingly, the absence of bone marrow Ldlr did
not influence the effect of Abcal on macrophage cholesterol efflux, foam
cell formation, monocytosis or plasma cholesterol. In line with these
findings, the extent of the effects of Abcal deficiency on foam cell for-
mation and atherosclerotic lesion formation was also unaltered by the
presence or absence of Ldlr. This clearly indicates that Ldlr does not
influence the atheroprotective effect of hematopoietic Abcal deficiency.
Notably, since the consistently observed monocytosis in bone marrow
transplantation studies with Abcal ~/~ bone marrow [2,4,5] is not pre-
sent in the studies with lysosyme M promoter-driven deletion of Abcal
in the Ldlr/~ model [10,11], it is tempting to hypothesize that this may
also provide an alternative explanation for the differential atheropro-
tective effects between the two models.

In addition to monocytosis, Abcal /= bone marrow-transplanted
animals display lymphocytosis [2]. This lymphocytosis possibly con-
tributes to the increased lesion formation upon deletion of Abcal in bone
marrow-derived cells of Ldlr /'~ mice [10]. In the present study, we also
observed Abcal deficiency driven lymphocytosis after transplantation of
Abcal™~ bone marrow into Ldlr~/~ mice. However, interestingly, we
found that the absence of hematopoietic Ldlr reduced circulating and
peritoneal lymphocyte counts, albeit only in animals lacking Abcal in
bone marrow-derived cells. For circulating lymphocytes, the counts in
Abcal~/~Ldlr’~ bone marrow-transplanted mice were even normalized
to numbers found in mice transplanted with wild-type or Ldlr ™ bone
marrow. Cholesterol is crucial for cellular proliferation and therefore an
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important factor for rapid expansion of activated T cells. T cell activa-
tion increases expression of HMG-CoA reductase and Ldlr, and decreases
the expression of Abcal and Abcgl to ensure adequate cholesterol
availability for membrane biogenesis [21]. In accordance, cholesterol
accumulation in T cells is associated with increased proliferation [24],
and statin-induced reduction of de novo cholesterol synthesis inhibits T
cell receptor driven expansion [25]. Moreover, liver X receptor (LXR)
activation inhibits T cell expansion, whereas loss of LXRp increases T cell
expansion [21]. Increased lymphocytosis in Abcal =/~ bone marrow
transplanted animals might thus be the consequence of the impaired
cholesterol efflux from lymphocytes via Abcal. Our findings suggest that
lowered cholesterol uptake via Ldlr could possibly reverse this issue,
which warrants future studies on the role of Ldlr-mediated cholesterol
uptake pathway for the induction of lymphocytosis.

Another difference between bone marrow transplantation studies
and studies using lysosyme M promoter-driven deletion can also be
found in the difference in research methodology. Previous studies have
shown that in bone marrow transplantation experiments, the lipid
environment of the donor bone marrow still impacts bone marrow
function after transplantation into recipients with a different lipid sta-
tus. Effects of blood cholesterol levels and cholesterol efflux capacity on
hematopoietic stem cells and hematopoiesis underly these long-term
effects. Hypercholesterolemia and disruption of cholesterol efflux
cause hematopoietic stem cell cholesterol accumulation, leading to
monocytosis and granulocytosis [26,27]. In contrast, ApoAl and HDL
are able to suppress proliferation of HSCs and myeloid progenitor cells
[27]. We and others have shown that hypercholesterolemia-induced
hyperproliferation of HSCs, as well as the consequent leukocytosis, are
also evident in recipients of bone marrow from hypercholesterolemic
mice [28,29]. This opens up the possibility the bone marrow used for
transplantation from different donors may have already been affected by
plasma cholesterol levels in these donors. Bone marrow harvested from
Abcal /™ mice, which are HDL deficient and hypocholesterolemic, may
therefore already be different from bone marrow of wild-type or Ldlr '~
mice, which have normal or high blood cholesterol levels. This may
partly account for differences in bone marrow transplantation studies
compared to selective lysosyme M promoter-driven deletion. However,
this remains speculation until future studies have shed light on the ef-
fects of low HDL levels on long term changes in bone marrow
functioning.

Besides the primary aim to elucidate the influence of Ldlr on the
atheroprotective function of hematopoietic Abcal, the study set up also
allowed us to investigate the basic role of macrophage Ldlr in foam cell
formation and atherosclerosis. Previous studies have shown that tran-
scription of Ldlr on macrophages is quickly downregulated after
cholesterol loading [30]. This limits the contribution of macrophage
Ldlr to foam cell formation and atherosclerosis in wild-type bone
marrow-transplanted Ldlr/~ mice [12,13]. In accordance, we found no
effect of hematopoietic Ldlr deletion on macrophage foam cell formation
in vivo. Previous bone marrow transplantation studies from our group
and others, have yielded ambiguous results regarding the role of he-
matopoietic Ldlr on atherosclerosis. Attenuated atherosclerosis devel-
opment was reported in wild-type mice transplanted with Ldir/~
bone-marrow [12,14]. In contrast, in Ldlr /™ mice, reconstitution of the
Ldlr in bone marrow-derived cells did not stimulate lesion development
in two independent studies [12,13]. In the current study, due to the high
statistical power (n = 13-16 mice/group and 4 separate groups), we did
find marginally but consistently decreased atherosclerosis upon induc-
tion of Ldlr deficiency in bone marrow-derived cells. Thus, although Ldlr
does not influence macrophage foam cell formation, Ldlr expression on
bone marrow-derived cells does, to a minimal extend, influence
atherosclerotic lesion development. More in-depth investigation is
required to reveal the underlying mechanisms.

In conclusion, in this study we have provided novel insight into the
relative impact of Ldlr and Abcal on macrophage foam cell formation
and atherosclerosis development in an in vivo bone marrow
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transplantation model. We have shown that Ldlr and Abcal differen-
tially and independently influence atherosclerosis development. As
such, Ldlr does not influence the atheroprotective effect of hematopoi-
etic Abcal in murine bone marrow transplantation models of
atherosclerosis.
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