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Abstract

Atherosclerosis is a complex inflammatory process characterized by monocyte recruitment into
the arterial wall, their differentiation into macrophages and lipid accumulation. Since integrin
amp2 (CD11b/CD18) mediates multiple diverse functions of leukocytes, we examined its role in
atherogenesis.

ap;//ApoE~~ and ApoE " mice were fed control or high fat diet (HFD) for 3 or 16 weeks to
induce atherogenesis. Unexpectedly, a,, deficiency accelerated development of atherosclerosis in
female but not in male mice. The size of aortic root lesions was 3—4.5-fold larger in female a,,”~/
ApoE~~ than in ApoE™~ mice. Monocyte/macrophage content within the lesions was increased
2.5-fold in female a ;7 /ApoE~~ mice due to enhanced proliferation. apmp2 elimination
promoted gender-dependent foam cell formation due to enhanced uptake of cholesterol by a,, ™~/
ApoE~~~ macrophages. This difference was attributed to enhanced expression of lipid uptake
receptors, CD36 and scavenger receptor Al (SR-A1), in female mice. Macrophages from female
a ;" /ApoE~~ mice showed dramatically reduced expression of FoxM1 transcription factor and
estrogen receptors (ER) a and B. 17p-estradiol (Ey) decreased CD36, SR-A1 levels and foam cell
formation in ApoE~~ macrophages in ERa— and ERB-dependent manner, as their antagonists
inhibited the effect of E,. However, female a,,”/ApoE~~ macrophages failed to respond to E;
and maintained elevated CD36, SR-AL1 levels and lipid accumulation. FoxM1 inhibition in ApoE
~~macrophages reduced ERs and enhanced CD36, SR-A1 expression, while FoxM1
overexpression in a,,”/ApoE~~ macrophages reversed their proatherogenic phenotype.

We demonstrate a new, surprising atheroprotective role of ayBy in female ApoE~" mice. ampz
maintains ER expression in macrophages and E,-dependent inhibition of foam cell formation.
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Introduction

Atherosclerosis associated with hypercholesterolemia is a chronic inflammatory disease of
the vessel wall, characterized by accumulation of cholesterol-loaded macrophages and
fibrous material in lesions that develop in large arteries (1, 2). An initiating event is the
accumulation of modified low-density lipoproteins (LDLS) in the vessel wall that cause
endothelial dysfunction and trigger monocyte deposition in the sub-endothelial space.
Transendothelial monocyte migration is a multistep process dependent upon several
adhesion molecules including B4 and B, integrins on leukocytes, which interact with
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion moleculel
(VCAM-1) on endothelial cells (3, 4). Subsequently, monocytes differentiate into
macrophages and uptake of oxidized LDLs (ox-LDLs) leads to formation of lipid-laden
foam cells, the hallmark of atherosclerosis. Of the many scavenger receptors mediating the
influx of lipids into the macrophages, the class A type I and 1l macrophage scavenger
receptors (SR-Al and SR-All) and CD36, are known to be centrally involved in foam cell
formation (5-7). Later, these macrophages are further activated, resulting in the production
of various inflammatory mediators including not only a wide range of cytokines and growth
factors but also reactive oxygen species (ROS). These mediators stimulate recruitment and
proliferation of additional immune cells and enhance lipid oxidation (1, 2).

The epidemiology of coronary heart disease shows that the incidence of deaths from heart
attack in 35-64 year old men exceeds that in age-matched women by 500% (8).
Consequently, multiple studies have focused on the potential role of female sex hormones,
particularly estrogen, in prevention of atherosclerosis (reviewed in (9-12). Indeed, in mouse,
rabbit and cynomolgus monkey models, estrogen has had anti-atherosclerotic effects when
reintroduced early after ovariectomy (13-18). Estrogen fulfils this function by acting on
virtually all types of cells implicated in atherogenesis. For example, it inhibits apoptosis,
oxidative stress and expression of VCAM and ICAM-1 in endothelial cells as well as
proliferation, migration, oxidation and release of inflammatory cytokines in smooth muscle
cells (reviewed in (10)). In macrophages, short term treatment with estrogen not only
decreases secretion of inflammatory cytokines but also reduces foam cell formation by
inhibiting cholesterol accumulation (19-24). There are 3 estrogen receptors (ER): ERa, ERP
and G protein-coupled ER (GPR30). The majority of reports demonstrates that ERa. exerts
protective functions in animal models of atherosclerosis while the roles of ERp and GPR30
are less well-defined (reviewed in (10)).

The Bo-integrins, a By (CD11a/CD18), apmp, (CD11b/CD18), axf, (CD11c/CD18) and
appP, (CD11d/CD18), are involved in most leukocyte responses associated with
atherosclerosis, including transendothelial extravasation, adhesion, phagocytosis and
production of a variety of growth factors, cytokines and reactive oxygen species (ROS)
(reviewed in (25)). Supporting the importance of the B, integrins in atherogenesis, B,-
deficient (CD187") mice fed a high fat diet (HFD) showed attenuated atherogenesis (4) and
the a x- or a,-knockout mice in the ApoE~~ background showed reduced development of
atherosclerotic lesions (26-27). The effect of the a,-deficiency on atherogenesis in any
proatherogenic murine background (ApoE~~ or LDLR™") has not been reported to date.
Administration of an anti-a function blocking antibody to £DLR™~ mice with
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hypercholesterolemia resulted in a 30% reduction in the size of atherosclerotic lesions as
well as macrophage content within the plaques (28). Unexpectedly, bone marrow
transplantation experiments from the a,,”~ or WT mice into male LDLR ™~ mice did not
reveal any role to aP, integrin in atherosclerosis (29). This inconsistency led us to further
examine the role of ayp, in atherosclerosis. Using a ;7 /ApoE~~and ApoE~~ mice, we
demonstrate a surprising, anti-atherogenic and gender-dependent role for app, in
hyperlipidemic female Apo£~~ mice. Mechanistically, we find that ayp, exerts this gender-
specific effect by supporting of macrophage ERa and ERP expression and estrogen-
dependent reduction of foam cell formation as a result of down-regulation of the lipid
scavenger receptors CD36 and SR-AL.

Materials and Methods

Animals and Diet

The a,rdeficient mice were described previously (30) and kindly provided by Dr. Christie
Ballantyne (Baylor College of Medicine, Houston, TX). These mice were backcrossed to
C57BL/6J background for 7 generations. ApoE ™~ mice in C57BL/6J background were from
Jackson Laboratories (Bar Harbor, ME) and crossbred with a,,”~ mice to obtain littermate
ap;//ApoE~~ and a,,*/ApoE~~ mice (control mice designated as ApoE ™~ mice
throughout). Both male and female mice were used in the experiments. Atherosclerosis was
induced by placing 4-week-old a,,”/ApoE~~and ApoE~~ mice on a Western diet (High
Fat Diet) containing 0.2% cholesterol and 42% calories as fat (TD88137, Harlan Teklad) for
3 or 16 weeks. Control chow diet contained 18% protein and 5% fat (Teklad Global 2918,
Harlan Teklad). All procedures were performed under protocols approved by the Cleveland
Clinic IACUC.

Reagents and antibodies

Recombinant mouse GM-CSF and IL-4 were purchased from R&D Systems (Minneapolis,
MN). The following antibodies were used for Western blot or FACS assays: mouse anti-
CD36 (BD Biosciences, San Jose, CA), mouse anti-SRA-1 (R&D Systems), rabbit anti-
SRB-1 (Thermoscientific), rat anti-LOX-1 and goat anti-CD206 (R&D Systems), rat anti-
mouse ABCA-1 (Bio-Rad, Raleigh, NC), goat anti-ABCG-1and anti-Fox M1 (Santa Cruz,
Dallas, TX), rabbit anti-PPARy, rabbit anti-ERa., rabbit anti-ERp (EMD Milipore,
Temecula, CA) and mouse anti-B-actin and rabbit anti-iNOS (Cell Signaling Technology,
Danvers, MA). Mouse FITC-conjugated anti-a)y mAb (clone M1/70), PE or FITC-
conjugated F4/80 mAb, anti-a -PE were from eBioscience (San Diego, CA). anti-ax-PE,
anti-a4-PE mAbs were from (BD Biosciences, San Jose, CA). The anti-a.p antibody was
provided by Dr. Yakubenko and was previously described (27). Low-density lipoprotein/
very-low density lipoprotein (LDL/VLDL) cholesterol was measured in mouse plasma using
an HDL & LDL/VLDL Cholesterol Quantification Kit. Triglyceride levels were analyzed
using Triglyceride Quantification Colorimetric/Fluorometric Kit (BioVision Research
Products, Milpitas, CA). 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-
piperidinylethoxy)phenol]-1H-pyrazole (MPP), an ERa antagonist, 4-[2-Phenyl-5,7-
bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP), a ERP antagonist, were
from Tocris Bioscience (Minneapolis, MN). Mouse IL-6, IL-12 p40/p70 and IL-10 Elisa kits
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were from RayBiotech (Norcross, GA). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO).

Modified LDL preparation

LDL acetylation- LDL are combined with equal volume of saturated sodium acetate, mixed
and cooled on ice. While continuously and slowly mixing the solution, the volume of the
required acetic anhydride was added in 3 steps over 20 minute intervals. The modified LDL
are then dialyzed overnight in the cold room against 100 fold excess of 09% NaCl, 0.05
EDTA, pH 7.4. The preparation is filtered through a 0.45 pm filter. The protein content is
determined by Lowry method and the extent of lysine modification is determined using
TNBS assay (2,4,6-trinitrobenzene sulfonic acid). The protein content of the acetylated LDL
was >1mg/ml and the amount of modified lysine was ~58%. Each lot was >97% pure by
agarose gel electrophoresis.

LDL oxidation-LDL was oxidized by incubating LDL with 5 uM CuSO4 in phosphate-
buffered saline without EDTA for 20h at 37C. Oxidation was arrested by refrigeration and
addition of 100 uM EDTA and 20 uM butylated hydroxytoluene. Control incubations were
done without CuS0,4 and with EDTA and butylated hydroxytoluene added prior to incubation
(31). Protein content was determined by Lowry assay and the degree of oxidation of LDL
was tested by the measurement of LDL Thiobarbituric Acid-Reactive Substances (TBARS)
in ox-LDL (32). Agarose gel electrophoresis analysis determined >98% purity of all
preparations. Parallel experiments were performed using these modified lipoproteins
purchased from Biomedical Technologies Inc. (Stoughton, MA).

Lipid uptake assays

Cells were treated with serum containing RPMI medium supplemented with GM-CSF for 2
days, then incubated with medium containing 2% FBS and 50ug/ml of 3H-acetylated LDL
for 2, 4, 6 or 12 hours. Upon removal of the medium, the cells were washed with cold PBS
and harvested in 0.1N NaOH. Lipid uptake was determined by measuring the amount of
radioactivity in the cells at different times. Proteins were determined by the Lowry method.

Lipid efflux assays

Cells were treated with serum containing RPMI medium supplemented with GM-CSF for 2
days, then incubated with medium containing 2% FBS, 100pg/ml acetylated LDL and 3H-
cholesterol (Perkin Elmer) for 24 hours. The medium was removed, the cells were washed 3
times with warm PBS and then incubated with RPMI containing 0.1% fatty acid free BSA
and 100ug/ml human HDL for 6 hours. At the end of the efflux time, the medium was
collected and the cells were washed 3 times with cold PBS and extracted in 0.1N NaOH.
The radiolabel content of the cells was determined before the addition of the efflux medium
and 12h after its addition.

Atherosclerotic lesion analyses

Mice fed a HFD for 3 or 16 weeks were killed by ketamine/xylazine administration and
perfused through the heart with PBS and 4% paraformaldehyde. For aortic sinus analysis,
serial cryosections of 10-um thickness were taken from the region of the proximal aorta
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through the aortic sinus and stained with oil red O, hematoxylin and Light Green
counterstain as described in (33). Although some red staining may be seen outside the aorta,
only the oil red-O-filled lipid regions (lesions) on the luminal side of the internal elastic
lamina covering the tunica media was measured using ImmagePro 7.0 software (see
Supplemental Fig.1). For en face analysis, arch and descending aortas were removed,
dissected free of fat, stained with oil red O followed by morphometry of scanned images
using ImmagePro 7.0 software (Media Cybernetics, Bethesda, MD).

To analyze macrophage content and cell proliferation within aortic lesions, aortic root
cryosections were stained with rat anti-mouse monocyte/macrophage Ab (MOMA-2) (EMD
Millipore) or/and rabbit anti-Ki-67 Ab (Cell Signaling Technology) followed by secondary
goat anti-rat or anti-rabbit 1gG conjugated with Alexa568 or Alexa488 (Molecular Probes),
respectively.

Ex vivo foam cell formation

Thioglycollate-elicited peritoneal macrophages from 8-12 week-old a ;7 /ApoE ™~ and
ApoE~~ mice fed a chow control diet were plated onto 8-well chamber slides (Lab-Tek) or
12-well plates (Corning) in DMEM F-12 medium. Non-adherent cells were removed after
2h and fresh medium containing 1% FBS and either native, ox-LDL or acetylated LDL (50
ug/ml) was added. The cells were incubated for 3 days. Cells in chamber slides were fixed
with 4% formaldehyde, stained with oil red-O, counterstained with hematoxylin and
mounted in VectaMount QS (Vector Laboratories) for microscopic analysis. Cells in 12-well
plates were used to extract lipids and proteins as described (34, 35). Total cholesterol was
quantified in lipid extracts using Cholesterol/Cholesteryl Quantification kit (Biovision,
Milpitas, CA). Proteins were extracted from cells using 0.1M NaOH and measured by
Bradford method (Biorad). Values of total cholesterol were normalized to total protein
content of the extracts.

In vivo foam cell formation

ap;/ApoE~~ and ApoE~~ mice fed either HFD or control diets for 16 weeks were IP
injected with thioglycollate and after 3 days, peritoneal cells were collected and plated in 8-
well chamber slides or 12-well plates. Non-adherent cells were removed after 2 hours, and
foam cells were evaluated by oil red-O staining or by measuring total cholesterol in cell
extracts.

Macrophage proliferation assay

The assays were performed as described (36, 37) with several modifications.

ApoE~~and a ;7 /ApoE~" peritoneal macrophages were isolated 72 h after I.P. injection
of 4% thioglycollate and plated at 2x10% cells/well in 96-well plates. After 2 hours, non-
adherent cells were removed. Adherent macrophages were incubated in DMEM-F12
medium supplemented with 10% FBS in the presence of 50 ug/ml OXLDL or native LDL or
60ng/ml GM-CSF for 5 days. Proliferation was evaluated using CyQUANT® Direct
Proliferation assay kit (Invitrogen Corporation, Carlsbad, CA). Briefly, medium was
aspirated and the plates were frozen at —70°C for 2h. Plates were thawed and 150 pl of
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freshly prepared Cyquant reagent were added per well. The plates were incubated for 15-30
min at room temperature, protected from light with gentle shaking and fluorescence at
480/530 nm was measured using Cytofluor Il fluorometer (PerSeptive Biosystems,
Framingham, MA). Calibration curve of fluorescence versus known numbers of
macrophages was prepared. Number of adherent macrophages on day 0 was subtracted from
the numbers of macrophages on day 5. Bone marrow was isolated from femur and tibia
bones of ApoE™~and a ;7 /ApoE~~ mice. Macrophages were isolated from bone marrow
suspensions using anti-F4/80 beads (Miltenyi Biotec, Auburn, CA) according to
manufacturer’s instructions. Proliferation assays were performed in the presence of 60ng/ml
GM-CSF as described for peritoneal macrophages.

FACS analysis of peritoneal macrophages

ApoE~™~and a ;7 /ApoE~" peritoneal cells were allowed to adhere to TC Petri dishes for 1
h, and adherent cells were recovered by brief trypsinization and preincubated with seroblock
Ab (rat anti-mouse CD16/CD32) followed by incubation with Alexa488-labeled antibodies
to SRA-1, CD36, ABCG1 and SRB-1 and PE-conjugated F4/80 Ab (eBioscience) for 30
min at 4°C. In polarization experiments, after incubation with LPS or IL-4 cells were briefly
trypsinized, preincubated with seroblock Ab followed by incubation with Alexa488-labeled
antibodies to iNOS or CD206 and PE-conjugated F4/80 Ab (eBioscience) for 30 min at 4°C.
Cells were washed and analyzed in a FACSCalibur using CellQuest software (BD
Biosciences, San Jose, CA). Isotype-matched control Abs were used as negative controls.

Real-time gRT-PCR

Total RNA was extracted from peritoneal macrophages derived from ApoE~~and as, ™~/
ApoE~~ mice fed HFD for 16 weeks using TRIzol reagent (Invitrogen), following the
manufacturer’s instructions. cDNA was generated using iScript™ cDNA Synthesis Kit (Bio-
Rad, Berkeley, CA). qRT-PCR was performed using the respective gene-specific primers
(SABiosciences, Valencia, CA) and the iQ™ SYBR Green Supermix on the Bio-Rad iCycler
PCR system (Biorad) according to the manufacturer’s instructions. The cycle threshold (Ct)
values were calculated with SDS 1.4 software (Bio-Rad). The expression levels of each
transcript were normalized using the 2722¢" method (38) relative to GAPDH. The AC;was
calculated by subtracting the C;values of GAPDH from the Cyvalues of the transcript of
interest. The AACywas then calculated by subtracting AC;of the Apo£~~ macrophages from
the AC;of a7 ~/ApoE™~ macrophages derived from mice of matching gender. Fold change
in the gene was calculated according to the equation 27AAC7,

Macrophage polarization experiments—Equal numbers of resident peritoneal
adherent macrophages (2x10°) from male and female a,,”/ApoE~~ and ApoE~~ mice
were either untreated or stimulated with lipopolysaccharide LPS (1ug/ml) or mouse IL-4 (50
ng/ml) for 24-48 h to induce M1 or M2 polarization, respectively. After 24 h, cell
conditioned media was collected and cells were subjected to Western blot with antibodies to
iNOS and CD206. Alternatively, the cells were double stained for F4/80 and iNOS or
CD206 and analyzed by FACS. The media were collected 48 h after stimulation and
centrifuged at 5000xg for 10 min at 4°C, and 1L-6, IL-12 (p40/p70) and IL-10 were assayed
using specific ELISA kits (RayBiotech).

J Immunol. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Szpak et al.

Page 7

Inhibition of ay expression in ApoE™~ macrophages—To reduce a,expression,
the ApoE~~ peritoneal macrophages of male and female mice were transfected with
siGenome SMART pool mouse /tgam siRNAs or nontargeting (control) siRNA#2 (Thermo
Scientific Dharmacon, Lafayette, CO) (100 nM) using GenMute siRNA transfection reagent
(SignaGen Labs, Rockville, MD) according to manufacturer’s instructions. After 48 h,
macrophages were analyzed for capacity to form foam cells and by Western blot with
antibodies to a, Fox M1 ER-a and B, SR-A1, CD36 and pB-actin.

Modulation of Fox M1 expression in macrophages—To reduce Fox M1 expression,
the ApoE~" peritoneal macrophages of female mice were transfected with ON-
TARGETplus SMART pool mouse Fox M1 (small interfering RNA) siRNAs or ON-
TARGETplus nontargeting pool siRNA (Thermo Scientific Dharmacon, Lafayette, CO) (100
nM) using GenMute siRNA transfection reagent. After 48 h, macrophages were subjected to
Western blot with antibodies to a;, Fox M1, ER-a and B, SR-Al, CD36 and p-actin. To
overexpress Fox M1in a,,”~/ApoE~~ peritoneal macrophages isolated from female mice
the mouse Fox M1 cDNA was purchased from ABM Inc. (Vancouver, Canada) and recloned
into pcDNA 3.1 vector using TOPO cloning kit. 2.5 x 108 macrophages were nucleofected
with 2.5 pg of Fox M1-pcDNA 3.1 or empty pcDNA 3.1 vector using Mouse Macrophage
Nucleofector Kit (Lonza, Allendale, NJ) and Y-001 program. Cells were seeded in (2.5 x
108/well) in a 6-well plate in DMEM-F12 medium supplemented with 10% FBS and 10
ng/ml GM-CSF. After 5 days in culture, cells were subjected to Western blot and foam cell
formation assays.

Statistical analysis

Results

Data are presented as means + SEM. Statistical analyses were performed using
Kolmogorov-Smirnov normality test followed by one-way ANOVA test and all pairwise
multiple comparison tests with Holm-Sidak method (Sigma Plot 10.0 software, Systat
Software Inc., San Jose, CA). A value of P<0.05 was considered significant.

ayB, deficiency promotes atherosclerosis in female ApoE™~ mice

To study the role of ap, in development of atherosclerosis, we subjected age- and gender-
matched a,,”/ApoE™~ and ApoE~~ mice to chow or HFD for 3 or 16 weeks. Remarkably,
atherosclerotic lesions were detected in the aortic roots in female a,”/ApoE ™" mice as
early as 3 weeks on HFD; their lesion areas were 3-fold larger than in female ApoE~~
(P<0.001, n=9) and male mice of both genotypes (Fig.1A). As atherosclerosis develops more
slowly in mice fed chow diet rather than a HFD, after 16 weeks on chow diet the lesions
were restricted to the aortic root. Under these conditions, a dramatic 4.5-fold increase in
lesion area was observed in the a,,”/ApoE~~ female mice as compared to male a,,”~/
ApoE~~ and both genders of Apo£ 7~ mice (P<0.001, n=9). There was no significant
difference in atherosclerotic lesion areas between male a,,”/ApoE™~ and ApoE™~ mice
(Fig.1B, left panel). After 16 weeks on HFD, lesion areas in cross-sections of the aortic root
were also increased by ~2-fold (P<0.001, n=9) in female a,”/ApoE~~ mice compared to
male a ;7 /ApoE~~ and both genders of ApoE~~ mice (Fig.1C, left panel). Also, en face
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analyses of aortic arch and descending aorta at 16 weeks on HFD revealed a 2.5-fold
increase in the aortic lesion area in female a,,”/ApoE~"~ mice compared to their male
counterparts and the ApoE~~ mice (P<0.001, n=9) (Fig.1D). Taken together, these data
demonstrate that apBo is protective against the initiation and progress of atherogenesis in a
gender-specific manner.

Increased monocyte/macrophage content in atherosclerotic lesions in the ay™/~/ApoE™/~
female mice

To begin to dissect the mechanism of enhanced lesion development in female a,,”/ApoE
~~mice, we examined macrophage/monocyte content in the lesions by staining cross-
sections of the aortic roots with a monocyte/macrophage-specific mAb (MOMA-2). The
macrophage content was increased by 2—2.5-fold (P<0.001, n=9) in female a,,” /ApoE™"~
mice fed control or HF diet for 16 weeks as compared to all other groups tested (Fig.2 A and
B). Macrophage content in the aortic root lesions was similar in male a,,”/ApoE™~ and
both genders of the ApoE~~ mice on normal chow or HFD (Fig.2B). To examine
macrophage proliferation in atherosclerotic lesions (39, 40), we double stained cross-
sections of aortic roots of a,,” /ApoE~~ and ApoE~~ mice with MOMA-2 and an Ab to
the Ki67 proliferation marker (Fig.2C and D). The Ki67-positive macrophages quantified as
counts per MOMA-2-positive area were the most numerous (2—-2.5-fold) in the lesions of the
female a,,”~/ApoE~~ compared to all other groups tested (P<0.001, n=9) (Fig.2D). Also,
approximately 20-30% more macrophages proliferated in the lesions of male a,,”/ApoE
~~mice than of male Apo£~~ mice (P<0.05, n=9). However, there was no gender-
dependent difference in macrophage proliferation in ApoE~~ mice (Fig.2D). These results
were corroborated when we examined ex vivo proliferation of peritoneal macrophages
isolated from a ;7 /ApoE~~ and ApoE~~ mice fed control diet for 16 weeks (Fig.2E).
GM-CSF and ox-LDL, but not native LDL, stimulated proliferation of macrophages isolated
from all mouse lines. The a,”/ApoE~~ macrophages showed enhanced proliferation as
compared to the ApoE~~ macrophages. However, this difference was significantly more
profound in female mice (~ 3-fold increase, P<0.001, n=6) than in male mice (~30-40%
increase, P<0.05, n=6) (Fig.2E). Also, GM-CSF-induced proliferation of macrophages from
bone marrow of female a,,”/ApoE ™~ mice was increased by ~2-fold as compared to those
from ApoE~~ mice, indicating that the difference in peritoneal macrophage proliferation is
not tissue-specific (Supplemental Fig.1B). Thus, app; deficiency enhances macrophage/
monocyte proliferation particularly in female mice. To examine macrophage apoptosis in
atherosclerotic lesions, the cross-sections of aortic roots from a,”/ApoE~~ and ApoE~~
mice were stained using a Tunel assay kit. Only a few apoptotic macrophages were detected
in the lesions, and their numbers were similar in the a,,”/ApoE~~and ApoE~~ mice (data
not shown). Furthermore, when peritoneal a,”/ApoE ™~ and ApoE~~ macrophages were
stained with Annexin V 24h after plating, no significant differences in the percent of early or
late apoptotic cells between the mouse lines were found (data not shown).

In addition, we measured triglycerides, total cholesterol and VLDL/LDL cholesterol fraction
in plasma of a,, ™ /ApoE~~ and ApoE~~ mice fed either HFD or chow diet for 16 weeks.
The levels of these parameters were increased by 2—4-fold in mice on HFD; however, we did
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not find any significant differences in these parameters between the a,,”/ApoE~" and
ApoE~~ mice or between genders (Supplemental Fig.2).

Also, we have compared expression levels of all members of the p,-integrin subfamily and
the a4 integrin on resident peritoneal macrophages derived from all mouse groups fed CD or
HFD by FACS (Supplemental Table 1). First, expression levels of ay, integrin were similar
in male and female ApoE£~~ mice fed either control of HFD. Second, expression levels of
the other p2-integrin members and a4 were not affected by the a deficiency or mouse
gender as surface expression of a|, ax and ap and a4 was similar on macrophages derived
an”/ApoE~~ and ApoE~~ mice of both genders. Third, crossing mice into ApoE~~
background did not change expression levels of the tested integrins and HFD diet did not
affect expression of the B,-integrins on the Apo£~~ macrophages of both genders. Although
a4 expression was significantly decreased in mice fed HFD, its levels were the same in a,,
~~/ApoE~~ and ApoE~~ macrophages (Supplemental Table 1). Thus, the observed
differences in monocyte/macrophage content in atherosclerotic lesions and atherogenic
phenotype in female a,,”~/ApoE ™~ mice cannot be explained by altered levels of other
integrin receptors on macrophages derived from these mice.

a P2 deficiency supports pro-inflammatory M1 polarization of macrophages

The diverse functions of macrophages in immunity are reflected by several cellular
phenotypes. A simplified scheme classifies macrophages as classically activated, pro-
inflammatory (M1) and alternatively activated, anti-inflammatory (M2) (41). As progression
of atherosclerotic lesions is correlated with the dominance of M1 macrophage polarization
(42), we examined phenotypic polarization of a,”/ApoE~”~ and ApoE~~ peritoneal
macrophages of male and female mice. Adherent macrophages were treated with LPS or
IL-4 to induce M1or M2 polarization, respectively. The M1 markers: iNOS, IL-6 and
IL-12(p40/p70) and M2 markers: CD206 and I1L-10 were measured (Fig.3). Although iNOS
was not detected by Western blot in untreated macrophages, FACS analysis showed a 2-fold
increase in iINOS expression in the a,,”/ApoE ™~ macrophages compared to ApoE ™" cells
(Fig.3A and C). LPS stimulated iNOS expression by 2-fold in ApoE™~ cells and by 3-4-fold
in ay,”/ApoE~'~ macrophages. This led to a 3-fold and 6-8-fold enhancement of iNOS in
male and female a;,”~/ApoE~~ macrophages as compared to those from ApoE ™~ mice
(Fig.3A and C). Also, production of pro-inflammatory IL-6 and IL-12 was robustly
augmented by 2.5-5-fold in a ;7 /ApoE ™ cells compared to ApoE~~ macrophages
regardless of LPS administration (Fig.3 E and F). In contrast, expression of CD206, the M2
marker, was significantly decreased in untreated macrophages from a,,”/ApoE ™" mice.
IL-4 polarized ApoE~~ macrophages into the M2 phenotype and enhanced CD206
expression by 2-fold, but it failed to do so in a,”/ApoE~~ macrophages (Fig.3B and D).
Anti-inflammatory 1L-10 production was decreased by 2-3-fold in resting cells and by-10—
16-fold in IL-4-treated macrophages from a,,”/ApoE ™" mice, as these cells did not
respond to IL-4 (Fig.3G). Taken together, the a,,”/ApoE~~ macrophages showed M1
polarization and were pro-inflammatory in gender-independent manner, although this feature
was more profound in female mice.
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a B2 deficiency promotes foam cell formation

Accumulation of cholesterol in macrophages leading to foam cell formation is a crucial step
in early atherogenesis. We examined whether a8, affects foam cell formation /n vivo. The
ap;//ApoE~~ and ApoE~~ mice were fed HFD or control diet for 16 weeks; and an equal
number of thioglycollate-elicited macrophages were evaluated for lipid and total cholesterol
content. Regardless of genotype, macrophages harvested from mice on HFD showed
increased oil red-O staining and total cholesterol content compared to those from mice fed
chow diet (Fig.4A and B). However, regardless of the diet administered, intracellular lipid
staining and total cholesterol content were increased by 2.5-4-fold in macrophages derived
from female a,,”~/ApoE~~ mice compared to their male counterparts and ApoE~~ mice of
both genders (P<0.01, n=8 mice) (Fig.4B). We also tested foam cell formation ex vivo by
incubating thioglycollate-elicited macrophages from a ;7 /ApoE~™~ and ApoE~~ female
mice with native LDL, ox-LDL or acetylated LDL for 3 days. In contrast to native LDL,
both ox-LDL and acetylated-LDL induced lipid accumulation in macrophages collected
from both mouse lines. However, in the presence of modified LDLs, macrophages derived
from the female a ;7 /ApoE~~ mice accumulated significantly more lipid and total
cholesterol than cells isolated from male a,”/ApoE~~ animals and ApoE~~ mice of both
genders (2-2.5-fold more, P<0.001, n=8 mice) (Fig.4C and D). To corroborate these data,
we measured the kinetics of uptake of acetylated-LDL and efflux of 3H-cholesterol by and
from the a,, 7 /ApoE~~"and ApoE ™~ peritoneal macrophages. At every time point,
macrophages derived from female a,”/ApoE~~ mice showed a 2-fold increase in uptake
of acetylated-LDL compared to their male littermates and ApoE~~ mice of both genders
(P<0.05, n=5 mice) (Fig.4E). Also, the a,,”/ApoE~~ macrophages had reduced lipid
efflux (by ~30-40%, P<0.01, n=5 mice) compared to ApoE~" cells and this difference was
gender-independent (Fig.4F). Taken together, these results indicate that app2 integrin
suppresses foam cell formation by inhibiting macrophage lipid uptake and enhancing
cholesterol efflux in female mice.

Deletion of ayf, enhances expression of lipid uptake proteins and reduces expression of
lipid efflux proteins

Knowing that a2 regulates lipid uptake and efflux in macrophages, we examined
expression levels of key proteins implicated in lipid metabolism. Peritoneal macrophages
derived from a,,”/ApoE~~ and ApoE~~ mice fed control diet or HFD for 16 weeks were
analyzed by flow cytometry or Western blot using antibodies to the major scavenger
receptors implicated in lipid uptake: CD36, SR-AI (scavenger receptor class A type 1),
proteins involved in cholesterol efflux such as transporter proteins: ABCAL (ATP-binding
cassette transporter), ATP-binding cassette sub-family G member 1 (ABCGL1) and SR-
B1(scavenger receptor class B type 1) (43, 44) as well as a nuclear receptor PPARy
(peroxisome proliferator-activated receptor vy), that regulates expression of most of these
proteins which control lipid transport or metabolism (45). We did not find any differences in
the expression of these proteins in the a ;7 /ApoE~~ and ApoE~~ macrophages derived
from mice fed the control diet (Fig.5A-D) with the exception of PPAR-y, that was reduced in
a s~ /ApoE~~ macrophages. Interestingly, after the 16-week HFD, flow cytometry revealed
a 3-fold- and 2-fold-increase (P<0.01, n=8 mice) in the expression of CD36 and SR-AL,
respectively, on macrophages derived from a,,”~/ApoE~~ female mice compared to those
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obtained from their male littermates and the ApoE~~ mice of both genders (Fig.5A, left
panel). In contrast, expression levels of proteins mediating cholesterol efflux: ABCG1 and
SR-B1 were dramatically reduced by ~60-70% on macrophages derived from a,,”/ApoE
~~mice than on those from ApoE~" mice, but these differences were not gender-specific
(Fig.5A, right panel). These data were corroborated by densitometric quantification of
Western blot analyses of macrophage lysates (Fig.5B and C). CD36 and SR-A1 were
dramatically enhanced in macrophages from a,,”~/Apo£~~ female mice compared to those
from male a,,”/ApoE~~ and ApoE~~ mice of both genders (Fig.5B and C). ABCG1,
ABCAL1 and SR-B1 levels were severely suppressed in a ;7 /ApoE~~ macrophages
compared to ApoE~~ cells but in gender-independent manner (Fig.5B and C). Also, PPARYy
expression was extremely depressed in macrophages obtained from a,,”/ApoE ™~ mice of
both genders compared to those from ApoE~~ mice (Fig.5B and C). In general, expression
levels of all tested proteins were elevated in macrophages of mice fed HFD as compared to
control diet. HFD increased cholesterol efflux proteins: SR-B1, ABCG1, ABCAL and
PPARYy in ApoE~" cells but not in a,,”~/ApoE~~ macrophages. Also, HFD robustly
augmented by 2-5-fold CD36 and SR-A1 expression in macrophages from female a,, ™~/
ApoE~~mice and no more than 2-fold in macrophages of all other mouse strains (Fig.5A—
C).

Quantitative RT-PCR revealed a gender-specific enhancement of CD36 35-fold) and SR-A1
(5.5-fold) mRNA in macrophages from female a ;7 /ApoE~~ mice fed HFD (Fig.5D,
middle panel). In contrast, expression of SR-B1, ABCA-1, ABCG-1 and PPARy transcripts
was reduced by 50-80% in the a ;7 /ApoE~~ macrophages, but in gender-independent
manner (Fig.5C, right panel). Additionally, in mice fed control diet macrophage mRNA
levels of these proteins were similar in all mouse strains except of PPARy, that was
decreased by 75% in a ;7 /ApoE~~ macrophages in both genders. Numerous reports on
mechanisms of atherogenesis show ex vivo experiments performed on TG-elicited peritoneal
macrophages as they are the most similar to the macrophages in the inflammatory milieu of
an atherosclerotic lesion (46—49). Since resident macrophages are expected to be less
inflammatory, in control experiments we examined expression of these lipid modulators in
resident peritoneal macrophages. Interestingly, densitometric analysis of Western blots and
flow cytometry revealed similar expression patterns of these proteins on resident and TG-
elicited peritoneal macrophages: gender-dependent enhancement of CD36 and SR-A1 and
gender-independent reduction of PPARy, ABCG1, ABCAL, SR-Blin ay, ™ /ApoE™~
macrophages (Supplemental Fig.3).

Taken together, a,,”~/ApoE~~ macrophages from female mice, in addition to reduced
expression of lipid efflux proteins, showed dramatic gender-specific increases of lipid uptake
receptors CD36 and SR-AL (at protein and mRNA levels), which ultimately led to enhanced
foam cell formation.

ay P, deficiency results in gender-dependent reduction in macrophage expression of
estrogen receptors

To consider a potential mechanism for gender-dependence of enhanced atherosclerosis in
female a,,”~/ApoE~~ mice, we compared expression of the two major estrogen receptors,
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a (ERa) and B (ERB), in thioglycollate-elicited macrophages from a,,”/ApoE~~ and
ApoE~~ mice. Densitometric quantification of Western blots of macrophage lysates revealed
that both ERa and ERP were dramatically (80-90%) reduced in macrophages derived from
female a,,”/ApoE~~ mice as compared to their male littermates and the ApoE~~ mice of
both genders (ERa.:*P<0.05; ERB:**P<0.01, n=6 mice/group) (Fig.6A and B). Also, mMRNA
levels of both ERs were decreased exclusively in macrophages isolated from female a,, ™~/
ApoE~~ mice as compared to ApoE~~ mice: 50% reduced in mice fed control diet and 80—
90% reduced in mice on HFD (P<0.001, n=8 mice/group) (Fig.6C). These results were
confirmed by immunostaining for ERa and ER of aortic root sections from female a,,”~/
ApoE~~ and ApoE~~ mice fed HFD. The atherogenic lesions of ApoE~~ mice showed
robust staining for both ERs: ERa.- 90% and ERB-75% of total lesion area (Fig.6D, left
panel). In contrast, in the lesions of a,”/ApoE~~ mice expression of both ERs was very
low: ERa- 8% and ERB-12% of total lesion area (Fig.6D, right panel).

17-p-estradiol (Ey) fails to reduce ox-LDL uptake as well as pro-inflammatory IL-6 and IL-12
secretion by macrophages derived from female ay~/~/ApoE™~ mice

In view of multiple reports demonstrating inhibitory role of estrogen in foam cell formation
(19-24), we measured the effect of E, on ox-LDL accumulation in macrophages isolated
from a,,”/ApoE~~ and ApoE~~ mice of both genders. In the absence of E,, ox-LDL
uptake in macrophages was similar in male a,,”/ApoE~"~and in ApoE~~ mice of both
genders, but it was augmented by 2-fold in female a,,”~/ApoE~~ mice (Fig.7A and B). E;
decreased lipid accumulation in macrophages of male a ;7 /ApoE™~ and ApoE~™~ mice by
~40% (P<0.01, n=6 mice), but failed to do so in those derived from female a,,”/ApoE~~
mice. In the presence of MPP or PHTPP, the antagonist of ERa and ERp, respectively, the
capacity of E, to reduce ox-LDL uptake by macrophages was inhibited by 50% when they
were added separately and by 95-100% when they were added together, as compared to
cells treated with E; alone. These results indicate that the inhibitory action of E; is driven by
both ERs in macrophages from male a,,”/ApoE~~and ApoE~~ mice. In contrast, not
only E, but also neither of the ER antagonists showed any impact on foam cell formation
from macrophages derived from female a,,”/ApoE~" mice. This observation was
consistent with the extremely low expression of both ERs in these cells (Fig.6A and B).
Since CD36 and SR-A1 expression was significantly enhanced in macrophages obtained
from female a,,”/ApoE~~ mice (Fig.5), we investigated the possibility that E; may
regulate their expression via ERs. Densitometry of Western blots of macrophages derived
from female ApoE~~ mice treated with ox-LDL and E, showed a 70% and 60% reduction in
CD36 and SR-A1 immunostaining, respectively, as compared to cells not treated with E,
(*P<0.05, n=6) (Fig.7C, right panel). MPP and PHTPP partially reversed the inhibitory
effect of E; on CD36 and SR-A1 expression, while complete blockade of E, function was
achieved by treating cells with both antagonists, implicating both ERa and ERp in the
response. Interestingly, like in the lipid uptake experiments, E; and ER antagonists did not
affect CD36 and SR-A1 expression, which remained elevated in macrophages from female
a s~ /ApoE~~ mice (Fig.7C). The changes in CD36 and SR-A1 protein levels were
paralleled by changes in their mMRNA levels. Specifically, CD36 and SR-A1 mRNA were
attenuated by 50% in the presence of E, and both ER antagonists reversed E, effect in
macrophages isolated from ApoE~~ female mice, while they had no effect on macrophages
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derived from female a,,”~/ApoE~"~ mice (Fig.7D). In addition, E, attenuated secretion of
IL-6 and IL-12 from macrophages derived from female ApoE~~ mice by ~50% and 70%,
respectively (*P<0.05, n=6) through engagement of both ERs as their antagonists reduced
the inhibitory effect of E,. In contrast, E, and the ER antagonists failed to affect secretion of
these inflammatory cytokines by macrophages from female a,,”/ApoE~" mice, as they
remained increased by 4-5-fold compared to ApoE~~ macrophages (Fig.7E).

Fox M1 regulates expression of ERs in macrophages—While nothing has been
reported on the regulation of ER expression in macrophages, in breast cancer cells they are
regulated by several Forkhead box (Fox) transcription factors including FoxO3, FoxAl and
Fox M1 (50-51). Densitometric analysis of Western blots revealed that HFD increased Fox
M1 expression in macrophages from female Apo£~~ mice but not in female a ;7 /ApoE~~
cells. Consequently, Fox M1 was reduced by ~70% in a,,”~/ApoE~~ cells compared to
ApoE~~ macrophages derived from female mice fed HFD (*P<0.05, n=6), while it was
similar in macrophages from male mice of both mouse strains (Fig.8A and B). To elucidate
if Fox M1 regulates ERs in macrophages we decreased its expression in peritoneal
macrophages from ApoE ™~ female mice fed HFD with SiRNA. Densitometric analysis of
Western blots showed that macrophage treatment with Fox M1 siRNA decreased Fox M1
expression by 85% as compared to untreated or control siRNA-treated macrophages (Fig.8C
and D). Interestingly, the Fox M1reduction abrogated expression of both ERa and by 90%
and enhanced CD36 and SR-A1 levels by 2.5-fold indicating that it is an upstream regulator
of these receptors in macrophages. In control Western blot, a decrease of Fox M1 did not
affect ap; expression (Fig.8C and D). In addition, overexpression of Fox M1 in a,, ™ /ApoE
~/~ peritoneal macrophages from female mice enhanced expression of ERs and suppressed
CD36 and SR-A1 expression as compared to untreated macrophages or transfected with the
empty vector (Fig.8E). In the Fox M1 transfected a,”/ApoE~ macrophages, the levels of
ERs and these scavenger receptors were similar to those observed in the Apo£~~ cells from
female mice (Fig.8E). Consequently, with the attenuation of CD36 and SR-Alexpression,
the Fox M1- transfected a,,”~/ApoE~ macrophages showed a 2-fold reduction in foam cell
formation by as compared to the control cells (Fig.8F). Taken together, we identify Fox M1
transcription factor as a key enhancer of ERs expression in macrophages and indirect (via
ERs) regulator of CD36, SR-A1 levels and foam cell formation.

Reduction of ay expression in ApoE~~ macrophages decreases Fox M1 and FoxM1-
dependent ER expression leading to enhanced foam cell formation in a gender-dependent

manner

To elucidate if reduction of a expression in ApoE~~ macrophages would recapitulate the
effects of the a deficiency observed in a ;7 /ApoE ™ cells, we treated ApoE ™~
macrophages derived from mice of both genders with nontargeting (control) and a,, specific
siRNA. Densitometric analysis of the Western blots revealed that at 48h time point, this
treatment reduced ap, expression by ~50% in macrophages derived from both male and
female mice as compared to untreated cells or cells treated with nontargeting siRNA (Fig.9
A and B). Interestingly, this a, attenuation, although only by 50%, led to a 70% reduction
in FoxM1 expression and 50% and 70% inhibition of ERa and  expression, which was
only observed in the a;,siRNA-treated ApoE~~ macrophages from female but not from
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male mice. Also, while a;, FOXM1, ERa and p were decreased, the expression levels of
SR-A1 and CD36 increased substantially in these cells (Fig.9A and B). Moreover, consistent
with the enhanced CD36 and SR-A1 expression, foam cell formation also increased by 2.5-
fold in a,,SiRNA-treated ApoE ™~ macrophages derived from female mice (Fig.9C)
compared to untreated or control siRNA-treated macrophages. Taken together, the
phenotype of a,, ™ /ApoE~~ female macrophages is similar to that of Apo£~~ female cells
with a 50% ap reduction. a,,SiRNA-treatment inhibited FoxM1 expression only in female
macrophages causing reduction of both ERs. Since ERs downregulate SR-Al and CD36 (10,
19, 22), reduction of ERs likely led to increased expression of these scavenger receptors and
enhanced foam cell formation.

Discussion

We have demonstrated that integrin a B, reduces atherogenesis in hypercholesterolemic
female ApoE~~ mice. aB; exerts this protective role via several mechanisms. First, it
limits monocyte/macrophage accumulation within developing atherosclerotic lesions.
Second, it suppresses classical M1 proinflammatory polarization in macrophages. Third, this
integrin restricts foam cell formation by modulating levels of cholesterol transport proteins.
The latter function is achieved by maintaining (via FoxM1 transcription factor) sufficient
expression of ERa and ERB in macrophages and their responses to E,, which downregulates
cholesterol uptake proteins CD36 and SRA-1.

These findings are quite unexpected in view of several previous reports showing reduced
atherogenesis in mice deficient in the adhesion molecules that mediate leukocyte
transendothelial extravasation, including ICAM-1, VCAM-1or P-selectin (3, 4) or axp,
(26). However, reports on the role of a2 in atherosclerosis have been contradictory. Bone
marrow adoptive transfer from a;,”~ mice to male LDLR™~ mice concluded that ayf; is
not involved in atherosclerosis (29). In contrast, inhibition of the integrin with specific
blocking antibodies in LDLR™~ mice resulted in reduced development of atherosclerosis
which was attributed to neutralization of the CD40 Ligand binding function of ayp, (28).
However, mouse atherosclerosis models performed in the ApoE~~ versus LDLR™~
backgrounds do sometimes yield contradictory results (52). apf2 expression is increased on
the surface of peripheral blood leukocytes of patients with ischemic heart disease indicative
of their activated state (53), and it becomes severely down-regulated on macrophages
derived from rabbit atherosclerotic lesions or in skin blisters of patients with stable coronary
artery disease (54, 55). These reports are consistent with our data and suggest that deficiency
or reduction of ap,expression could enhance atherosclerosis in humans.

The atherosclerotic lesions in the a,,”/ApoE~~ mice contained more macrophages than
those in the ApoE~~ mice. This difference might be caused either by enhanced monocyte
recruitment or by attenuated macrophage egress from the lesions. The latter possibility
seems more likely in view of the data by Cao et al. (56) demonstrating defective emigration
of a,,”~ macrophages from the sites of inflammation into lymph nodes. Also, enhanced
transendothelial migration into the vessel wall seems rather unlikely. Although the a,, ™~/
ApoE~~ macrophages are still able to use other B,-integrins or By-integrins (asB or asp1)
for this function, we did not observe enhanced expression of any of these integrins to
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compensate for the lack of a B, (Supplemental Table 1). Furthermore, a;,~ leukocytes do
not show impaired migration into the peritoneal cavity (30). Many studies demonstrated the
capacity of macrophages to proliferate within atherosclerotic lesions (39), and apoptosis is
also a pivotal process regulating macrophage numbers in lesions (40). Our data, however,
suggests that aB2 plays a negligible role in macrophage survival, and the proatherogenic
phenotype of the a,,”/ApoE™~ mice appears to be independent of apoptosis as we saw no
difference in the Tunnel reactivity in lesions of male and female a,,”/ApoE ™" mice.
Interestingly, the a,,”/ApoE~~ macrophages showed augmented proliferation in response
to ox-LDL or GM-CSF ex vivo and in the atherosclerotic plaques in female mice. Our
results are consistent with other studies demonstrating that murine peritoneal macrophages
can proliferate in response to ox-LDL or GM-CSF ex vivo (36, 37). The effect of female sex
hormones on macrophage proliferation has not been previously reported.

We have also demonstrated that af, elimination enhances proinflammatory, classical
M1polarization of resident peritoneal macrophages at baseline and in response to LPS. The
a ™~ /ApoE~~ macrophages show a robust increase in the levels of proinflammatory
markers, iNOS, IL-6 and IL-12, potentially leading to acceleration or enhancement of
atherogenesis. Although these features were also observed in male mice, they are more
pronounced in female mice. These data are consistent with Khallou-Laschet et al. who
demonstrated that progression of atherosclerotic lesions is correlated with the domination of
M1 over M2 macrophage polarization (41, 42) and with the reports of impaired M2
polarization in the a,-deficient macrophages (57).

Our data clearly demonstrate that a\p. deficiency leads to a significant female-dependent
enhancement of foam cell formation. This enhancement is caused by an increase in modified
lipids uptake which is attributable to augmented expression of two pivotal scavenger
receptors, CD36 and SR-A, in the a ;7 /ApoE~~ macrophages of female mice, but not of
male mice. In seeking a mechanism underlying this gender dependent effect, we determined
that macrophages of female a,,”/ApoE~~ mice express extremely low levels of two
estrogen receptors, ERa and ERp; both the mRNA and protein expression levels of ERa
and ERp were suppressed in female a,,”/ApoE~~ mice. Furthermore, macrophage
treatment with E, reduced CD36 and SR-A1 expression as well as cholesterol uptake by
ApoE~~ macrophages, but not by female a,,7/ApoE~" cells. The E,-induced response of
ApoE~~ macrophages was dependent on both ERs as MPP and PHTPP, antagonists of ERa
and ERB, respectively, reversed the effect of E,. Thus, the absence of response to E; in ay,
~~/ApoE~~ macrophages is likely due to insufficient expression of ERs. This interpretation
is consistent with multiple reports demonstrating atheroprotective role of estrogens and their
receptors. First, myeloid—specific ERa deficiency accelerates atherosclerosis development in
female mice (20) and ERP engagement with a selective agonist decreases atherosclerotic
lesions via secretion of atheroprotective heat shock protein (HSP27) in female ApoE ™~ mice
(22, 58, 59). Second, in cynomolgus macaques, rabbit and mouse models, E»
supplementation ameliorated atherosclerosis under hypercholesterolemic conditions when
started soon after ovariectomy (13-18). Third, the best characterized anti-atherogenic effect
of estrogens on macrophages is female-specific suppression of foam cell formation.
Estrogen via ERa decreases uptake of modified LDLs by reducing or inhibiting expression
of cholesterol uptake proteins, CD36 and SR-A1 (19, 22, 21, 60); and by increasing
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expression of several proteins, ABCA-1, ApoE and SR-B1 (20, 23, 24, 61, 62), that mediate
cholesterol efflux. Thus, elevation of CD36 and SR-A1 expression in macrophages of a,,
~~/ApoE~~ mice is consistent with the loss of inhibitory action of E, due to attenuated ERs.
We also noted reduced cholesterol efflux in the a ;7 /ApoE~~ macrophages likely caused
by decreased expression of ABCA-1, ABCG-1 and scavenger receptor SR-B1, in both
female and male mice. However, we do not exclude that ABCA-1, ABCG-1 and SR-B1
reduction also contributes to enhanced foam cell formation in a ;7 /ApoE~~ macrophages
in female mice.

Thus, we have shown that a major mechanism of aB,—dependent, female-specific
atheroprotection arises from its role as a regulator of ERs expression in macrophages to
support all estrogen-mediated responses of these cells. This is the first report implicating
integrins in regulation of expression of nuclear receptors such as ERs. For the first time, we
also demonstrate that FoxM1 transcription factor enhances expression of both ERs in
macrophages and that ap, supports FoxM1 expression in gender-dependent-fashion. The
latter interpretation is based on the observation that siRNA-induced decrease of ap
expression caused FoxM 1 reduction exclusively in macrophages derived from female, but
not from male Apo£~~ mice. Importantly, FoxM1 expression in a,” /ApoE™~
macrophages reverses the pro-atherogenic phenotype by elevating ERs, decreasing CD36,
SR-A1 and foam cell formation. However, we cannot exclude other potential mechanisms or
involvement of other Fox transcription factors. For example, a2 enhances expression of
c-fms proto-oncogene through reduction of FoxP1 (Forkhead box P1) transcription factor
(63, 64) and c-fms is crucial to estrogen-induced increase of ERa and P expression (65). In
addition, other questions can now be considered. For example, which other estrogen-
mediated responses are altered in a,, 7 /ApoE~~ macrophages, are other leukocyte subsets
in female a,,”~/ApoE~~ mice affected in similar way or whether integrin ayp, limits
macrophage proliferation and whether this effect depends on ERs.

The benefits of hormone replacement therapy in postmenopausal women in prevention and
therapy of cardiovascular diseases remains controversial, but the outcome of hormonal
therapy does seem to be better when commenced early during pre-menopause (12, 17, 66—
68). Our work confirms atheroprotective advantages of estrogen replacement therapy.
Finally, our results suggest that macrophage-targeted activation of a2 might represent a
novel strategy to limit early atherosclerosis in women at risk for cardiovascular diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel1. Integrin ap B2 deficiency enhances atherosclerosisin femaleApoE‘/' mice
(A-C) (Right panels). Representative images of oil red O stained cross-sections of aortic

roots of female a,,”/ApoE~~ and ApoE~~ mice fed HFD for 3 weeks (A), control chow
diet (B), or HFD (C) for 16 weeks. Bar size, 122 um (Left panels) Lesion area in oil red O-
stained aortic roots was quantified as described in Methods. (*P<0.001, n=9 mice/group).
(D) (Left panel) Representative images of en face oil red O staining of aortas of a ;7 /ApoE
~~and ApoE~~ mice fed HFD for 16 weeks. (Right panel) Quantification of atheromatous
area (*P<0.001, n=9 mice/group). The data are representative of 3 independent experiments.
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Figure 2. Macrophages areincreased in atherosclerotic lesions of female aM'/'/ApoE‘/' mice

dueto enhanced proliferation

(A) Representative images of the aortic root sections stained with anti-monocyte/
macrophage mAb (MOMA-2) (red). Female a,,”~/ApoE~~ and ApoE~~ mice were fed
chow or HFD for 16 weeks. Bar size, 64 pm (B) Quantification of MOMA-2* area in aortic
roots of female and male a,,”/ApoE™~ and ApoE ™~ mice. Data are expressed as % of
lesion area. For each value, an average from at least 4 sections was calculated. (*P<0.001,
female a,,”/ApoE™~ vsfemale ApoE~~ mice, n=9 mice) (C) Representative images of
aortic roots of a ;7 /ApoE~~ and ApoE~~ mice (fed HFD for 16 weeks) double-stained
with Ab to Ki67 proliferation marker (green) and the monocyte/macrophage-specific
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MOMA-2 (red). Bar size, 64 um (D) Quantification of proliferating macrophages as Ki67*
counts per MOMA-2* area. (*P<0.001, female a,,”/ApoE ™~ vsfemale ApoE~" mice;
**p<(),05, male a,, " /ApoE~~ vsmale ApoE~~ mice n=9 mice) (E) Proliferation of
peritoneal macrophages isolated from the a,,”~/ApoE~~and ApoE~~ mice fed control diet
for 16 weeks. Macrophages were cultured in the presence of native or ox-LDL (50ug/ml) or
GM-CSF (60 ng/ml) for 5 days. The cell numbers at time 0 were subtracted. (*P<0.001,
female a7 /ApoE™" vsfemale ApoE™~ mice and **P<0.05, male a,” /ApoE™" vs
male ApoE~~ mice, n=8 mice). Data are representative of four independent experiments.
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Figure 3. a) B2 suppresses proinflammatory M1 polarization in macrophages
(A and B) Flow cytometry of peritoneal macrophages that were either untreated or

stimulated with LPS (1ug/ml) (A) or IL-4 (50 ng/ml) (B) for 24 h at 37°C and subsequently
double-stained with anti-F4/80-PE Ab and anti-iNOS (A) or anti-CD206 Abs (B). The data
show expression of these markers in the F4/80-positive population, which was > 90 % of
total cell numbers. (A: *P<0.05, **P<0.01; B: *P<0.05, **P<0.01 a, 7 /ApoE™"~ vs ApoE
~~mice, n=6). The results are representative of three independent experiments. (C and D)
Western blot analysis of macrophage lysates from (A) and (B) probed with antibodies to
iNOS (C) and CD206 (D) and to p-actin as loading controls. Right panels of C and D show
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densitometric analysis of the Western blots with Image J software and the values of iINOS
and CD206 band density are expressed as a ratio to p-actin band density. (C: *P<0.01, D:
*P<0.05, **P<0.03 a,, " /ApoE~~ vs ApoE~~ mice, n=6). Images are representative of
three independent experiments. (E-F) The levels of IL-6 (E), IL-12 (F) and IL-10 (G)
measured in macrophage-conditioned media 48 h post-stimulation with LPS (1ug/ml) (E, F)
or IL-4 (50 ng/ml) (G) using ELISA Kits for these interleukins. (E:*P<0.01, F:*P<0.05,
**P<0.01, G: *P<0.05, **P<0.001 a,,” /ApoE™~vs ApoE~~ mice, n=6). Three
independent experiments were performed.
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Figure 4. a) B2 reduces foam cell formation
(A) Representative images of oil red-O-stained peritoneal macrophages isolated from a,,”~/

ApoE~~and ApoE~~ mice fed HFD or control diet for 16 weeks. Bar size, 32 um (B) Foam
cells were quantified within the peritoneal macrophages population from mouse groups
shown in A using Cholesterol/Cholesteryl Quantification kit upon lipid extraction as
described in Methods (*P<0.01, female a,”/ApoE~™"~ vsfemale ApoE~~ mice, n=8). Data
are representative three independent experiments. (C and D) Ex vivo foam cell formation
from peritoneal macrophages of female a;,”/ApoE~™~ and ApoE~~ mice fed control diet
for 16 weeks. Foam cell formation was examined in the presence of native, oxidized or
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acetylated LDL for 3 days in culture. (C) Representative images of oil red-O-stained cells.
Bar size, 32 um (D) Quantification of foam cell formation performed as in B (*P<0.001
female a7 /ApoE™" vsfemale ApoE~~ mice, n=8). Results are representative of three
independent experiments. (E) Uptake of acetylated-LDL and (F) Efflux of 3H-cholesterol
from a ;" /ApoE~~ and ApoE~" peritoneal macrophages was performed as described in
Methods. (uptake of acetylated-LDL: *P<0.05 female a,”/ApoE™"~ vsfemale ApoE™~
mice, n=6; efflux of 3H-cholesterol: *P<0.01 female a,,”/ApoE~~ vsfemale ApoE~~
mice, n=6). Data are representative of three independent experiments.
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Figure5. a) B2 reduces expression of lipid uptake proteinsin gender-dependent manner and
enhances expression of lipid efflux proteins

(A) FACS analysis of peritoneal macrophages harvested from a,”~/ApoE~~ and ApoE~~
mice fed CD or HFD for 16 weeks. The cells were double-stained with Alexa 488-labeled
Abs to the lipid regulating proteins as indicated and with PE-labeled macrophage F4/80 Ab.
The data show expression of each lipid regulator in the F4/80-positive population, which
was > 80 % of total cell numbers. (left panel: *P<0.01 female a,,” /ApoE ™" vsfemale
ApoE~~ mice and right panel:*P<0.05 a,” /ApoE™~ vs ApoE™~ mice, n=8). The results
are representative of three independent experiments. (B) Western blot analysis of
macrophage lysates from (A) probed with antibodies to the indicated lipid regulators and to
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B-actin as loading controls. Equal volumes of each macrophage lysate from 4 mice of each
group were combined, protein assays were performed by Bradford method and equal protein
amounts were loaded onto the gel. Images are representative of four independent
experiments. (C) Densitometric analysis of Western blots from B. (CD36, SR-A1:*P<0.05
female a,,”/ApoE™~ vsfemale ApoE~~ mice; SR-B1, ABCG1: *P<0.01;
ABCAL1:*P<0.05; PPARYy:*P<0.001 a,,”/ApoE™~ vs ApoE~~ mice, n=6) (D)
Quantitative RT-PCR of transcripts of various lipid regulators in peritoneal macrophages
isolated from a ;7 /ApoE~~ and ApoE~~ mice fed HFD for 16 weeks. Expression levels
are plotted as fold change relative to the levels in Apo£~~ macrophages (assigned value=1)
isolated from gender matched controls. GAPDH was used as internal control for
normalization. (left panel: *P<0.001a,” /ApoE™~ vs ApoE™~ mice; middle
panel:*P<0.001 female a ;7 /ApoE ™" vsfemale ApoE~~ mice; right panel:*P<0.001 a;,
~~/ApoE~~ vs ApoE~~ mice, n=6).
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Figure 6. Macrophages derived from female aM'/'/ApoE'/‘ mice show extremely low ERa and
ERP expression levels
(A) Western blot analysis of peritoneal macrophages harvested from a,,”/ApoE~~ and
ApoE~~ mice fed HFD for 16 weeks probed with anti-ERa (left panel), anti-ERp (right
panel) or anti-B-actin antibodies. Images are representative of three independent
experiments. (B) Densitometric quantification of Western blots described in A. (*P<0.05,
**p<0.01 female a ;7 /ApoE ™~ vs female ApoE ™", n=6) (C) Quantitative RT-PCR of
transcripts of ERa. and ERP in peritoneal macrophages derived from a,,”~/ApoE™~ and
ApoE~~ mice. Expression levels are plotted as fold change relative to the levels in ApoE ™~
macrophages (assigned value=1) isolated from gender matched controls. GAPDH was used
as internal control for normalization. (*P<0.05 female a,,”/ApoE™~ vsfemale ApoE™~
mice, n=6). (D) Representative images of the aortic root sections stained with anti-ERa
(upper panel) or anti-ERB (lower panel) Abs (green) derived from female an /" /JAPOE™~
and ApoE~~ mice on HFD. White lines indicate the boarders of atherosclerotic lesions. Bar
size, 64 pm.
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Figure 7. The effect of E» on ox-L DL uptake by aM_/_/ApoE_/_ and ApoE_/_ macrophages
(A) Ex vivofoam cell formation from peritoneal macrophages of a,,”/ApoE™~ and ApoE

~~ mice was examined in the presence of native or ox-LDL. As indicated, some
macrophages were pretreated with MPP (200 nM), PHTPP (200 nM) or both for 1h and then
treated with E, (100 nM) and ox-LDL for 2 days in culture (*P<0.05 E,-treated vsuntreated
cells, NS, statistically nonsignificant, n=6). Results are representative of three independent
experiments. (B) Representative images of oil red-O-stained cells from experiments
described in (A). Bar size, 32 um. (C) (left panel) Western blot analysis of macrophages
from female a,,”/ApoE™~ and ApoE~~ mice treated as described in (A) probed with
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antibodies to CD36, SR-A1 and to p-actin as loading controls. (right panel) Densitometric
quantification of the Western blots from left panel. The values are expressed as ratios of
CD36 or SR-A1 band densities to respective p-actin band densities. (*P<0.05, E,-treated or
E, = MPP or PHTPP- treated vsuntreated cells, n=6). Images are representative of three
independent experiments. (D) Quantitative RT-PCR of transcripts of CD36 and SR-Al in
peritoneal macrophages derived from female a,,”/ApoE~~and ApoE~~ mice. The cells
were treated as in (A). Expression levels are plotted as fold change relative to the levels in
ApoE~~macrophages (assigned value=1). GAPDH was used as internal control for
normalization. (*P<0.001 E,-treated vsuntreated cells, NS, statistically nonsignificant,
P>0.05, n=8). Data are representative of three independent experiments. (E) IL-6 and I1L-12
levels in conditioned media collected from equal numbers of adherent female a,, 7 /ApoE
~~and ApoE~~ macrophages, that were treated as described in A. The interleukins were
measured using commercially available ELISA kits. (*P<0.05, Ep-treated or E, + MPP or
PHTPP- treated vsuntreated cells, n=6). Three independent experiments were performed.
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Figure 8. Fox M1 regulates expression of ERsin macrophages and it isreduced exclusively in
female aM_/ _/ApoE_/ ~ macrophages

(A) Western blot analysis of peritoneal macrophages derived from a,,”/ApoE™~ and ApoE
~~mice fed CD or HFD probed with Ab to FoxM1 and B-actin. Images are representative of
3 independent experiments (B) Densitometric quantification of Western blots from A.
(*P<0.05, female a,, 7 /ApoE~~ vsfemale ApoE~~ mice, n=6). (C) Western blot analysis
of macrophages derived from female ApoE~~ mice that were untreated or treated with
FoxM1 siRNA or control siRNA. Western blots were probed with indicated Abs and p-actin
as loading control. (D) Densitometric quantification of Western blots from C. (*P<0.05,
FoxM1 siRNA treated macrophages vs untreated or control-siRNA treated cells, n=6). Three
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independent experiments were performed. (E) Western blot analysis of female a,,” /ApoE
~~ macrophages that were untreated or transfected with FoxM1 pcDNA3.1 or empty vector
pcDNA3.1 as described in Materials and Methods. Also lysates of untreated female ApoE ™~
macrophages were included as control. Western blots were probed with indicated antibodies
and anti-p-actin for loading control. Densitometric quantification and values of band
densities are shown above each blot and they are calculated relative to the control sample of
untreated a,,”/ApoE~", which has been assigned value 1. (F) Foam cell formation was
measured as described in Materials and Methods in macrophages treated as in E. (*P<0.05,
FoxM1 transfected a,,”/ApoE~~ macrophages vs transfected with empty vector, n=8).
Three independent experiments were performed.
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Figure 9. Reduction of ap; expression in ApoE‘/' macrophages inhibits ER expression and
enhances foam cell formation in a gender-dependent manner
(A) Western blot analysis of peritoneal macrophages derived from Apo£~~ male and female

mice were untreated or treated with control or a,, (/tgam) siRNA as described in Materials
and Methods. The Western blots were developed with respective Abs as indicated and
images are representative of 3 independent experiments. (B) Densitometric analysis of
Western blots from A. (*P< 0.05 ap,siRNA-treated vsuntreated or control sSiRNA-treated
ApoE~~ macrophages, n=6). (C) Foam cell formation from Apo£~~ macrophages that were
untreated or treated with control or a,SiRNA was measured as described in Materials and
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Methods. (*P<0.05 a,siRNA-treated vsuntreated or control siRNA-treated ApoE ™~
macrophages, n=6). Data are representative of three independent experiments.
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