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Abstract
Transgenic over expression of apolipoprotein A-I (ApoA-I) the major structural apolipoprotein of
HDL appears to convey the most consistent and strongest anti atherogenic effect observed in animal
models so far. We tested the hypothesis that ApoA-I mediates its cardio protective effects additionally
through ApoA-I induced differentiation of bone marrow derived progenitor cells in vitro. This study
demonstrates that lineage negative bone marrow cells (lin−BMCs) alter and differentiate in response
to free ApoA-I. We find that lin−BMCs in culture treated with recombinant free ApoA-I at a
concentration of 0.4µM are twice as large in size and have altered cell morphology compared to
untreated cells; untreated cells retain the original spheroid morphology. Further, the total number of
CD31 positive cells in the ApoA-I treated population consistently increased by two fold. This
phenotype was significantly reduced in untreated cells and points towards a novel ApoA-I dependent
differentiation. A protein lacking its best lipid-binding region (ApoA-IΔ10) did not stimulate any
changes in the lin−BMCs cells indicating that ApoA-I may mediate its effects by regulating
cholesterol efflux. The increased CD31 correlates with an increased ability of the lin−BMCs to adhere
to both fibronectin and Mouse Brain Endothelial Cells. Our results provide the first evidence that
exogenous free ApoA-I has the capacity to change the characteristics of progenitor cell populations
and suggests a novel mechanism by which HDL may mediate its cardiovascular benefits.
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Introduction
High Density Lipoprotein (HDL) and the principal structural protein of HDL, apolipoprotein
(Apo) A-I, are known to protect against the development of atherosclerosis [1], [2]. The exact
mechanism is still unknown but is believed to involve reverse cholesterol transport [3], [4].
Previous studies have shown that the transgenic overexpression of ApoA-I in liver substantially
reduces progression of atherosclerosis in mice and rabbits [1], [5]. In addition somatic gene
transfer of ApoA-I to liver using adenoviral vectors reduces progression of atherosclerosis
[6].

The majority of the vascular progenitor cell population including the hematopoietic stem cell
(HSC) and mesenchymal stem cell (MSC) populations reside within the adult bone marrow
(BM), the potential source of vascular progenitor cells that contributes to arterial remodeling
in models of post angioplasty restenosis and hyperlipidemia induced atherosclerosis [7]. The
progenitor cells continuously migrate from the BM to the blood and back, in a way such that
they are always available in circulation [8]. Vascular progenitors are thought to home to tissues
in response to local release of proinflammatory cytokines and chemokines because stem cells
administered during bone marrow transplantation in humans incorporate into atherosclerotic
arteries [9] [10].

Consistent with the proposed ideas of the role of progenitor cells and vascular repair, there
exists a strong inverse correlation between the number of circulating progenitor cells and
progression of cardiovascular disease [10]. We have shown previously that injection of
unfractionated bone marrow cells isolated from age matched wild type young but not old apoE
−/− donor mice substantially reduced atherosclerosis [11]. Further FACS studies revealed that
CD31+ cells were significantly diminished in BM from 6-month-old ApoE−/− mice (3.79
±2.02% gated cells, n=5) compared with 1-month-old ApoE−/− mice (7.03±2.81% gated cells,
n=5) and WT mice (6.36±1.02% gated cells, n=5) [11]. The loss of vascular progenitor cells
in BM obtained from older ApoE−/− mice may explain, at least in part, the loss of
antiatherosclerotic effect of the older ApoE−/− BM cells. An alternative/additive hypothesis to
the could be the inability to repair vascular damage due to the diminished numbers of CD31
cells in BM obtained from older ApoE−/− mice. Interestingly, age-associated changes in the
serum level, mRNA levels and mobilization of ApoA-I and A-IV have been described
previously [12,13]. These studies [12,13], have suggested that the age associated changes in
ApoAI and ApoAIV could possibly lead to increased incidence of age related diseases
including cardiovascular disorders.

We tested the hypothesis that ApoA-I induces differentiation of lin− BMCs. We found that
exposure to ApoA-I led to an increase in CD31 expression in lin− BMCs which correlated with
an increased rate of attachment of the cultured ApoA-I treated BMCs to fibronectin and to
endothelial cells under motion.

Materials and Methods
Animal care

Wild type Mus musculus of the B6 strain background (Jackson Laboratories, Bar Harbor, MA)
were fed a standard chow diet and handled according to Duke University animal care and use
regulations. The investigation conforms to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised
1996).
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Bone marrow cell purification and culture
Bone marrow cells were isolated from tibia and femora were dissected from mice aged 4–6
weeks. Lineage Minus BMCs (lin− BMC)were prepared by depletion of lineage positive cells
from whole bone marrow by affinity chromatography using anti-biotin MicroBeads (Miltenyi
Biotech #130-090-858) according to manufacturer’s directions. Briefly, whole bone marrow
was incubated in a cocktail of biotinylated antibodies against a panel of the lineage antigens
(CD5, CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7-4, and Ter-119) and lineage positive cells
removed using magnetically labeled anti-Biotin MicroBeads. Characterization of the lineage
minus cells using flow cytometry revealed that >95% of the lineage minus cells are CD34-
Sca1-. Cells were cultured on coverslips and dishes were pretreated with 30 µg/ml fibronectin
at 37°C for 30 minutes in Dulbecco’s MEM with 20% FBS supplemented with purified
apolipoproteins or buffer control and cultured at 37°C for 1–7 days.

ApoA1 cloning, expression and purification
Full length mouse ApoA-I(mApoA-I), human ApoA-IV(hApoA-IV) and human ApoA-IΔ10
(hApoAIΔ10) were cloned into pET vectors and purified using a bacterial expression system
and affinity chromatography; the epitope tag was released by proteolysis as developed
previously [14]. hApoA-I from blood plasma was a kind gift of Sean Davidson. All proteins
were greater than 99% pure by SDS gel electrophoresis and confirmed to be biologically active
as judged by reconstitution into HDL particles (data not shown). All bacterially expressed
recombinant proteins were depleted of bacterial endotoxin by passing protein solution twice
through Polymixin B columns (Cambrex, Allentown, NJ) and then residual endotoxin levels
were estimated using a chromogenic assay based on Limulus Amoebocyte Lysis (LAL,
Cambrex, Allentown, NJ ) sensitive in a range of 0.01 to 0.1 ng. Protein samples containing
<0.001 ng/µg were used for culture experiments.

Immunofluorescence
Cells were processed for immunofluorescence using standard methods. Briefly, adherent cells
were fixed in freshly prepared 4% paraformaldehyde in PBS for 10 min. at 25°C, washed twice
in PBS, and blocked in 1% BSA in PBS for 30 min. at 37°C. Cells were incubated with primary
antibody diluted into 1% BSA in PBS for 1 hour at 37°C, washed four-six times in PBS,
incubated in secondary antibody diluted in 1% BSA in PBS for 30 min. at 25°C, washed 4
times with PBS, once briefly with dH2O, and mounted with mounting media containing 1.5
µg/ml DAPI. Secondary antibody alone was used as a control. Primary antibodies CD31,
CD11b and CD44 were obtained from BD Biosciences (catalog # 553708, 553307 and 553130
respectively). Secondary AlexaFluor conjugates were obtained from Invitrogen, catalog #
A-11007. Cells were imaged by DIC and fluorescence using a Nikon TE2000E inverted
fluorescence microscope and a Hamamatsu ORCA cooled CCD digital camera. Captured
digital images were analyzed using Metamorph v6.2 (Molecular Devices).

Adhesion assays
Lin− BMCs were cultured on fibronectin with either hApoA-I or buffer alone, harvested on
day 5 using a brief rinse of ice cold 10mM cold EDTA, washed in PBS, resuspended in PBS
and counted in a haemocytometer. For adhesion assays to fibronectin, culture dishes inscribed
with a 10 mm grid were pretreated with 1 µg/ml fibronectin for 30 min. at 37°C. MBEC’s were
a kind gift from Garrett Muramota and Nelson Chao at Duke University Medical Center and
were prepared as described previously [15]. For adhesion to MBEC’s, cells were plated and
grown to 80–90% confluence. Typically between 1 × 104 and 1 × 106 lin− BMCs were added
in each experiment. Dishes were rotated on a shaker placed at room temperature at a fixed
speed of 50 rpm/min. The number of cells attached in PBS was counted using a light microscope
at specific time intervals. For CD31 blocking experiments, harvested ApoA-I or buffer treated
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lin− BMCs were harvested, washed, and incubated for 30 min. on ice with goat polyclonal anti-
PECAM1 before adding to either fibronectin-coated dishes or dishes confluent with MBEC’s.
Cells were washed with PBS and adhesion assay proceeded as described above. BMCs attached
were counted for only 30 min. in the adhesion assays because MBEC cultures began to show
evidence of cell death by 45 min.

Results
ApoA-I induces an increase in cell size and a morphological change in cultured lin− BMC’s

To determine a putative role of ApoA-I on differentiation of lin− BMCs in vitro, exogenous
murine ApoA-I (mApoA-I, 10µg/ml) or buffer alone was added to cultures of lin− BMCs and
morphological changes observed by DIC microscopy. 1–5×104 purified lin− BMCs were
seeded onto fibronectin coated coverslips in DMEM and 20% FCS at 37°C and photographed
daily for 7 days. We found that mApoA-I treatment induced cell to grow and to flatten and
exhibit multiple cell protrusions, sometimes as many as three per cell (Figure 1). In contrast,
cells treated with buffer only flattened, and on average maintained a spherical shape (Figure
1). Cells began to grow after approximately three days in culture with maximal changes
between 5 to 7 days. To quantify changes in a population of treated cells, single cells were
analyzed individually in DIC micrographs of three groups: freshly isolated cells, cultured cells
treated with ApoA-I, and cultured cells treated with buffer only by using a cell size analysis
function of Metamorph v6.2. We found that 49% of untreated cells had a cell size between 50–
100µm2. Upon culture 80% of cells had a cell size distributed between 25–150 µm2 with less
than 2% being 300µm2. In contrast, cells treated with ApoA-I exhibited 18% of cells larger
than 300µm2 (Figure 1B).

Cell surface vascular lineage progenitor markers change in response to culture and in
response to ApoA-I

To examine if the alteration in cell size and changes in cell morphology upon exposure to
ApoA-I were associated with changes in cell surface markers, cell surface antigens CD44,
VEGFR2, CD11b and CD31/PECAM1 were scored by immunofluorescence (Table 1). CD31
is a marker for the hematopoietic lineage, cardiomyocyte progenitors and also is present on
many mature cells such as platelets, endothelial cells and leukocytes. We found that CD31 was
present on 13% of both freshly isolated cells and cells in adherent culture treated with PBS.
Strikingly, 45% of cells in adherent culture with ApoA-I (10 µg/ml) treatment for 5 days scored
positive for CD31, a 3-fold increase over the control cells (14% buffer control versus 45%
ApoA-I treated, Table 1 and Figure 2). Other key markers of differentiation were altered in
response to adherent culture rather than ApoA-I treatment. Bone marrow derived lin− BMCs
prior to culture have 63% of cells expressing VEGFR2 (a receptor for VEGF found on cells
of hematopoietic lineage and mature endothelial cells) and 58% of cells expressing the
mesenchymal marker CD44 (a cell adhesion molecule that mediates attachment and rolling of
leukocytes along endothelium). Upon culture there is a statistically similar reduction in both
buffer treated and ApoA-I treated cells (Buffer −51% and ApoA-I 46%, Table 1.). Similarly
CD44 levels remain unaltered after culture in both control and ApoA-I treated cells. CD11b/
Mac1 (a monocyte/macrophage and neutrophil adhesion molecule) is depleted from lin-
BMC’s, however upon culture there is an increase in CD11b cells in the population, with both
buffer and ApoA-I treated cells having between 13% (ApoA-I treated) and 16% (Buffer
control) cells expressing CD11b. Hence culture alone can contribute to increases in CD11b
expressing cells.

To determine if the localization of CD31 in the lin− BMC’s was altered upon treatment with
ApoA-I we immunostained cells with anti-CD31 antibody and find that the distribution pattern
of CD31 in ApoA-I treated cells is distinct from the control population (Figure 2A). CD31 was
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largely restricted to the cytoplasm of closely juxtaposed cells (Figure 2A) and also appeared
to be localized to large cytoplasmic protrusions in single cells (Figure 2A). This phenotype
was reduced in untreated cells. Hence ApoA-I appears to specifically increase the number of
cells positive for CD31 in cultured lin− BMCs and the CD31 signal is most often observed in
dramatic cell protrusions that are a signature of the ApoA-I induced morphological changes.

Effect of mApoA-I is mimicked by hApoA-I and ApoA-IV and requires a lipid binding domain
ApoA-I stimulates reverse cholesterol transport, the process by which free cholesterol is
removed from tissues and transferred by HDL to the liver for excretion in the bile [16], [17].
ATP-binding cassette protein A1 (ABCA1) mediates cholesterol removal to nascent ApoA-I
containing HDL particles, which then mature and are taken up by the hepatocyte HDL receptor,
scavenger receptor, class B, type 1 (SR-BI) [16], [17]. We prepared purified mouse and human
ApoA-I and two specificity controls: an engineered deletion in alpha helix 10 of human ApoA1
that results in loss of function ABCA1-mediated cholesterol uptake that is negative for
cholesterol efflux, and human ApoA-IV, a protein highly related to ApoA-I in structure and
function, which also stimulates cholesterol efflux from cells via SR-B1 and is positive for
cholesterol efflux [16], [17]. To examine if the changes observed in the lin− BMCs upon ApoA-
I treatment were a functional consequence of ApoA-I’s role in lipid binding and cholesterol
efflux, the different human proteins ApoA-I, ApoA-IV or ApoA-IΔ10 were assayed for ability
to induce morphological changes and CD31 expression in lin− BMCs in culture. We found that
human proteins ApoA-I and ApoA-IV, exhibit similar morphological changes in cultured
lin− BMC’s as those observed with mApoA-I (Figure 2) and 50% of cells express CD31 upon
exposure to hApoA-I closely mimicking the mApoA-I phenotype. Interestingly, in hApoA-IV
treated cells 39% scored positive for CD31, significantly less than the 50% that scored positive
in hApoA-I treated cells (Figure 2C),). In contrast, ApoA-IΔ10 treatment failed to induce any
morphological changes observed in treatments with ApoA-I or an increase in the number of
cells expressing CD31 (Figure 2B and 2C). Hence, hApoA-I closely mimick mApoA-I,
hApoA-IV exhibits a slightly lowered but significant increase in CD31 whereas hApoA-IΔ10
failed to stimulate morphological changes or increase in CD31 + cells in cultured lin− BMC’s.

Elevated CD31 correlates with an increase in adherence of the lin− BMC’s
Since ApoA-I treatment results in increased expression of CD31, we tested the ability of the
lin− BMC’s subsequent to ApoA-I treatment to attach to either fibronectin or to a layer of
confluent MBEC’s. For both experiments, cultured cells either treated with ApoA-I or buffer
were removed from dishes using 10mM EDTA (Methods) and added to fibronectin dishes
precoated with 1µg/ml fibronectin. We found that cells cultured with ApoA-I attach better to
fibronectin with time as compared to control cells (Buffer +serum) (Figure 3A). The percentage
of cells attached after 15 minutes was 0.06% for buffer treated cells in contrast to 0.13% cells
attached upon ApoA-I treatment. There was also a 2 fold increase in the rate of attachment of
ApoA-I treated cells relative to buffer treated cells.

Next we tested the effect of ApoA-I on attachment to a confluent layer of mouse brain
endothelial cells (MBEC’s) as substrate. Lin− BMC’s were cultured as described previously,
harvested, washed with PBS and added to the endothelial cells and adhesion was measured as
described (Methods) for 30 min in PBS at room temperature. Cell morphology did not alter in
the 30 min duration of the experiment. We find a similar increase in adhesion of cells treated
with ApoA-I to the endothelial substrate layer (Figure 3B). The percentage cells attached after
15 minutes was 0.09% for buffer treated cells and 0.18% upon ApoA-I treatment.

To determine if the increase in the number of BMCs attached was dependent on cell surface
CD31, cultured ApoA-I or buffer treated BMCs were harvested as above and incubated with
a polyclonal antibody to CD31 antibody for 30 min at 37°C, rinsed and then added to either
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fibronectin coated dishes or to dishes of confluent MBEC’s. Antibody treatment resulted in a
dramatic reduction in the number of ApoA-I treated BMCs adhered (Figure 3A) resulting in a
reduction in adhesion whereas adhesion of buffer treated BMCs was unaffected (Figure 3).
Pretreatment of ApoA-I treated BMCs with antibody to CD31 also reduced the number of
BMCs attached to endothelial cells and had little effect on BMCs treated with buffer along
(Figure 3B).

Hence, increased number of CD31 positive cells in lin− BMCs induced by treatment with
ApoA-I correlates with an increased ability of cells to attach to either fibronectin or to
endothelial cells in vitro.

Discussion
The aim of this study was to study the impact of free ApoA-I directly on bone marrow derived
cells to get possible insights into the beneficial cardioprotective function of ApoA-I. Our study
demonstrates that free ApoA-I has an important direct effect on lineage minus bone marrow
derived cells that increases adhesion of the lineage minus cells to endothelial cells. The
importance of CD31 was confirmed by using a blocking antibody for CD31, which significantly
decreased both adhesion of the lineage minus bone marrow cells to fibronectin and endothelial
cells in vitro. These data provide a possible mechanism by which progenitor and other bone
marrow derived cells could be retained at sites of angiogenesis thereby suggesting a novel
alternative mechanism by which ApoA-I may mediate its cardiovascular benefits.

Our observations of CD31 localization are consistent with CD31’s role in mediating cell-cell
adhesions and interactions [18] involved in interactive events taking place during thrombosis,
wound healing, and angiogenesis [19]. CD31/PECAM1 has been considered to play a primary
role in transmigration and a minor role in attachment [20] however CD31 has been shown both
invitro and invivo to being capable of inducing and amplifying adhesion signaling via integrins
and thereby affecting attachment to fibronectin[21,22]. Hence it would be interesting to
examine the effect of increasing CD31 in vivo by ApoA-I treatment on atherosclerosis in
addition to possible role of CD31 in inducing integrin mediated adhesion in bone marrow
progenitor cells.

The outcome of ApoA-I-mediated cholesterol efflux is a lipidated form of ApoA-I consistent
with our observation that a protein lacking its best lipid-binding region (ApoA-IΔ10) did not
stimulate any changes in the bone marrow cells. There currently is very little information on
the expression profile of ABCA1 and ABCG1 in an endothelial progenitor cell population .
However based on the fact that ABCG1 does not promote cholesterol efflux to lipid free ApoAI
and ApoAIV we expect the contribution of ABCG1 to be minimum and suggests that
cholesterol efflux most likely via the ABCA1 transporter may cause alteration in cellular
morphology and phenotype. Interaction of ApoA-I with the ABCA1 transporter has been
shown to be required for particle formation and proper functioning of ApoA-I [23]. The
response of cells to ApoA-IV suggests that the observed morphological changes and increase
in cells expressing CD31 are not specific to only ApoA-I but can also be triggered by other
apolipoproteins that contain multiple amphipathic helical domains, hence, implicating ABCAI-
mediated cellular binding of free apolipoproteins and lipid efflux [24]Alternatively, interaction
of apolipoproteins with ABCA1-expressing cells has been shown to activate protein tyrosine
kinases such as JAK2, which have been shown to in turn activate processes that enhances lipid
removal from cells. [25]. ApoA-IV shares many features with ApoA-I and can also exist both
in the lipid free state and in association with HDL [26]. About 2%–5% of ApoA-I in human
plasma is present in lipid free form or associated with lipid poor particles. Similar levels have
been reported for ApoA-IV.
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Overexpression of ApoA-I and its variants have been shown to have multiple beneficial effects
including protection against atherosclerosis [1], systemic inflammation and organ damage
[27], and in the protection against myocardial ischemia/reperfusion injury [28]. In addition
HDL containing ApoA-I mimetic peptides have been shown to have anti-inflammatory and
cardioprotective effects [29] as well. Many fundamental questions regarding the mechanisms
of ApoA-I function remain unanswered. In order to maximize the homing of bone marrow
derived repair proficient progenitor cells to damaged endothelium or ischemic tissues, we need
to elucidate the key molecules that take part in these physiological or pathologic processes.
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Figure 1. Treatment of BMCs in culture with bacterially expressed mouse ApoA-I increases cell
size and alters morphology relative to controls
Lineage minus BMCs were cultured for 5 days in DMEM with 20% serum supplemented with
either 10 µg/ml mouse ApoA-I or with buffer alone (A) Representative DIC images of freshly
isolated and purified BMCs or BMCs cultured for 5 days that were treated either with mouse
ApoA-I or buffer control. Bar = 21µm. (B). Histogram depicting a distribution of cell areas
binned in 50 µm segments beginning at the lowest to the highest area observed in the three
treatment groups shown in (A). Cell area measurements were calculated in Metamorph
(Universal Imaging) v6.2 from DIC micrographs and expressed as µm 2. Only unambiguous
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single cells were included in cell numbers, and greater than 200 cells were counted per
treatment group.

Mythreye et al. Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. ApoA-I induced cell surface expression of CD31 on lineage minus BMCs in culture
requires the lipid binding domain
(A). Representative DIC and immunofluorescence digital image overlay of DAPI (nucleus)
and Rhodamine (CD31) images of either freshly isolated, buffer control cells in culture and
mApoA-I treated cells taken after 5 days in culture. Freshly isolated cells are round with very
little CD31. CD31 expression pattern in buffer control tends to be at the surface of the cells in
contrast CD31 expression in ApoA-I treated cells tends to be at cell-cell junctions and in
cytoplasmic protrusion of the cell as indicated with the solid white arrow. Bar = 10 µm.
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(B). Representative images of the morphological changes (DIC) and CD31 localization pattern
as described in (A) for the human proteins human ApoA-I, human ApoA-IV or ApoA-IΔ10
observed. Bar=20µm.
(C). Histogram of CD31 expression in cells treated with either mouse ApoA-I, human ApoA-
I, human ApoA-IV or ApoA-IΔ10. All proteins were added at the same concentration of 10µg/
ml and cells imaged after 5 days. Average values of 3 independent experiments are represented
with error bare represent SEM values from the three experiments. * ApoA-IV is significantly
different from hApoA-I, and untreated control cells p<0.0001 and ApoA-IΔ10 is significantly
different from hApoA-I, p<0.0001.
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Figure 3. Treatment with ApoA-I increases attachment to fibronectin and to endothelial cells
(A) Graph showing the percent of the total number of BMCs plated that attached to fibronectin
coated coverslips over time under rotational force. Equal number of cultured cells (1 × 104−1
× 105) treated with buffer control or with ApoA-I for 5 days were collected and then exposed
to CD31 antibody or buffer alone before seeding onto fibronectin coated coverslips rotating at
room temperature. The numbers of cells attached were counted at the time points indicated and
expressed as a percentage of the total number of BMCs seeded. The average of two experiments
is presented. (B) Mouse brain endothelial cells were a kind gift from Garrett Muramoto and
Nelson Chao and were grown to confluence and used in the adhesion assays as in (A). For
experiment conducted in the absence of CD31 antibody, error bars represent values obtained
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from two independent trials. For experiment in the presence of CD31 antibody, representative
experiment is presented with error bars from six multiple values.
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Table 1
Effect of ApoA-I on expression of cell surface markers on lin- BMCs in culture
Lin-BMC’s were isolated, cultured and immunofluorescence performed as described in Methods for the respective
markers indicated. % cells with a positive signal for a given antigen with respect to the total number scored is presented.
200 cells were counted for each antigen.

Marker Percentage of cells expressing the marker#

Fresh
(Before culture)

Buffer control
(After culture)

ApoA-I treated
(After culture)

CD31 13 ± 6 14 *± 4 45 *± 5

CD11b <1 16 ± 2 13 ± 4

CD44 58 ± 9 53# ± 6 46# ± 3

CD45 8 ± 2 13 ± 3 15 ± 3

VEGFR2 63 ± 2 51 ± 2 46 ± 5
#
Average of three experiments, Mean ±SD.

*
values are statistically significant from each other, p<0.0001 , # values are not statistically significant from each other.
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