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Abstract
In some settings increasing high density lipoprotein (HDL) levels has been associated with a
reduction in experimental atherosclerosis. This has been most clearly seen in apolipoprotein A-I
(apoA-I) transgenic mice or in animals infused with HDL or its apolipoproteins. A major
mechanism by which these treatments are thought to delay progression or cause regression of
atherosclerosis is by promoting efflux of cholesterol from macrophage foam cells. In addition,
HDL has been described as having anti-inflammatory and other beneficial effects. Some recent
research has linked anti-inflammatory effects to cholesterol efflux pathways but likely multiple
mechanisms are involved. Macrophage cholesterol efflux may have a role in facilitating
emigration of macrophages from lesions during regression. While macrophages can mediate
cholesterol efflux by several pathways, studies in knockout mice or cells point to the importance
of active efflux mediated by ATP binding cassette transporter (ABC) A1 and G1. In addition to
traditional roles in macrophages, these transporters have been implicated in the control of
hematopoietic stem cell proliferation, monocytosis and neutrophilia, as well as activation of
monocytes and neutrophils. Thus, HDL and cholesterol efflux pathways may have important anti-
atherogenic effects at all stages of the myeloid cell/monocyte/dendritic cell/macrophage lifecycle.

1. Introduction
Atherosclerosis is an indolent, macrophage dominated, focal inflammatory disease of the
large arteries. This process is initiated by the deposition of ApoB containing lipoproteins on
the arterial proteoglycan matrix in regions of disturbed blood flow, followed by their
modification and uptake by macrophages [1–2]. Modified lipoproteins also activate
combinatorial signaling by toll like receptors (TLR) and scavenger receptors (SR) on
macrophages, and the effects of lipid loading and TLR/SR signaling lead to inflammatory
and chemokine responses, ER stress, apoptosis and necrosis [3–5]. These latter events are
thought to lead to the ultimate complications of plaque rupture and athero-thrombosis.
Although traditionally viewed as having a key role in removing the mass of cholesterol from
plaques in a process of reverse cholesterol transport, HDL is now seen as having key effects
on macrophage inflammation, ER stress and apoptosis (Figure 1). Some of these effects are
dependent on the fundamental ability of HDL and apoA-I to interact with the ATP binding
cassette transporters on macrophages, ABCA1 and ABCG1, mediating efflux of cholesterol
and oxidized lipids [6–8], but likely multiple mechanisms are involved. Recent studies also
point to a role of HDL, ABCA1, ABCG1 in controlling monocyte activation, adhesiveness
and inflammation [9–10], and in controlling the proliferation of the stem and progenitor
cells [11] that give rise to monocytes and neutrophils that ultimately enter plaques.
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2. ABCA1 and ABCG1 are Key Mediators of Cholesterol Efflux
Francis and Oram made the seminal discovery that fibroblasts isolated from Tangier Disease
(TD) subjects could not promote the efflux of cholesterol or phospholipids to lipid-free
apoA-I [12–13]. Several groups discovered through the use of micro-arrays, genetic
mapping and biochemical assays that Abca1 was the defective gene in Tangier Disease [14–
18]. Through this discovery and using techniques to specifically knockdown the expression
of Abca1 it was then demonstrated that ABCA1 exports cholesterol from cells to lipid-free
apoA-I. Subsequently, it was shown that another transporter, ABCG1, promotes cholesterol
efflux to mature HDL particles but not to lipid-poor apoA-I [19–20]. ABCA1 and ABCG1
are target genes of the nuclear receptors, liver X receptor (LXR) and are upregulated in
response to sterol loading of macrophages and other cells. Recently it has been shown that
ABCA1 (in mouse and human) and ABCG1 (in mouse) are regulated by microRNA-33
(miR-33) [21–22]. The sequence encoding miR-33 is embedded within the sterol response
element binding protein-2 (Srebp2) gene, so that when cells are deprived of cholesterol,
SREBP-2 is upregulated and miR-33 is produced. MiR-33 then binds to a site in the 3'-UTR
of ABCA1 and ABCG1 down-regulating their mRNA and protein, thus shutting down
cholesterol export. [21–25]

3. Cholesterol efflux pathways and immune cell production
3.1 HDL, ApoE, ABCA1 and ABCG1 regulate myelopoiesis and monocyte numbers

Hematopoiesis is hierarchical and ordered, and is initiated by long term self-renewing and
multi-potent stem cells. Through a process of proliferation, lineage restriction and
differentiation, HSPCs give rise to mature lineage committed cells, that ultimately form the
mature blood cells. Production of blood cells in the steady state is tightly regulated by a
number of well defined feedback loops. However, production can be increased when
required, for instance in response to infection or blood loss. Emerging evidence suggests that
cholesterol uptake and efflux can also regulate HSPC proliferation, providing a potential
mechanism to explain the association between leukocytosis and atherosclerotic CVD [11].

Recently, Yvan-Charvet et al [11] described an important role for HDL and cholesterol
efflux pathways in the regulation of hematopoietic stem cell proliferation and myelopoiesis.
The hematopoietic stem and multipotential progenitor cells (HSPCs) express relatively high
levels of Abca1, Abcg1 and Apoe [26–29]. Mice deficient in Abca1 and Abcg1 develop a
myeloproliferative disorder characterized by dramatic monocytosis and neutrophilia, and
infiltration of the spleen, heart, liver, small intestine and other organs with macrophage foam
cells and neutrophils. This occurs even in chow fed mice and resembles mouse models of
chronic myeloid or myelo-monocytic leukemia. The underlying mechanism involves a
marked 4 to 5-fold increase in the numbers and proliferation of the HSPC population. There
is increased staining of the plasma membrane of HSPCs with cholera toxin B suggesting
increased plasma membrane liquid ordered domains. The increased proliferative response of
HSPCs reflects an increased responsiveness to the growth factor interleukin (IL) 3 caused by
an increased amount of the common beta-subunit (CBS) of the IL-3/GM-CSF receptor in the
cell surface of HSPCs (Figure 2). This mechanism may also explain why myeloid lineage
cells such as common myeloid progenitors and granulocyte-macrophage progenitors were
expanded and proliferating in these mice, reflecting increased GM-CSF responses. In
contrast, lymphoid and megakaryocyte-erythroid progenitor populations were not expanded.
Competitive bone marrow transplantation experiments showed that HSPC and myeloid
expansion, monocytosis and neutrophilia occurred in a cell autonomous fashion in cells
derived from ABCA1/G1 deficient bone marrow, indicating that HSPC expansion and
myeloid proliferation did not require increased amounts of exogenous factors such as
inflammatory cytokines. Gomes et al have also reported leukocytosis and thrombocytosis in
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WT mice after feeding the Paigen diet [30]. This was also due to an expansion of the BM
progenitor cells. It was also shown that feeding an atherogenic diet results in BM stem cell
mobilization by modulating the SDF-1:CXCR4 axis. While the LDLr, SR-BI and CD36
were found to be expressed in HSPCs in this study, incubation with LDL appeared to have
little effect on HSPC proliferation. While our studies have emphasized the role of
cholesterol efflux pathways in the regulation of HSPC proliferation, the mechanisms of
cholesterol uptake and broader aspects of the regulation of cholesterol homeostasis in
HSPCs are worth of further investigation.

In Ldlr+/− mice transplanted with Abca1−/−Abcg1−/− bone marrow (BM) and fed a high fat,
high cholesterol diet, atherosclerosis was markedly increased compared to WT or single KO
bone marrow recipients, and there was a strong correlation between leukocyte numbers and
atherosclerotic lesion size. In contrast an inflammatory marker, apoSAA while increased in
DKO BM recipients, did not correlate with lesion area. This suggests a causal relationship
between increased leukocytes and accelerated atherosclerosis. Moreover, when
Abca1−/−Abcg1−/− BM was transplanted into a mice expressing a human Apoa-I transgene
the expansion of the HSPCs was almost completely reversed, along with the increased lipid
rafts and the expression of the CBS. The blood leukocyte levels were normalized,
atherosclerosis and the myeloproliferative phenotype were markedly reduced in these mice
[11]. Most likely, high levels of apoA-I and HDL were able to reverse the underlying
defects, possibly reflecting the ability of HDL to mediate cholesterol efflux via alternative
pathways, such as passive cholesterol efflux.

Apoe−/− mice fed a WTD have been shown to develop neutrophilia [31] and monocytosis
[32–33]. The neutrophilia was shown to influence atherogenesis, while increased
monocytes, particularly the Ly6-Chi inflammatory subset more readily entered the
atherosclerotic lesion and formed lesional macrophages [31–34]. Our recent studies suggest
that the monocytosis that develops in Apoe−/− mice fed high fat, high cholesterol diets also
reflects increased proliferation of HSPCs and myeloid progenitors both in the bone marrow
and spleen. It seems that ApoE is bound to the surface of HSCs by proteoglycans, and that
this local concentrating effect favors interaction with ABCA1 and ABCG1, promoting
cholesterol efflux, decreased cell surface CBS and limiting proliferative responses of HSCs
[35]. We speculate that the normal role of these processes is to help to maintain HSCs in
quiescence (Figure 2A). These pathways may be suppressed during acute infections, helping
HSCs to emerge from quiescence and supporting myelopoiesis. However, in response to
chronic hypercholesterolemia, especially in the setting of reduced HDL levels, the normal
physiological regulation is overwhelmed. This leads to a condition of low-grade
monocytosis and neutrophilia, enhancing chronic atherogenesis. The importance of
monocyte numbers to the severity of atherosclerosis has been demonstrated in genetic
mouse models [36–37]. Mice carrying the osteopetrotic (op/op) mutation, resulting in lower
M-CSF display a gene dosage decrease in blood monocytes. The decrease in monocytes,
despite an increase in plasma cholesterol, resulted in smaller atherosclerotic lesions that
were also less complex. These studies suggest that independent of hypercholesterolemia,
reducing monocytes can significantly affect atherosclerosis.

3.2 Lymphocyte proliferation is regulated by cellular cholesterol content
During an immune response when T-cell are activated this can lead to a proliferative
response. Recent studies have shown the importance of cellular cholesterol levels in
regulating T-cell proliferation [38–39]. T-cell activation resulted in increased SULT2B1, an
oxysterol-metabolizing enzyme, followed by the suppression of LXRs. The suppression of
the LXR pathway caused a decrease in cholesterol genes as the cells conserved their
cholesterol and simultaneously induced the cholesterol synthesis pathway via SREBP [39].
The importance of LXRβ was shown in Lxrβ−/− mice enlarged spleen and lymph nodes that
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house increased number of T-cells compared to control mice. The LXR target gene induced
to remove cholesterol and control proliferation was shown to be ABCG1 and not ABCA1.
Adoptive transfer of Lxβr+/+ or Lxrβ−/− T-cells into Rag−/− mice confirmed this was cell
intrinsic defect as Lxrβ−/− T-cells were more prevalent in the spleen. Further, inducing the
LXR pathway in WT T-cells with an agonist before being transferred into Rag−/− mice in
competition with vehicle treated T-cells resulted in a marked decrease in their abundance
[39]. This suggests that modulating cholesterol levels may directly influence the
proliferation of T-cells. This appears to be the case as incubating T-cells with soluble
cholesterol increased the proliferation of WT T-cells [38]. However, a proliferative signal is
still required. Abcg1−/− T-cells have increased lipid raft in the plasma membrane, however
proliferation only occurred after activation via the T-cell receptor [38].

Disruption of the cholesterol efflux pathway by deletion of Apoa1 on an
hypercholesterolemic background (Ldlr−/−) results in an autoimmune phenotype skin
disease [40]. The skin layers of Apoa1−/− Ldlr−/− mice on a WTD had increased neutral
lipid and more immune cell infiltrate [41]. T-cells were more activated and proliferated
more in the draining lymph nodes of the skin. This was accompanied by an increase in
CD11c+ dendritic-like cells, B-cells and macrophages in the lymph nodes. It is unknown if
the increased numbers of T-cells is directly due to the loss of ApoA-I/HDL or fueled by
cytokines in the inflammatory environment.

4. Anti-inflammatory Effects of HDL in the Innate Immune Response
In this review we have set out to detail the anti-atherosclerotic effects on myeloid cells.
However it is of importance to note that in the setting of atherosclerosis and vascular
inflammation that HDL also acts on the endothelial cells, the cells to which monocytes
adhere to and use to migrate through to the atherosclerotic lesion. HDL plays a role in
regulating vascular tone by stimulating endothelial cells to release nitric oxide (NO) by
activating endothelial nitric oxide synthase (eNOS) when it engages SR-BI [42–44]. HDL
has also been shown to inhibit the expression of key adhesion molecules on the endothelium,
ICAM-1 and VCAM-1 [45]. This appears to be via a mechanism involving HDL binding to
SR-BI eliciting a signaling cascade to produce NO inhibiting NF-κB (ref). Recently, HDL
via SR-BI has also been shown to increase the expression of 3beta-hydroxysteroid-delta 24
reductase which interferes with the NF-κB pathway [46]. These in vitro findings have been
confirmed in vivo models of vascular inflammation, suggesting the functional importance of
these findings [47–48].

4.1. Monocytes
4.1.1. HDL Attenuates Monocyte Activation and Adhesion—HDL and apoA-I
were found to reduce the expression of the adhesion molecule CD11b on the surface of
human monocytes [49]. Experiments with cyclodextrin suggested that this decrease in
monocyte activation was largely due to cholesterol removal from the cell, resulting in a
reduced abundance of cholera toxin B staining plasma membrane lipid rafts. For apoA-I,
ABCA1 was shown to have an essential role in this process, as shown using monocytes from
subjects with Tangier Disease. Monocyte activation was also significantly attenuated in
patients with peripheral vascular disease or type 2 diabetes after an infusion of rHDL,
suggesting translational relevance of these observations [50–51].

The anti-inflammatory effect of HDL on monocytes was also shown in functional assays of
key steps in the cell adhesion cascade. HDL inhibited monocyte adhesion and spreading on
endothelial cells under shear-flow conditions and suppressed migration in response to the
chemokine MCP-1. In a separate study HDL and apoA-I were also shown to inhibit M-CSF
induced monocyte spreading by decreasing levels of Cdc42, a key GTPase involved in
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cytoskeletal organization [52]. HDL has also been linked to decreased f-actin content in
monocytes [49]. Taken together these findings suggest that HDL prevents the cytoskeletal
reorganization of monocytes that is required for migration towards a chemotactic signal.
HDL may also suppress the expression of a number of key chemotactic molecules and
receptors on monocytes, macrophages and endothelial cells. Infusions of apoA-I into
Apoe−/− mice reduced the expression of the chemokine receptors CCR2 and CX3CR1 in
atherosclerotic plaques, and plasma levels of CCL2 (MCP-1) and CCL5 (RANTES) [53].
The underlying mechanisms were thought to involve modulation of PPAR-γ and NF-κB
activities. Overall these findings suggest that HDL has the potential to acts at multiple levels
of the cell adhesion cascade to inhibit the adhesion and migration of monocytes into the
atherosclerotic lesion. However, this has not yet been directly demonstrated.

4.2 Neutrophils
Increased blood neutrophils are correlated with atherosclerosis and acute coronary events
[54–55] and have been identified in atherosclerotic lesions [56]. Neutrophils can become
activated in hyperlipidemia and severity directly correlates with CD11b expression and
superoxide release [57–59]. Moreover, cholesterol loading of neutrophils causes activation
[60]. A recent study has described a clear role for neutrophils in atherogenesis. In Apoe−/−

mice fed a WTD neutrophils were discovered in the atherosclerotic lesion for the first 4
weeks and the numbers of neutrophils correlated with lesion severity [31]. Reduction of
neutrophils led to a decrease in plaque size, demonstrating a clear and important role for
neutrophils in atherogenesis [31, 61].

4.2.1. Neutrophil Activation is Inhibited by HDL—ApoA-I through ABCA1 rapidly
inhibits neutrophil activation (CD11b expression) while HDL requires a longer incubation
[62]. The decrease in membrane lipid rafts by apoA-I and HDL was likely a key event as
lipid raft abundance correlated with CD11b activation. Loading neutrophils with cholesterol
has been shown to prime them for activation and increase their adhesiveness to the
endothelium [60]. A number of studies have also described the importance of lipid rafts in
the activation of neutrophils and the release of inflammatory molecules [63–66]. Although
the role of neutrophils in plaque development is still not completely clear, this represents
another potential site of beneficial action by HDL.

4.2.2. ApoA-I and HDL Modulate Neutrophil Recruitment to Inflamed Tissue—It
has also been shown in a different in vivo model of vascular inflammation in rabbits, that
infusion of HDL or apoA-I can significantly attenuate neutrophil infiltration into the intima
[47–48]. The initial study by Nicholls [47] and colleagues described a role for pre-infusion
of rHDL in attenuating inflammation and was attributed to down regulation of endothelial
adhesion molecules, vascular cell adhesion molecule-1 (VCAM-1) and intracellular
adhesion molecule-1 (ICAM-1) through a well defined process [46]. The subsequent study
by Puranik and co-workers [48] sought to determine if infusion of lipid-free apoA-I could
rescue the inflammation. Infusion of lipid-free apoA-I either 3 or 9 h after the cuff was
applied could still reduce the infiltration of neutrophils. This was suggested to be due to the
effects of the apoA-I on the endothelium but is also likely to be due to the anti-inflammatory
effects of apoA-I on the circulating neutrophils [62].

ApoA-I and HDL were also reported to attenuate neutrophil adhesion and spreading to
activated platelet monolayers and migration to fMLP [62]. This in vitro finding was then
examined in an in vivo model of acute inflammation using intravital microscopy.
Stimulating mice with TNF-α results in the activation of leukocytes and endothelial cells
and induces neutrophil recruitment [67–68]. Infusion of apoA-I in mice pre-stimulated with
TNF-α lead to a decrease in the stationary adhesion of neutrophils to the vasculature, while
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increasing the rolling velocity suggesting a down regulation of adhesion molecules. In line
with the proposed mechanism, CD11b expression was also attenuated on neutrophils. The
decrease in adhesion of the neutrophils also appeared to be to a direct effect of apoA-I
attenuating neutrophil activation. While these studies may be relevant to a variety of
inflammatory diseases, relevance to chronic atherosclerosis remains uncertain. Thus,
expression of the human apoA-I transgene in Apoe−/− mice was associated with markedly
reduced atherosclerosis, but this did not appear to involve a decrease in the expression of
VCAM-1 or ICAM-1 in endothelial cells [69].

4.3. Macrophages
4.3.1. The Role of Cholesterol Efflux in TLR Signaling—The studies performed in
Abca1−/− Abcg1−/− mice have shed light on a number of new roles for the HDL pathway [8,
11, 70–73]. The deletion of these two transporters perturbs a number of the normal functions
of the macrophage, the most obvious being cholesterol efflux [8]. Macrophages deficient in
Abca1 have an enhanced response to LPS, due to increased activation of the NF-κB and
MAPK pathways dependent on MyD88 [73]. We observed that Abcg1−/− and
Abca1−/−Abcg1−/− macrophages express more TLR-4/MD2 complex suggesting they are
primed for activation in response to bacterial signals or other TLR-4 ligands (Figure 3.A).
The increased TLR-4 expression also correlated with increased lipid rafts and TLR-4 is
known to localize in rafts when activated and complexes with MD2 [74–75]. Reducing raft
abundance with cyclodextrin normalized the response to LPS suggesting the dependence on
cellular cholesterol levels [73, 76]. Incubation of primary human monocyte-derived
macrophages with apoA-I or the apoA-I mimetic peptide 4F also attenuated the expression
of TLR-4, CD14 and lipid rafts [77]. This led to an abolition of the inflammatory gene
response to LPS while boosting levels of IL-10. Another study examined the effect of HDL
on inhibiting the inflammatory response of macrophages to the TLR4 ligand LPS and found
that it was the TRAM/TRIF arm of the TLR4 signaling branch that was largely suppressed
[78]. This was independent of the cholesterol removal by ABCA1 or ABCG1 or passive
efflux pathways as HDL somehow removed this complex from the inner-cell membrane to
intracellular compartments where it could not be activated (Figure 3.B). This suggests that
HDL can inhibit both the MyD88 and TRAM/TRIF actions of TLR4 activation.

4.3.2. HDL Attenuates LPS Signaling: Mechanisms Involving CD14—The
interaction between cholesterol efflux and TLR signaling is not the only avenue that HDL
takes to reduce LPS signaling. A number of studies have shown that HDL can bind,
sequester and neutralize LPS preventing the activation of monocytes and macrophages. LPS
bound to soluble CD14 can be shuttled to HDL in a process involving LPS-binding protein
(LPS-BP) and neutralized [79–80]. HDL can also neutralize LPS activity by promoting its
release from the surface of monocytes and macrophages [81]. CD14 is essential for MyD88-
independent LPS signaling through TLR4 [82]. Non-insulin dependent diabetic subjects
with CVD have increased levels of CD14 on the surface of CD14+CD16- monocytes
compared to healthy subjects [83]. HDL levels were inversely correlated with CD14 levels.
Interestingly, HDL and apoA-I can attenuate the surface expression of CD14 on monocytes
[77, 84].

Infusion of rHDL in healthy individuals protects from the inflammatory events caused by
LPS [84]. Subjects with higher HDL levels have also been reported to tolerate an endotoxin
challenge better than subjects with low HDL [85]. Infusion of rHDL also lowered the
number of monocytes and neutrophils over a 24h period compared to placebo [84]. This
could reflect a decrease in the production of monocytes and neutrophils by the mechanisms
we have recently described in mice [11]. Infusion of rHDL also prevents monocyte
activation as assessed by CD11b levels, possibly by acting on the monocyte to down
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regulate CD14 expression [84]. Pre-incubation of monocytes with HDL followed by
addition of LPS to monocytes where HDL had been removed also results in protection and
may reflect changes in TLR4 and/or CD14 expression [49]. Therefore it would appear that
HDL, via a number of mechanisms, acts as a negative regulator of LPS induced
inflammation.

4.3.4. ABC Transporters modulate the response to Efferocytosis—Efferocytosis
is the process in which apoptotic cells are cleared by phagocytic cells. Efferocytosing
Abca1−/−Abcg1−/− macrophages are more prone to apoptosis [7]. While transporter deficient
cells displayed no difference in the ability to phagocytose apoptotic cells, this led to in
dramatic apoptosis of the macrophages. Oxidized phospholipids were shown to cause the
increased apoptosis which could be attenuated by incubating the macrophages with HDL.
There was also a decrease in apoptosis of the macrophages after phagocytosis when
macrophages were pre-incubated with cyclodextrin to remove cholesterol. Macrophages
from Abca1−/− Abcg1−/− mice had an increased oxidative burst response compared to WT.
The enhanced oxidative burst reflected increased assembly of NOX2 and the apoptosis was
secondary to early activation of and sustained signaling through the c-Jun N-terminal kinase
(JNK) pathway, likely due to increases ROS formation inactivating JNK phosphatases [86].
Apoptosis could be suppressed by the addition of anti-oxidants, HDL or cyclodextrin.
Increased TLR-4 expression as observed in the previous study [7], was also a contributor to
enhanced NOX2 mediated ROS production and apoptosis. In a different study ABCG1 was
identified as an important transporter of inflammatory oxysterols from the cell. Formed on
LDL particles or consumed in the diet, oxysterols are toxic to cells and are believed to have
a pivotal role in atherogenesis. Macrophages deficient in ABCG1 accumulate 7-
ketocholesterol which results in apoptosis due to oxysterol-induced cytotoxicity [6]. These
findings suggest that uptake of cholesterol-rich apoptotic cells or necrotic debris by
macrophages requires functional ABCA1 and ABCG1 in order to preserve their viability
and to suppress inflammatory responses.

4.3.5. ApoA-I Binding to ABCA1 in macrophages Induces signaling via JAK2/
STAT3 pathway—Oram and colleagues have shown that the interaction of apoA-I with
ABCA1 leads to activation of Janus Kinase 2 (JAK2). JAK2 activation further increased
binding of apoA-I to ABCA1 and increased lipid efflux. JAK-2 activation appeared to
recruit signal transducer and activator of transcription-3 (STAT-3) to ABCA1, leading to its
phosphorylation [87]. The cytoplasmic domain of ABCA1 contains two candidate STAT3
docking sites that conform to the consensus sequence and are highly conserved across a
number of different species from chimpanzees to platypi [88]. Mutating these sites reduced
p-STAT3 but had no effect on cholesterol efflux, suggesting a divergent signaling pathway.
The JAK/STAT pathway is commonly associated with pro-inflammatory and oncogenic
gene expression [89]. However, in macrophages STAT3 appeared to be functioning as an
anti-inflammatory molecule [90–91]. Activation of the JAK-2/STAT3 pathway in
macrophages by apoA-I suppressed LPS-induced pro-inflammatory cytokines, TNF-α,
IL-1β, and IL-6. Activation of STAT3 by apoA-I/ABCA1 interactions led to its
translocation to the nucleus and increased the expression of the mRNA-destabilizing protein
tristetraprolin (TTP) [92]. TTP targets AU-rich elements (AREs) in the 3'untranslated
regions of the mRNA of pro-inflammatory cytokines and degrades the mRNA thus
inhibiting translation. Disrupting the JAK/STAT pathway did not completely reverse the
ability of apoA-I to suppress the LPS-induced gene expression, consistent with involvement
of other pathways such as those noted above.

4.3.6. Cholesterol Efflux and Macrophage Migration—Macrophage emigration from
the atherosclerotic lesion and the role this plays lesion regression is currently under active
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investigation. Using a aortic transplantation model, established lesions from Apoe−/− mice
were transplanted into WT, Apoa-I−/−, Apoe−/− or Apoe−/−Apoa-I transgenic mice.
Transplantation into WT mice lead to lesion regression highlighted by a depletion of
macrophage-foam cells, whereas no regression was observed in lesions transplanted into
Apoa-I−/− or Apoe−/− mice [93]. This finding was thought to be due to a decrease in
emigration of monocyte/macrophages from the lesion after conducting bead labeling studies.
Monocyte entry was not measured in these studies. The presence of the human Apoa-I
transgene was able to reverse the defective regression observed in the Apoe−/− mice
suggesting the importance of cholesterol efflux pathways. A similar finding was observed
using a genetic switch to lower cholesterol levels in mice on an Ldlr−/− background
(Reversa mice) [94]. The egress of the macrophages appeared to involve CCR7 which may
be induced by LXRs and somewhat paradoxically also by cholesterol removal from cells
[93–95].

Loading macrophages with cholesterol causes membrane ruffling and spreading of the cell
with reversal by cyclodextrin [96–97]. Cholesterol loading resulted in increased Rac-1
activity, while decreasing RhoA and myosin light chain activation and reducing migratory
responses [98]. This prevented polarization of the macrophage, where under normal
conditions a leading edge would extend and anchor while the trailing edge detaches and
allow the cell to move. The migratory defect in Abca1−/− Abcg1−/− macrophages was
recently shown to be caused by increased cholesterol content on the inner leaflet of the
plasma membrane and is associated with Rac-1 localization [99]. Abca1−/− Abcg1−/−

macrophages are unable to move sterol from the inner leaflet to the outer leaflet of the
plasma membrane and this likely prevents the cycling of the small GTPases such as Rac-1 to
and from the plasma membrane and holds them in their activate GTP state [99].

The importance of macrophage egress in the regression of atherosclerosis has recently been
questioned, albeit in a different model to that using aortic transplantation. This study
employed an adenovirus to restore Apoe expression (Ad-Apoe) in the liver of Apoe−/− mice
with established lesions, which led to a 4-fold increase in HDL in the active treatment group.
Using bead labeling to track monocytes it was shown that fewer monocytes entered the
lesion after ApoE re-expression, while disappearance of bead labeled cells proceeded at a
low basal rate that was not different between mice infused with Apoe or control virus. A
reduction of neutral lipid staining in plaques preceded the decrease in macrophages in the
lesions of Ad-Apoe compared to Ad-empty infused Apoe−/− mice [100]. A significant
reduction in macrophage content in the lesions of Ad-Apoe mice was only observed after 2
weeks. It is possible that the decrease in lipids observed after the first week changed the
phenotype of the macrophage from pro-inflammatory to anti-inflammatory, in association
with cholesterol efflux. Thus macrophages would no longer be secreting high amounts of
chemokines such as MCP-1, resulting in decreased monocyte recruitment. Re-expression of
Apoe also resulted in a decrease in monocyte activation also possibly due increased
cholesterol efflux [49].

5. Conclusions and Future Directions
There appears to be a discordance between the relative lack of success of HDL raising
strategies in the clinic, and the plethora of beneficial actions of HDL that have been
demonstrated in cell culture and animal models. It is clear that not all strategies for raising
HDL are likely to be beneficial. There is a need for more critical evaluation of the different
proposed functionalities of HDL, as outlined here and elsewhere [101–104] both in animal
models and in the clinic. Our thesis is that the central beneficial effects of HDL relate to its
ability to promote cholesterol efflux via ABCA1/G1 and by passive mechanisms, with many
secondary effects including reduced inflammatory signaling in macrophages, decreased
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proliferation of HSPCs and reduced monocytosis, and increase eNOS activity in
endothelium. However, there are specific signaling events such as eNOS activation [42] and
decreased adhesion molecule expression [46] on endothelial cells along with increased
glucose uptake in skeletal muscle cells and insulin secretion from pancreatic β-cells [105–
106] that appear not to be dependent on cholesterol efflux mechanisms. The relative
importance of these different pathways and mechanisms in various cell types including
hematopoietic stem cells, different kinds of myeloid cells and endothelial cells remains to be
determined.

Abbreviations

HDL high Density Lipoprotein

apo apolipoprotein

ABC ATP Binding cassette transporter

TLR toll like receptor

HSPC hematopoietic stem and multipotent progenitor cell

IL interleukin

CBS IL-3 receptor common beta-subunit

GM-CSF granulocyte macrophage-colony stimulating factor

BM bone marrow

Ldlr low density lipoprotein receptor

JAK-2 Janus Kinase 2

STAT-3 signal transducer and activator of transcription-3
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Figure 1. Anti-atherogenic functions of HDL - sites of action
A) HDL interacts with ABCA1 and ABCG1 on the HSPCs to promote cholesterol efflux
and inhibit their proliferation. This regulates the number of mature myeloid cells produced.
B,C) HDL and apoA-I can act as an anti-inflammatory reducing monocyte and neutrophil
activation. This leads to less recruitment of monocytes/neutrophils to the atherosclerotic
lesion. D) HDL interacts with macrophages to regulate a number of cellular functions
important to controlling atherosclerosis such as cholesterol efflux, reducing TLR-4
signaling, decreasing apoptosis during efferocytosis and modulating membrane lipid levels
to aid in macrophage migration.
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Figure 2. The importance of cholesterol efflux in regulating HSPC proliferation and
myelopoiesis
A) Under normal conditions HSPCs utilize ABCA1 and ABCG1 to efflux cholesterol to
apoA-I/HDL and ApoE. This controls the amount of cholesterol in the cell membrane (lipid
rafts) and may also ensure correct expression of proliferative cytokine receptors including
IL-3Rβ. B) When cholesterol efflux pathways are disrupted the abundance of lipid rafts in
the membrane of the HSPCs increases causing an increase in the expression of the IL-3Rβ.
This results in the HSPC becoming more sensitive to cytokine induced proliferation and the
pool of HSPCs begins to proliferate and expand. This ultimately causes enhanced
myelopoiesis, more blood monocytes and this likely has an effect of accelerating
atherosclerosis. C=cholesterol.
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Figure 3. Anti-inflammatory functions of HDL on the macrophage
ABCA1 and ABCG1 promote cholesterol efflux from macrophages to apoA-I/HDL. This
interaction can attenuate macrophage inflammation via a number of pathways. A) The
removal of cholesterol from lipid rafts can decrease TLR-4/CD14 expression on the surface
of the macrophage desensitizing signaling by LPS. B) HDL can inhibit LPS stimulated type
I INF response independent of sterol metabolism via a mechanism involving removal of the
TRAM signaling molecule away from the cell membrane and into intracellular
compartments. C) Binding of apoA-I to ABCA1 causes the activation of JAK-2 which then
allows STAT-3 to directly bind and become activated by ABCA1. This results in the
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transcription of TTP which targets and degrades the inflammatory mRNAs transcribed by
NF-κB from LPS signaling. C=Cholesterol
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