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Abstract

High-density lipoprotein (HDL) levels are inversely associated with coronary heart disease due to
HDL's ability to transport excess cholesterol in arterial macrophages to the liver for excretion [i.e.,
reverse cholesterol transport (RCT)]. However, recent advances highlight additional
atheroprotective roles for HDL beyond bulk cholesterol removal from cells through RCT. By
promoting cellular free cholesterol (FC) efflux, HDL and its apolipoproteins (apoA-I and apoE)
decrease plasma membrane FC and lipid raft content in immune and hematopoietic stem cells,
decreasing inflammatory and cell proliferation signaling pathways. HDL and apoA-I also dampen
inflammatory signaling pathways independent of cellular FC efflux. In addition, HDL lipid and
protein cargo provide protection against parasitic and bacterial infection, endothelial damage, and
oxidant toxicity. Here, current knowledge is reviewed regarding the role of HDL and its
apolipoproteins in regulating cellular cholesterol homeostasis, highlighting recent advances on
novel functions and mechanisms by which HDLs regulate inflammation and hematopoiesis.
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INTRODUCTION

High-density lipoproteins (HDLSs) are the smallest and most dense plasma lipoproteins,
containing a core of nonpolar polar lipid consisting of cholesteryl ester (CE) and
triglyceride, surrounded by a surface monolayer of phospholipid (PL), free cholesterol (FC),
and apolipoproteins (29). Much work has been focused on understanding the metabolism
and function of HDL because of the well-documented inverse association between plasma
HDL cholesterol concentrations and risk of developing atherosclerotic cardiovascular
disease (37). This association is primarily thought to be due to HDL's ability to mediate
reverse cholesterol transport (RCT), a process in which cholesterol from peripheral tissues,
especially from macrophages in aortic plaques, is transported to the liver for elimination via
biliary secretion and elimination in the feces (32). Growing insight into new roles for HDL
in controlling inflammation and hematopoiesis is rapidly changing the perception that HDL
particles are mere carriers of excess cholesterol in RCT. A molecular understanding of the
pleiotropic functions of HDL is just beginning to unfold.
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HDL contains a more complex proteome than previously appreciated. The most abundant
apolipoprotein in HDL is apoA-1, which comprises 60% to 70% of the total HDL protein
mass. In addition, as revealed by a recent study (109), HDL particles not only contain
classical apolipoproteins, such as apoA-I, apoAll, apoE, and apoCs that participate in lipid
metabolism, but also minor atypical apolipoproteins such as apoL1 and apoM that function
in host defense and transport bioactive lipids, respectively. HDL also contains proteins
associated with the acute phase response and complement regulation. In addition to its
diverse protein cargo and its usual surface (PL, FC) and core (CE, TG) lipids, HDL also
contains minor lipids, such as ceramide, sphingolipid/sphingomyelin species (116), and
sphingosine-1-phosphate (S1P) (60) that function as lipid mediators in signaling pathways
and in the regulation of innate immunity. Of note, although some HDL functions have been
mapped to particular constituents of the particle, other functions are less well understood
and require additional investigation. Recent emerging data suggest a novel and important
role for apoA-1 and HDL in the regulation of T lymphocyte proliferation and hematopoietic
stem cell proliferation. This review focuses on recent data regarding HDL in these emerging
areas of interest.

HDL AND RCT

The major cardiovascular-protective role for HDL has been attributed to RCT (47). Because
cholesterol cannot be degraded in the body and is water insoluble, excess cholesterol in
peripheral tissues must be transported by lipoprotein particles to the liver for excretion. The
initial step of RCT involves efflux of cellular FC and PL to lipid-free or lipid-poor apoA-I or
to spherical HDL particles (Figure 1). Two main mechanisms are involved in cholesterol
efflux. The first is passive diffusional efflux of FC from the plasma membrane through the
aqueous medium to the HDL particles (121). This process is driven by the chemical gradient
of FC between the plasma membrane and the acceptor HDL. The second efflux mechanism
is a transporter-mediated active lipid efflux involving members of the ATP-binding cassette
(ABC) transporter family, ABCA1 and ABCGL. Cholesterol efflux to lipid-free or lipid-
poor apoA-1 is mediated by ABCAL, resulting in the formation of nascent, discoidal
particles of HDL about 7-12 nm in size, composed of a bilayer of PL and FC with apoA-I
surrounding the perimeter (4, 73). Unlike aqueous diffusion of FC, ABCAL hydrolyzes ATP
to provide energy for FC efflux. Mutations that inactivate the human ABCAL gene result in
Tangier disease, a rare disorder characterized by extremely low (<5% of normal) plasma
HDL cholesterol concentrations and accumulation of cholesterol in macrophages (11, 12,
19, 93), highlighting the essential role of this transporter in HDL formation and macrophage
RCT. FC in nascent HDLs is esterified to fatty acid by the plasma enzyme
lecithin:cholesterol acyltransferase (LCAT), generating CE that is sparing (3 mol%) soluble
in the nascent HDL surface PL. Thus, LCAT-generated CE forms a separate core phase in
the nascent HDL, converting it to a spherical HDL particle typical of that in plasma. The
esterification of FC by LCAT decreases FC concentration in HDL, producing a cholesterol
chemical gradient between the HDL particle surface and the cell surface membrane, which
promotes passive aqueous diffusion of cellular FC.

Another active transporter, ABCG1, plays a critical role in transporting FC from cells to
mature HDL particles (46, 114). Uptake of HDL cholesterol (FC and CE) by the liver is
mediated directly by hepatic scavenger receptor Bl (SR-BI) (130) or indirectly by hepatic
low-density lipoprotein receptors (LDLr) after CEs are transferred from HDL to apoB-
containing lipoproteins, very-low-density lipoprotein (VLDL), and LDL by cholesterol ester
transfer protein (CETP) in humans (mice do not express CETP) (Figure 1).

Although SR-BI accelerates FC efflux to mature HDL in vitro (122), in vivo studies of RCT
indicate that ABCA1 and ABCGL, but not SR-BI, promote macrophage RCT (115). Thus,
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the three major players in macrophage RCT have distinct functions. ABCAL is mainly
responsible for initial efflux of FC to lipid-free apoA-I1, forming nascent HDL. ABCGL then
mediates additional FC efflux from cells to nascent and spherical HDL particles. SR-BI is
responsible for hepatic removal of cholesterol from plasma HDL. Once taken in by the liver,
the excess cholesterol can be directly secreted into bile or converted to bile acids before
secretion into bile for ultimate excretion into the feces (Figure 1).

Another recently described pathway for RCT bypasses the liver and delivers the excess
cholesterol to the intestine for trans-intestinal transport and excretion into feces (111)
(Figure 1). The net result of these RCT pathways is to decrease the accumulation of excess
cellular cholesterol. Although RCT has been mainly associated with removal of cholesterol
from atherosclerotic foam cells, it functions normally to provide orderly processing of
cholesterol from apoptotic and necrotic cells. More recently, a broader role for HDL has
been implicated in controlling plasma membrane cholesterol that is related to inflammation
and cellular proliferation, which is discussed in the following sections.

HOMEOSTATIC REGULATION OF INTRACELLULAR CELLULAR STEROL
CONTENT AND INFLAMMATION

Regulation of Intracellular Cholesterol Levels by Liver X Receptors and Sterol Response
Element-Binding Proteins

Cellular cholesterol content is normally tightly regulated, reflecting a balance between
cholesterol uptake, efflux, endogenous synthesis, and storage (Figure 2). Liver X receptors
(LXRs) and sterol response element-binding proteins (SREBPS) are master transcription
factors that regulate cellular cholesterol content.

LXRa and LXRp are members of the nuclear receptor family of transcription factors that
regulate pathways of cellular cholesterol efflux (14). Both LXRs activate gene transcription
by binding to response elements located in the promoter region of target genes as a
heterodimer with the retinoid X receptor. The natural ligands for LXRs are oxysterols as
well as intermediates in the cholesterol biosynthetic pathway (42, 52). LXRs regulate gene
expression in a tissue-specific manner to enhance whole-body RCT. In response to
cholesterol loading, LXR activation in peripheral cells, such as macrophages, induces
expression of ABCA1 and ABCG1, phospholipid transfer protein, and apoE (9), enhancing
removal of excess cellular cholesterol.

In the liver, activation of LXR up-regulates the expression of CYP7A1, the rate-limiting
enzyme in the conversion of FC to bile acids, and ABCG5 and ABCG8 transporters that
promote hepatic FC secretion into bile (79, 88), both of which enhance secretion of excess
hepatic FC into bile. In the intestine, LXR activation up-regulates ABCG5 and ABCGS,
which are located on the basolateral side of the intestinal epithelial cell, enhancing
movement of absorbed FC back into the intestinal lumen.

The net effect of the concerted activation of LXR-responsive genes in different tissues is to
promote the directional movement of excess cholesterol in peripheral tissues to the liver,
bile, and intestinal lumen for excretion in the feces (Figure 1). LXRs also can suppress
cholesterol uptake through induction of LDLr degradation via an inducible degrader of the
LDLr (Idol)-dependent ubiquitination of the receptor (Figure 2). Idol is an E3 ubiquitin
ligase that triggers ubiquitination of the LDLYr, resulting in its degradation (129).

Acting as cholesterol sensors, SREBPs are membrane-bound transcription factors that
regulate the expression of genes harboring a sterol responsive element (SRE) in their
promoter region that are involved in cholesterol and fatty acid biosynthesis (36). SREBPs
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initially reside in the endoplasmic reticulum. When intracellular cholesterol levels decrease,
SREBPs, escorted by SREBP cleavage-activating protein, travel to the Golgi apparatus,
where the N-terminus is cleaved by two proteases, S1P and S2P (36). The released N-
terminus of SREBPs is a basic helix-loop-helix leucine zipper transcription factor that
travels to the nucleus to bind and activate a family of genes involved in lipid biosynthesis
(Figure 2). Of the three major SREBP isoforms (SREBP-1a, SREBP-1c, SREBP-2),
SREBP?2 favors cholesterol biogenesis and its responsive genes, including the rate-limiting
enzyme HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme A) reductase in cholesterol
biosynthesis (36).

Coordinate regulation of LXR and SREBPs by oxysterol and cholesterol, respectively,
tightly maintains cellular sterol homeostasis. When cellular cholesterol accumulates,
SREBP2 remains in the endoplasmic reticulum, the proteolytic activation of SREBP2 stops,
and expression of SREBP target genes declines. The net result of these steps is to reduce
endogenous cholesterol biosynthesis and expression of the LDLr. An intronic sequence of
SREBP?2 also encodes a microRNA (miR-33) that binds to the 3" untranslated region of
ABCAL and ABCG1, down-regulating their mRNA and protein expression (65, 86, 87).
Thus, under conditions of cellular cholesterol accumulation, SREBP2 and miR-33
expression are decreased, resulting in increased expression of ABCA1 and ABCGL to export
excess cholesterol. Therefore, SREBP2 and LXR work in concert to reduce excess cellular
cholesterol by controlling uptake (i.e., down-regulation of LDLr expression), synthesis, and
efflux.

Regulation of Inflammation by LXRs

LXRs have also emerged as important regulators of inflammatory gene expression and
innate immunity. LXR activation represses stimulation of Toll-like receptor 4 (TLR4), TNF-
a, and interleukin (IL)-1p, reducing expression of classical inflammatory genes (16, 44, 71).
LXRs also positively regulate expression of arginase, a gene that may have anti-
inflammatory effects through antagonism of nitric oxide signaling (56), suggesting that
activation of LXRs may drive the macrophage phenotype switch from proinflammatory M1
macrophages to anti-inflammatory M2 macrophages. Interestingly, activation of TLR3 and
TLR4 by bacterial and viral components inhibits LXR signaling via the transcription factor
IRF3 (17). In addition, activation of LXRs, especially LXRa, protects mice from bacterial
infection (i.e., Listeria monocytogenes, Escherichia coli, and Salmonella typhimurium) due
to induced expression of macrophage antiapoptotic genes, including AIM/Spa (43, 110).

The inhibition of proinflammatory gene expression by LXRs is mediated through a
mechanism termed transrepression. Nuclear factor-kB (NF-kB) and activator protein (AP)-1
are key inflammatory transcription factors, and binding sites for these proteins are present
on promoters of many immediate inflammatory response genes. On inactive promoters,
factors such as NF-kB are bound to corepressor complexes that contain the nuclear receptor
corepressor, maintaining basal repression. Ligand-bound LXRs are conjugated to small
ubiquitin-like modifier (SUMO)2/3 through interaction with histone deacetylase-4 E3, and
the SUMOylated LXR complex targets NF-kB binding sites in inflammatory promoters and
blocks the clearance of the nuclear receptor corepressor complex, repressing inflammatory
gene expression (Figure 2) (35).

Compartmental Sterol Accumulation and Inflammation

Emerging evidence suggests that sterol accumulation in different intracellular compartments
triggers activation of distinct inflammatory pathways. FC accumulation resulting from
deletion of ABCAL and ABCGL1 increases lipid raft content of the plasma membrane,
enhancing myeloid differentiation primary response protein 88 (MyD88)-dependent TLR4
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activation (see details in the next section) (128, 131). FC accumulation in the endoplasmic
reticulum activates stress pathways and induces cytotoxicity, cytokine expression, and
apoptosis (23, 30, 54). Excess FC accumulation in late endosomes also can activate the p38
mitogen-activated protein kinase (MAPK) pathways through TLR3 without specific agonist
stimulation, indicating that FC overloading alone is sufficient to activate TLR (100).
Cholesterol crystals in phagolysosomes activate the caspase-1-activating NLRP3
inflammasome, a cytokine-activating protein complex of the IL-1 family, resulting in
cleavage and secretion of the IL-1 family of cytokines (28, 85). In vivo studies revealed that
cholesterol crystals deposited in arteries act as an endogenous danger signal, activating the
NLRP3 inflammasome and worsening atherosclerosis (28). The mechanism by which
crystalized cholesterol activates the inflammasome still remains unclear. Danger signals
induced by phagolysosomal membrane disruption or the leakage of cathepsins into the
cytoplasm may be involved in inflammasome activation (28, 85). Moreover, a recent report
indicates that FC accumulation in macrophages without formation of crystals activates the
NLRP3 inflammasome, although the underlying mechanism is unknown (124). Taken
together, these data suggest that maintenance of intracellular sterol homeostasis is critical for
normal macrophage survival and function, with excess FC accumulation in different cellular
compartments activating multiple inflammatory signaling pathways and exaggerating
inflammatory responses.

HDL AND APOA-1 AS MODULATORS OF CELLULAR MEMBRANE
CHOLESTEROL, LIPID RAFTS, AND INFLAMMATION
HDL and Membrane Lipid Rafts

Lipid rafts consist of an ordered membrane microdomain, which is enriched in FC,
glycosphingolipid, and glycosylphosphatidylinositol-anchored proteins, and are platforms
for signal transduction (31, 81, 98). Mounting evidence suggests an association between the
presence of lipid rafts in the plasma membrane and the proinflammatory activation of
macrophages by TLR4 agonists, such as lipopolysaccharide (LPS) (45, 72, 106). Indeed,
HDL can directly interact with lipid rafts and efflux cholesterol from these microdomains
(57, 82). In contrast, lipid efflux to apoA-I does not occur in lipid rafts (57), suggesting that
apoA-I may remove cholesterol from other specialized domains of the plasma membrane.
Interestingly, the expression of ABCAL, which is likely enriched in nonraft domains (39,
57), results in a significant redistribution of FC and sphingomyelin from lipid rafts to
nonrafts through its ATPase-related functions, and apoA-I preferentially associates with
nonraft membranes in ABCA1-expressing cells (51). These results suggest that ABCA1
actively disrupts raft microdomains, shifting FC distribution from highly orderly lipid rafts
to disordered nonraft regions. FC in nonraft membrane compartments may be more readily
available to acceptors, thus facilitating cholesterol-apoA-1 interaction and lipid efflux.

HDL, Lipid Rafts, and Inflammation

Because lipid rafts play a critical role in TLR4 signal transduction in macrophages, could
HDL, apoA-1, and ABC transporters modulate macrophage inflammation via regulation of
lipid rafts in immune cells? Francone et al. (33) reported that LPS-induced septic shock was
exacerbated in Abcal~~/LdIr”- mice compared with Ldlr’'- mice, suggesting a potential
relationship between ABCA1 function and inflammation. However, macrophages from
Abcal~~/LdIr"- mice were enriched 80-fold in CE, and plasma HDL concentrations in
these mice were extremely low. Thus, it was not clear whether the exacerbated
proinflammatory response to LPS of macrophages from Abcal~-/LdIr”= mice was due to
the massive cellular CE accumulation and/or the absence of plasma HDL or to some other
alteration of macrophages. Using macrophage-specific ABCA1-knockout (Abcal-M/-M)
mice generated using a Cre-loxP strategy, we found that ABCAL-deficient versus wild-type
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macrophages had >95% less ABCAL protein, failed to efflux lipid to apolipoprotein A-1, and
had a significant increase in FC and membrane lipid rafts, without induction of endoplasmic
reticulum stress (131). Abcal-deficient macrophages exhibited enhanced expression of
proinflammatory cytokines in response to MyD88-dependent TLR (TLR2, TLR4, TLR?,
and TLR9) but not MyD88-independent TLR3 activation (131, 132). In vivo LPS injection
confirmed the proinflammatory response in Abcal-M/-M compared with wild-type mice
(131). Furthermore, acute cholesterol depletion of macrophages with methyl-p-cyclodextrin
normalized FC content between the two genotypes and their response to LPS; cholesterol
repletion of macrophages resulted in increased cellular FC accumulation and enhanced
cellular response to LPS, indicating that lipid rafts play a central role in this enhanced
proinflammation in ABCA1-deficient macrophages (131). Lipid rafts from ABCA1-
deficient macrophages contained significantly more FC than did wild-type macrophages,
resulting in significantly more TLR4, as well as more of the predominantly intracellular
TLR9, distributed in lipid rafts in response to specific agonists (132), which can partially
explain the enhanced inflammatory response of ABCA1-deficient macrophages to TLR
stimulation.

Collectively, these results suggest that the anti-inflammatory activity of ABCAL is
secondary to its ability to modulate the cholesterol content of membrane lipid rafts.
Macrophage ABCAL expression may protect against atherosclerosis by facilitating the net
removal of excess lipid from macrophages, reducing lipid rafts on the cell surface, and as a
consequence, dampening proinflammatory MyD88-dependent signaling pathways (Figure
3). These anti-inflammatory effects are not specific to ABCAL, as ABCG1, which promotes
cholesterol efflux to HDL, also dampens inflammatory responses in mice (Figure 3). When
both ABCAL and ABCG1 are deficient, the greatest proinflammatory response to TLR
stimulation is due to increased lipid raft content in macrophages (128). Thus, in normal
macrophages, cholesterol efflux to apoA-I via ABCA1 or to HDL via ABCGL1 efficiently
maintains cellular cholesterol homeostasis and “normal” content of plasma membrane lipid
rafts (Figur e 3). Failure to efflux cholesterol from the cells due to a defect in ABC
transporters disrupts cholesterol homeostasis and consequently leads to hyperinflammation
in macrophages.

In addition to murine macrophages, apoA-I and HDL down-regulate lipid raft content in
human monocytes and neutrophils and cause a dose-dependent reduction in the activation of
blood monocytes and neutrophils (62, 63). The anti-inflammatory effects of apoA-1 and
HDL are thought to be mediated by ABCA1 and SR-BI (62, 63), respectively, suggesting a
broader role for HDL in regulating lipid raft content and immune cell function.

Studies have also shown that apoA-I/ABCAL interaction activates the Janus kinase 2/signal
transducer and activator of transcription 3 ( JAK2/STAT3) pathway, which is anti-
inflammatory in macrophages (Figure 3) (102). The interaction of apoA-1 and its mimetic
peptides with ABCA1-expressing cells rapidly activates JAK2, and this enhances the direct
interaction of apoA-1 with ABCA1 required for lipid removal from the cells (103).
Interestingly, ABCAL contains two STAT3 docking sites. The apoA-I/ABCA1-mediated
activation of JAK2 then activates downstream STAT3, which is independent of the lipid
transport function of ABCAL. In another study, apoA-1-mediated activation of JAK2/
STAT3 resulted in increased transcription of tristetraprolin (TTP), a zinc finger protein that
binds to the adenylate-uridylate-rich elements in the 3’ untranslated region of mMRNA of
several proinflammatory cytokines, resulting in destabilization of their mMRNA and increased
turnover (123). As a result, the activation of STAT3 suppressed induction of inflammatory
cytokines by LPS. These findings highlight a pathway in which apoA-I interaction with
ABCAL activates an anti-inflammatory pathway that is independent of FC efflux and plasma
membrane lipid rafts.

Annu Rev Nutr. Author manuscript; available in PMC 2013 November 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhu and Parks

Page 7

By contrast, a novel pathway was recently described in which apoA-I acts through a
MyD88-dependent pathway to couple cholesterol trafficking to inflammation (99). Lipid-
free apoA-I, but not HDL, elicited a proinflammatory response (induction of cytokines) in
macrophages dependent on MyD88/TLR2/4 expression. Rigorous control experiments (i.e.,
polymyxin or protease treatment of apoA-1) were conducted to rule out possible LPS
contamination in the apoA-1. In vitro FC efflux from MyD88~~ macrophages to apoA-I was
defective compared with wild-type macrophages, and in vivo RCT from MyD88~~ versus
wild-type macrophages was significantly reduced. These findings identify apoA-I as an
endogenous stimulus of innate immunity that couples cholesterol trafficking to inflammation
through MyD88.

HDL also suppresses the type | interferon (IFN) response in macrophages challenged with
LPS (Figure 3) (101). LPS activation of TLR4 can act through the canonical MyD88
pathway to activate NF-kB and downstream type Il IFN response genes (i.e., TNF-a and
IL-1B), as discussed above. TLR4 activation can also signal through an alternative pathway
that involves the adapter proteins TRIF (Toll/interleukin-1 receptor domain-containing
adapter inducing IFN-B) and TRAM (TRIF-related adapter molecule) to activate IFN
regulatory factor (IRF3), which increases IFN- expression and its type | IFN-inducible
genes. This pathway appears independent of cellular cholesterol content and expression of
ABCAL and ABCGL1 or binding of LPS to HDL. Mechanistically, this pathway is poorly
understood but appears to involve the sequestration of the adapter TRAM in an endosomal
pool that it is unavailable for cell surface signals through TLRA4. In vivo evidence for this
pathway was obtained by injecting wild-type and apoA-1-/~ mice with gram-negative
bacteria and monitoring plasma cytokine response. Although 10-day mortality and plasma
levels of TNF-a were similar between the two genotypes, IFN-B concentrations were sixfold
higher in apoA-1="- mice, which had an 80% reduction in plasma HDL cholesterol. These
data suggest that HDL also dampens inflammation in a sterol-independent manner.

Of interest, whole-body ABCAZ1-deficient mice have a severe plasma HDL deficiency (<5%
normal) and an abnormal lung phenotype, with foamy macrophage formation (6). In
ABCG1-deficient mice, in which plasma HDL concentrations are normal, the abnormal lung
phenotype was more profound, with severe pulmonary lipidosis, massive deposition of
cholesterol in alveolar macrophages and type 2 cells, and progressive disease with chronic
inflammation (5, 46). These results suggest a unique role for ABCGL1 in sterol homeostasis
and regulation of pulmonary inflammatory response.

HDL PROTEIN/LIPID CARGO AND INFLAMMATION
HDL Proteome

The HDL proteome has been investigated by numerous laboratories over the past five years
(1,21, 38, 41, 53, 89, 109). These studies vary extensively in techniques of HDL isolation
and mass spectrometry. However, one common theme is the diversity of proteins associated
with HDL. To date, the largest and most comprehensive mass spectrometry—based study of
the HDL proteome was performed by Vaisar and colleagues (109). In this study, 48 proteins
were identified in the HDL3 proteome, 22 of which were linked to cholesterol and lipid
metabolism. Unexpectedly, 23 of the 48 proteins were acute-phase-response proteins; six
were regulators of complement activation, eight were protease inhibitors, and eight were
heparin-binding proteins.

Several studies have now provided convincing evidence that human HDL contains proteins
involved in the acute phase response, proteolysis, complement activation, and coagulation,
suggesting a key role for HDL cargo in inflammation (1, 89, 109). The HDL proteome is
different in patients with coronary artery disease and acute coronary syndrome compared
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with controls (1, 109) and among distinct HDL subfractions (21). Interestingly, HDL in
atherosclerotic plagues contains a subset of proteins found in plasma HDL of people with
coronary artery disease, suggesting that the HDL proteome could be a biomarker for risk of
coronary artery disease (109). However, HDL proteomic analysis is still in its infancy, and
general conclusions about the HDL proteome as a biomarker for disease are limited by the
relatively few published studies, the difference in isolation and quantification techniques,
and the variation in HDL cargo identified among studies to date. Due to the complex nature
of the HDL proteome, we limit our review in the next subsections to several examples of
individual proteins with documented roles in oxidation, inflammation, and innate immunity.

The Antioxidative Enzymes PON and PAF-AH

ApolL1

HDLs have antioxidant properties that protect against oxidative damage by reducing reactive
oxygen species. This beneficial effect has been attributed to HDL-associated antioxidative
enzymes, such as paraoxonase 1 (PON1) and platelet-activating factor acetylhydrolase
(PAF-AH). PONL1 is an HDL-associated calcium-dependent enzyme that catalyzes the
hydrolysis of lipid peroxides and prevents their accumulation in LDLs (67). PAF-AH is a
calcium-independent extracellular phospholipase A2 that protects against LDL oxidation by
hydrolyzing oxidized phospholipids and blocks inflammation induced by oxidized LDL
(105).

PON1-deficient mice had greater plasma accumulation of oxidized PL and LDL-
immunoglobulin complexes, HDLs that did not prevent LDL oxidation in vitro, and more
atherosclerosis when crossed into the apoE knockout background and fed an atherogenic
diet (92, 96, 97). The antiatherogenic properties of PON1 appear related to reduced
macrophage oxidative stress, decreased leukocyte adhesion to vascular endothelium (107),
and inhibited macrophage differentiation (90). PON1 can also enhance cholesterol efflux
from macrophages by forming lysoPC, which stimulates HDL binding (91). In a large,
prospective EPIC (European Prospective Investigation into Cancer and Nutrition)-Norfolk
study, PONL1 activity was inversely associated with risk of coronary artery disease risk but
not independent of HDL, raising doubts as to whether PON1 activity is independently
related to risk of coronary artery disease in humans (10).

The anti-inflammatory and antiatherosclerotic roles of PAF-AH are mainly documented in
animal studies. Inactivation of PAF by PAF-AH (&) reduces vascular leakage and
inflammation (105), (4) reduces macrophage homing and adhesion to the endothelium (104),
(¢) reduces lipoprotein oxidation and arterial macrophage and smooth muscle cell
accumulation (83), (¢) facilitates HDL-associated cholesterol efflux from macrophages
(70), and () promotes dendritic cell mobilization (2). Collectively, these studies suggest that
HDL-associated PAF-AH may reduce atherosclerosis primarily by reducing inflammation.

ApoL1 is an apolipoprotein found in the HDL proteome that is involved in innate immunity
against parasitic infection (27, 80, 112). Humans are normally resistant to infection by the
parasite Trypanosome brucei brucei (T. b. brucer), which causes African sleeping sickness.
Resistance is attributed to the ability of apoL1 to lyse trypanosomes. ApoL1 contains a
membrane pore—forming domain functionally similar to that of bacterial colicins, flanked by
a membrane-addressing domain (78). HDL particles containing apoL1 are taken up by
trypanosomes by a receptor that recognizes haptoglobin-related protein complexed to HDL.
Once internalized by the parasite, HDL particles traffic to the lysosome, where the acidic pH
results in a conformation change in the membrane-addressing domain of apoL1 that causes
its dissociation from HDL. ApoL1 then binds to the lysosomal membrane, forming pores
that allow continuous chloride influx, osmotic swelling of the lysosome, and eventual death
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of the parasite (80). Several trypanosome subspecies, 7. b. rhodesiense and T. b. gambiense,
have evolved to evade this mechanism of killing by apoL1 and thus can infect humans and
cause sleeping sickness in Africa. The infectivity of 7. 6. rhodesiense is due to serum
resistance—associated protein (SRA) that interacts with the C-terminal helix of apoL1 in
lysosomes, preventing apoL1 from forming pores and Killing trypanosomes (112). ApoL1
also Kills Leishmania metacyclic promastigotes (94), suggesting a general role for apoL1 in
killing intracellular parasites. Finally, apoL1 contains a Bcl-2 homology domain 3 and can
induce autophagic cell death when overexpressed (113), highlighting another potential
apoL1-dependent mechanism to eliminate parasitic-infected cells.

ApoL1 is an example of a protein that evolved as an important component of innate
immunity to protect ancestral Africans against sleeping sickness, but in modern Western
society it has become a potent mediator of chronic kidney disease in African Americans. A
recent seminal study showed that two apoL1 variants (G1 and G2) are associated with a 7-
to 10-fold increased relative risk for nondiabetic African Americans to develop focal
segmental glomerulosclerosis and hypertension-attributed end-stage kidney disease (34).
The G1 risk variant consists of two nonsynonymous coding variants (S342G and 1384M) in
the last exon of APOL 1 that are in perfect linkage disequilibrium, whereas the G2 risk
variant contains a six base pair deletion close to G1 that results in the deletion of N388 and
Y389. G1 and G2 risk variant haplotypes have been subjected to strong positive selection in
Africa but not in Europe or Asia (34). Plasma samples from individuals with wild-type
apoL1 can lyse 7. b. brucei, which do not express SRA, but not 7. b. rhodesiense, which do
express SRA. However, plasma from African Americans harboring apoL1 G1 and G2 apoL1
risk variants were able to lyse SRA-expressing 7. b. rhodesiense.

Interestingly, the G1 and G2 sequence variants are located in the SRA-binding domain of
apoL.1, suggesting that the risk variants may have lost their ability to bind SRA and thus
allowing these apoL.1 risk variants to lyse trypanosomes. However, although the G2 variant
lost its ability to bind to SRA, the G1 variant did not, suggesting a more complex
mechanistic explanation for the ability of G1 and G2 variants to kill SRA-expressing
trypanosomes. Although it is tempting to hypothesize that similar mechanisms of G1 and G2
risk variant cellular toxicity may damage kidney cells, resulting in end-stage renal disease,
this idea is likely too simplistic. Protection of apoL1 risk variants against 7. b. rhodesiense
is dominant, requiring only one risk allele, whereas susceptibility to end-stage renal disease
is recessive, requiring inheritance of two risk alleles (34).

ApoM and Sphingosine 1-Phosphate

ApoM is another recently discovered cargo protein of HDL that appears to play a novel role
in inflammation (120). ApoM is a member of the lipocalin gene family and lacks a signal
peptidase cleavage site, such that the mature protein retains its signal peptide. Other
apolipoproteins bind to HDL by association of their amphipathic alpha helixes with the PL
surface; however, only apoM binds to the HDL PL surface via its retained hydrophobic
signal peptide. ApoM is involved in the formation and size distribution of nascent HDL
particles (59, 119), but a recent paper reported that apoM is a specific transporter of plasma
sphingosine 1-phosphate (S1P) (18). The hydrophobic chain of S1P points toward the
interior binding calyx of apoM, and the phosphate group interacts with several arginine
residues, suggesting that binding of S1P to apoM is specific (18). ApoM-containing HDLs
bind S1P, whereas HDLs devoid of apoM contain no detectable S1P. Transgenic
overexpression of apoM increases plasma S1P, whereas targeted deletion of apoM reduces
plasma S1P (18). Human HDL containing apoM-S1P induces S1P1 receptor internalization,
downstream MAPK and Akt activation, endothelial cell migration, and formation of
endothelial adherent junctions, whereas apoM-negative HDL does not. Plasma S1P may
activate lumenal endothelial S1P1 receptors to maintain cell spreading and cell-cell
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junctions. Alternatively, differences in S1P1 signaling at the lumenal versus ablumenal
surface of endothelial cells may permit detection of S1P in plasma entering the
subendothelial space, resulting in dynamic signaling that senses and closes intercellular gaps
caused by leakage-inducing agents (15). Thus, apoM-containing HDL with its S1P lipid
mediator cargo provides a partial molecular explanation for some of the vascular-protective
roles of HDL.

OTHER ESTABLISHED ANTI-INFLAMMATORY ROLES OF HDL

There are other well-established anti-inflammatory roles of HDL that are not clearly linked
to a specific HDL protein, lipid cargo, or its capacity to efflux cellular cholesterol. Examples
include HDL's role in neutralizing bacterial endotoxin and maintaining endothelial cell
integrity.

HDL particles bind the majority of LPS in plasma, decreasing the availability of LPS to bind
to TLRs for initiation of inflamma-tory signaling (50). Infusion of rHDL dampens the
inflammatory reaction to injected LPS in human subjects and experimental animals (64, 76).
This protective effect of HDL likely occurs because of its ability to absorb LPS in its PL
surface, thus preventing LPS from engaging with TLRs. The preference of HDL to bind LPS
compared with other lipoproteins, such as VLDL and LDL, may be due to the ability of
HDL to remodel dynamically in plasma more than in apoB-containing lipoproteins.

HDLs also help maintain endothelial cell integrity through several distinct pathways. One
pathway involves S1P signaling and is relatively specific for HDL because apoM, the S1P
transporter, preferentially binds HDL (see above). HDL-associated S1P induces PI13K-Akt
activation and endothelial nitric oxide synthase (eNOS) stimulation, with subsequent
inhibition of NF-kB signaling and adhesion molecule expression (48, 49). HDLs also bind to
SR-BI on endothelial cells, resulting in stimulation (phosphorylation) of eNOS enzymatic
activity and nitric oxide production, which also attenuates NF-kB activation and decreases
adhesion molecule expression (58, 125). HDL binding to SR-BI may also preserve the
integrity of eNOS signaling in caveolae through the maintenance of caveolae FC by uptake
from HDL (108). Inhibitory actions of HDL on TNF-a-induced adhesion molecule
expression and NF-kB activation were partially suppressed by either SR-BI siRNA or S1P
receptor antisense oligonucleotides and were completely abolished by their combination
(48), suggesting that HDL inhibits expression of adhesion molecules through a mechanism
involving both SR-BI and S1P receptors.

Functionally, HDL inhibits expression of several key adhesion molecules on endothelial
cells activated in vitro by cytokines or acute-phase reactive proteins (13, 20, 77). In vivo
infusion of rHDL, apoA-I, and PL vesicles inhibited early pro-oxidant and proinflammatory
changes induced by a periarterial collar in normocholesterolemic rabbits (68). These studies
suggest that the beneficial effects of HDL on endothelial function are multifactorial,
involving S1P signaling, sterol trafficking through caveolae, and SR-BI-mediated signaling.

HDL, CELLULAR PROLIFERATION, AND HEMATOPOIESIS
LXRs in Lymphocyte Proliferation

In addition to their importance in innate immune cells, LXRs also inhibit lymphocyte
proliferation and play an important role in adaptive immune responses (8). An important
characteristic of adaptive immunity is the capacity of antigen-specific lymphocytes to
undergo rapid and extensive proliferation in response to antigenic challenge. Bensinger et al.
(8) found that intracellular availability of sterols is dynamically regulated during lymphocyte
cell activation, with induction of the SREBP pathway and down-regulation of LXR-
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responsive gene expression. Activation of LXRf by physiologic or pharmacologic ligands
diminishes the proliferative capacity of B and T cells. Conversely, genetic loss of LXRf
rescued cells from the inhibitory effect of an LXR agonist and potentiated mitogenand
antigen-driven lymphocyte expansion. The inhibitory effect of LXR is completely blocked if
lymphocytes receive an excess of mevalonate, the precursor for cholesterol and oxysterols.
Furthermore, the ability of LXRs to impact cell proliferation has a functional consequence
for lymphoid homeostasis and antigen-driven immune responses in vivo. Unexpectedly, the
effects of LXRs on cell proliferation were not due to transrepression of inflammatory
signaling pathways or induction of apoptosis, but rather to regulation of G1 to S phase
transition. In addition, the sterol transporters ABCA1 and ABCG1, both LXR targets, are
rapidly down-regulated upon T cell receptor crosslinking. The ability of LXR to inhibit
proliferation is markedly reduced in lymphocytes from AbcgZ-null mice, but not from
Abcal-null mice, suggesting that ABCG1 plays a critical role in LXR-regulated lymphocyte
proliferation.

The mechanism by which LXR activity is regulated during T cell activation does not involve
alteration in ligand production but instead is due to induction of the enzyme SULT2B1
(sulfotransferase family, cytosolic, 2B, member 1), which transfers sulfate groups to
oxysterols, inactivating them as LXR ligands and facilitating their export out of the cell.
This leads to cellular depletion of LXR ligands and suppresses LXR-responsive gene
expression. Thus, up-regulation of SULT2B1 during cell proliferation beneficially alters
cellular cholesterol metabolism to support new membrane synthesis and cell division. In
summary, this work outlines a previously unrecognized role for LXR[ and sterol signaling
in the regulation of lymphocyte proliferation.

ABCG1 and CD4 T Lymphocyte Proliferation

Although ABCGL plays an important role in LXR-regulated lymphocyte proliferation, the
underlying mechanism was unclear until recently. Cholesterol is a key structural component
of the cell membrane and is essential for cell growth and proliferation. Using AbcgI-
deficient mice, Armstrong et al. (3) discovered that ABCG1 negatively regulates thymocyte
and peripheral CD4 T cell signaling and proliferation by regulating cholesterol homeostasis
and membrane lipid raft formation. ABCG1 deficiency in T cells does not affect IL-2
production and signaling, apoptosis, or cell survival. Compared to wild-type T cells,
ABCG1-deficient thymocytes and CD4 T cells have significantly increased cholesterol ester
accumulation and enhanced membrane lipid raft formation, presumably due to defective
cholesterol efflux. Interestingly, increased plasma membrane lipid raft content in ABCG1-
deficient T cells resulted in greater phosphorylation of zeta-chain-associated protein kinase
(ZAP)70 and extracellular signal-related kinase (Erk)1/2 in the basal, resting condition.
ZAP70 phosphorylation is a very early signaling event after T cell receptor (TCR)
stimulation, which branches into many signaling pathways, with the MAPK pathway being
the major signal pathway for cellular proliferation. TCR stimulation of T cells lacking
ABCGL1 expression promotes sustained ERK1/2 phosphorylation, resulting in
hyperproliferation. The hyperproliferative phenotype of T cells can also be produced by
acute cholesterol overloading. Collectively, this work suggests that ABCG1 acts as an
important negative regulator of lymphocyte proliferation through the maintenance of cellular
cholesterol homeostasis and that excess cholesterol accumulation in T lymphocytes alters
their surface TCR signaling, resulting in hyperproliferation in developing and peripheral T
cells. Thus, disruption of cellular cholesterol homeostasis in leukocytes affects not only
innate immunity but also adaptive immunity.
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HDL AND HEMATOPOIETIC STEM CELL PROLIFERATION

ABCA1, ABCG1, and Hematopoiesis

Studies in Abcal~~Abcgl~~ mice suggest that deletion of cholesterol efflux transporters
results in leukocytosis, which is associated with exaggerated atherogenesis (75, 127). Yvan-
Charvet et al. (126) found that chow-fed Abcal~~Abcgl~~ mice developed increased
myeloid cells (Gr-1Mgh CD11b"9M) monocytosis, neutrophilia, and eosinophilia with
normal numbers of blood and bone marrow T and B lymphocytes. When these mice were
fed a high-fat diet, peripheral leukocytes and monocytes increased further, with equivalent
increases in inflammatory Ly6Chi9" and patrolling ly6C!®" monocyte subsets, suggesting an
important role of ABCAL and ABCG1 in maintenance of myeloid cell homeostasis.

Interestingly, leukocytosis in Abcal™~Abcgl~~ mice was not mediated by TLR/MyD88-
dependent inflammatory response but rather by increased proliferation of hematopoietic
stem cells (126). ABCAL and ABCG1 are both highly expressed in hematopoietic stem and
multipotential progenitor cells (HSPCs). ABCAL and ABCG1 deletion significantly
increased the number of HSPCs [Lin-Sca+cKit+(LSK) population], granulocyte-monocyte
progenitor cells, and common myeloid progenitor cells, reflecting a greater cell cycling in
the progenitor cells. Furthermore, the increased proliferation of Abcal”-Abcgl~~ LSK cells
was associated with increased cholesterol-rich lipid rafts, activation of phosphor-Erk, Ras
protein, and IL-3 receptor [ subunit in the plasma membrane. Treatment of
Abcal~Abcgl~~ LSK cells with cyclodextrin to disrupt lipid rafts or with a farnesyl
transferase inhibitor to prevent the anchorage of Ras in the plasma membrane markedly
reduced proliferation. Taken together, these data suggest that increased membrane
cholesterol content secondary to ABC transporter deficiency increases lipid rafts in stem cell
membranes, resulting in increased surface localization of IL-3/granulocyte macrophage
colony-stimulating factor (GM-CSF) receptors, which in turn, leads to increased
downstream Ras/Erk signaling and cell proliferation in response to IL-3 and GM-CSF
(Figure 3).

HDL can reverse the hyperproliferation of HSPCs in vitro and in vivo. HDL, but not lipid-
poor apoA-1, markedly suppresses proliferation of IL-3 and GM-CSF-induced
hyperproliferation of Abcal~~Abcgl~- bone marrow cells in a dose-dependent manner,
suggesting that HDL can suppress HSPC proliferation by promoting cholesterol efflux even
in the absence of ABC transporters, perhaps via passive aqueous cholesterol diffusion or
other unknown mechanisms. Transplantation of bone marrow from wild-type or
Abcal~~Abcgl~~ mice into wild-type or apoA-I transgenic recipients further confirmed the
suppressive role of HDL on myeloid progenitor proliferation; there was a stark decrease in
the frequency, number, and cycling activity of the LSK population in apoA-I transgenic
recipients of Abcal~~Abcgl~- BM, but not in wild-type, recipients. Expression of the
apoA-I transgene in recipient mice was associated with significantly decreased cell surface
expression of the IL-3 receptor B subunit on Abcal~~Abcgl~~ bone marrow or LSK cells
and complete suppression of myeloid cell infiltration in different organs. In addition, diet-
induced atherosclerosis in apoA-I transgenic/Ldlr*/~ recipient mice receiving
Abcal~~Abcgl~~ bone marrow was significantly lower compared to Ldlr*/~ recipient mice
not expressing the apoA-I transgene. Overall, this study highlights a novel role for HDL in
the regulation of hematopoietic stem cell homeostasis and provides evidence of a hitherto
unappreciated mechanism by which it confers cardiovascular protection.

ApoE and Hematopoiesis

The atheroprotective role of apoE is well accepted and has been attributed to its function in
the clearance of atherogenic apoB lipoproteins as well as local effects at the artery wall (7,
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55). Recently, apoE was reported also to regulate hematopoietic stem cell proliferation,
providing a new role for its atheroprotection (61). ApoE~~ mice fed a chow or Western-type
diet developed monocytosis and neutrophilia associated with proliferation and expansion of
bone marrow HSPCs. In contrast, apoA-1="~ mice and subjects with low plasma HDL due to
genetic mutations did not display monocytosis or expansion of HSPCs, suggesting that apoE
played a specific role in suppressing stem cell proliferation independent of reductions in
plasma HDL. Relative to lineage-committed progenitor populations, HSPCs had the highest
expression of apoE but no detectable expression of apoA-I.

A subset of total cellular apoE bound to cell surface proteoglycans is responsible for
controlling HSPC proliferation. The cell surface proteoglycan-bound apoE requires ABCA1
and ABCG1 expression to exert an antiproliferative effect, most likely by stimulating FC
and/or PL efflux via the transporters (Figure 3). Furthermore, apoE~~ HSPCs had increased
membrane lipid rafts and increased ERK1/2 and STAT5 activation, which are classical cell
survival and proliferation pathways. Removal of cellular cholesterol by cyclodextrin or
recombinant HDL (rHDL) decreased proliferation of apoE~~ progenitors in response to
IL-3/GM-CSF. Moreover, rHDL (80 mg/kg) infusion into apoE~~ mice fed a Western diet
completely reversed expansion of HSPC and myeloid progenitors, with concomitant
reduction in membrane lipid raft content and dampening of p-ERK1/2 and p-STAT5
signaling. When Western diet—fed apoE~~ mice received both low-dose rHDL (40 mg/kg)
and an LXR agonist to activate ABCA1 and ABCG1, myeloid proliferation was reduced far
more effectively than with either treatment alone. Taken together, these findings suggest a
key role for cell surface proteoglycan-bound apoE in controlling HSPC proliferation,
myeloid cell expansion, monocytosis, and accumulation of monocytes/macrophages in
atherosclerotic lesions.

Thus, bone marrow hematopoietic stem cells possess a cell-autonomous cholesterol efflux
mechanism consisting of the cholesterol transporters ABCA1 and ABCG1 and acceptor
protein apoE. The close proximity of cell surface apoE to ABC transporters can modulate
plasma membrane FC and lipid raft content to fine-tune cellular responses to proliferation
signals (i.e., IL-3 and GM-CSF) (Figure 3). This process can function in the absence of
exogenous HDL or apoA-I due to the critical role of cell surface—localized apoE or can be
facilitated by an increase in FC acceptors (i.e., HDL and apoA-I) or up-regulation of
ABCAL and ABCGL1 (i.e., LXR activation).

ApoA-I Affects T Lymphocyte Balance

Although apoA-I is not expressed in hematopoietic stem cells and apoA-I deficient mice do
not have monocytosis or expansion of HSPCs (126), apoA-17~LDLr~~ mice consuming an
atherogenic diet had enlarged peripheral lymph nodes (LNs) and spleens compared with
their LDLr~ mouse counterparts (117), suggesting that apoA-1 plays a role in regulating
peripheral lymphocyte proliferation during hypercholesterolemia. ApoA-I deficiency
increased cholesterol enrichment in LNs and led to expansion of all classes of LN cells, with
a significant increase in T cell proliferation and activation. In addition, apoA-17-LDLr"~
mice displayed an autoimmune-like pheno-type, including increased plasma antibodies to
double-stranded DNA, 2-glycoprotein I, and oxidized LDL. Treatment of mice with lipid-
free apoA-I reversed the autoimmune phenotype and lowered the number of LN immune
cells. Interestingly, apoA-1 treatment proportionally increased T regulatory cells (Treg) and
decreased the percentage of effector/effector memory T cells (Teff), suggesting that apoA-I
may control T cell homeostasis in peripheral lymphoid tissues by regulating the Treg/Teff
balance (118). How apoA-1 modulates Treg/Teff balance remains unknown but likely
involves cellular FC and lipid raft homeostasis and downstream signaling events.
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Inflammasome Activation and Thymopoiesis

The collapse of thymic microenvironment with advancing age and resultant inability of the
thymus to produce naive T cells contributes to lower immune surveillance in the elderly.
Thus, delaying thymic aging is thought to promote lifespan (25). The early collapse of the
thymic microenvironment is characterized by loss of thymic lymphopoiesis-supporting
thymic epithelial cells, an increase in fibroblasts, and the emergence of lipid-laden cells
(25).

Little was known about the mechanisms underlying age-related thymic involution and
diminished ability of the thymus to produce naive T cells with progressive aging. Recently,
Youm et al. (124) reported that age-related increases in FC and ceramide act as danger
signals, inducing NLRP3 inflammasome and downstream caspase-1 activation, which
promotes age-related thymic involution. They showed that age-related inflammasome
activation reduced thymic epithelial cells and T cell progenitors in thymus and bone
marrow. These changes may adversely impact thymic function, since age-related reduction
of these cells is the major mechanism that compromised naive T cell export from thymus
(26, 40). Furthermore, genetic elimination of Nlrp3 and Asc, a critical adapter required for
the inflamma-some assembly, provides substantial protection from age-related thymic
involution together with an increase in thymic epithelial cells, T cell progenitors, and
maintenance of T cell receptor diversity, enhancing thymic lymphopoiesis. This study
suggests that pharmacological Nlrp3 inflammasome blockers that specifically target the
thymus may delay immunosenescence, maintain a diverse T cell repertoire, and enhance
immune reconstitution in the elderly. In addition, since FC and ceramide accumulation
activate the NIrp3 inflammasome, an alternative treatment with HDL and/or LXR agonists,
similar to that described to decrease hematopoietic stem cell proliferation, may also be an
attractive therapy to delay thymic aging.

HDL AND APOLIPOPROTEIN THERAPY

With growing evidence that HDL is atheroprotective and anti-inflammatory, there is intense
interest in developing treatments to elevate HDL and reduce disease risk. The simple notion
that elevating HDL levels is sufficient to reduce risk of coronary heart disease (CHD) has
been challenged by recent data that indicate HDL quality is more important than quantity.
Khera et al. (47) found that serum efflux capacity was significantly associated with
decreased risk of CHD. Another study found that serum pre-f1 HDL concentration in a
population of individuals with HDL cholesterol concentrations at the 25th and 75th
percentile was positively associated with ABCA1-mediated FC efflux, suggesting that pre-
1 concentration was a better determinant of cholesterol efflux potential than HDL
cholesterol (22). In support of this concept, infusion of apoA-Ipsilano containing rHDL led to
significant regression of coronary atherosclerosis in human patients (69), and infusion of
rHDL recently was shown to reduce lipid and inflammation in human atherosclerotic plaque
(95). The apoA-1 mimetic peptides exhibited anti-inflammatory properties similar to those of
rHDL in rabbits (24) and protected mice from diet-induced atherosclerosis (66, 74). Results
from recent studies described herein provide a mechanistic underpinning for treatments
involving infusion of HDL, apolipoproteins, and/or amphipathic peptides to reduce CHD
and inflammation. In addition, specific LXR agonists that stimulate RCT without the
untoward side effect of increasing hepatic lipogenesis (84) may also prove beneficial in the
treatment of CHD and inflammation.

CONCLUSIONS

The ability of HDL and apolipoproteins (i.e., apoA-1 and apoE) to promote cholesterol
efflux results in regulation of cholesterol homeostasis and lipid raft content in immune cells
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and hematopoietic stem cells, modulating signaling pathways that control inflammation and
cellular proliferation. There is now mounting evidence that HDL and apoA-I can also blunt
inflammatory signaling pathways independent of changes in cellular cholesterol and lipid
raft content. In addition, the HDL lipid and protein cargo provides multifaceted protection
against oxidation, parasitic infection, endotoxemia, and endothelial damage, apparently
independent of HDL's ability to efflux cholesterol. Many of HDL's beneficial and novel
functions in curbing inflammation and proliferation have been elucidated using animal
models, so their relevance to human physiology remains to be proven. However, increasing
evidence that rHDL reduces inflammation and hematopoietic cell proliferation suggests that
rHDL (or a combination of rHDL and LXR treatment) specifically targeting immune cells
and their progenitors may be a promising therapeutic strategy for cardiovascular disease and
other inflammation-related diseases.
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Figure 1.

Reverse cholesterol transport (RCT). Excess cellular free cholesterol (FC) can be esterified
by acyl CoA:cholesterol acyltransferase (ACAT), forming a cholesteryl ester (CE) cytosolic
lipid droplet. CE can be mobilized into FC by cholesterol ester hydrolase (CEH) for
transport to the plasma membrane. Excess FC in peripheral tissues, including arterial
macrophages, is transported out of cells to high-density lipoproteins (nascent HDL and
plasma HDL) via passive diffusion or by a transporter-mediated active lipid efflux involving
ABCAL, ABCG1, and/or SR-BI. LCAT converts FC to CE in HDL particles. HDL FC and
CE are taken up in the liver by the hepatic scavenger receptor (SR-BI) or transferred to
apoB-containing lipoproteins by cholesterol ester transfer protein (CETP) with subsequent
uptake by hepatic low-density lipoprotein (LDL) receptors (LDLr). Hepatic FC can be
directly secreted into the bile via ABCG5/G8 or converted to bile acids (BA) before
secretion into bile. Cholesterol in secreted bile mixes with dietary cholesterol and is
available for absorption into intestinal enterocytes by Niemann-Pick C1-like 1 (NPC1L1)
protein. Absorbed cholesterol can be transported back into the intestinal lumen by ABCG5/
G8. A poorly defined trans-intestinal transport and excretion (TICE) pathway bypasses the
liver and delivers excess plasma cholesterol by an unknown lipoprotein into the intestinal
lumen. The final step in RCT is the ultimate excretion of cholesterol in the feces. The net
result of these RCT pathways is decreased accumulation of excess cellular cholesterol.
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Figure2.

Regulation of intracellular cholesterol homeostasis. Cellular cholesterol content is normally
tightly regulated by balancing uptake and endogenous synthesis with efflux and storage.
Cholesterol in lipoproteins is internalized via scavenger receptors (CD36, SR-A) or low-
density lipoprotein receptors (LDLr) and delivered to endosomes where cholesteryl ester
(CE) is hydrolyzed to free cholesterol (FC). Niemann-Pick C1 (NPC1) together with NPC2
regulates FC movement out of the endosomes for delivery to the endoplasmic reticulum
(ER) or the plasma membrane. Excess FC in the ER can be esterified to CE by acyl
CoA:cholesterol acyltransferase (ACAT), forming a cytosolic lipid droplet. CE can be
mobilized from the lipid droplet by cholesterol ester hydrolase (CEH) for transport to the
plasma membrane. When cellular cholesterol level is low, sterol regulatory element-binding
protein 2 (SREBP?2) is escorted by SREBP cleavage-activating protein (SCAP) from the ER
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to the Golgi, where it undergoes cleavage by site 1 and site 2 proteases (S1P and S2P). The
proteolytic processing of SREBP2 releases the N-terminus, which is a basic helix-loop-helix
leucine zipper transcription factor that travels to the nucleus to activate transcription of
genes involved in cholesterol biosynthesis and cholesterol uptake (i.e., LDLr). A minor
amount of FC can be oxidized into oxysterol, an activating ligand for liver X receptors
(LXRs), resulting in increased transcription of cholesterol efflux genes (i.e., ABCAL,
ABCG1, and apoE) and Idol (inducible degrader of LDLr), which mediates degradation of
the LDLr. FC transported to the plasma membrane can be effluxed to lipid-free
apolipoproteins (i.e., apoA-1 and apoE) by ABCAL1 or to high-density lipoprotein (HDL)
particles by passive diffusion or transporters (ABCG1 or SR-BI). Modified from (31).
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Figure 3.

Summary of roles of high-density lipoprotein (HDL), apolipoproteins, and ABC transporters
in regulating inflammatory response and hematopoietic stem cell proliferation. Lipid-poor
apoA-1 or cell surface proteoglycan-bound apolipoprotein (apo)E stimulates free cholesterol
(FC) and phospholipid (PL) efflux from macrophages or hematopoietic stem cells via ATP-
binding cassette transporter (ABC) Al to form nascent HDL (nHDL) particles. nHDL or
plasma HDL can efflux additional FC and PL from the cells via ABCG1, forming FC-
enriched nHDL and plasma HDL, thereby reducing cellular cholesterol levels. The reduction
in membrane FC content mediated by ABCA1 and ABCG1 efflux results in reduced
membrane lipid raft content. This, in turn, reduces inflammatory and proliferative pathways
by reducing Toll-like receptor (TLR) 4 receptor and the common beta subunit of the
interleukin (IL)-3/granulocyte macrophage colony-stimulating factor (GM-CSF) receptor
(IL-3Rp) in lipid rafts on the macrophage and hematopoietic stem cell surface, respectively.
HDL also inhibits lipopolysaccharide (LPS)-stimulated type | interferon response in
macrophages by inducing sequestration of TLR4 adapter TRIF-related adapter molecule
(TRAM) in an intracellular compartment in a sterol-independent manner. Interaction of
apoA-1 with ABCAL activates Janus kinase 2/signal transducer and activator of transcription
3 (JAK2/STATS3) and increases transcription of tristetraprolin (TTP), resulting in
destabilization of microRNAs of proinflammatory genes. Modified from (61, 64).
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