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Abstract

Plasma levels of high-density lipoprotein (HDL) inversely correlate with the incidence of
cardiovascular diseases (CVD). The causal relationship between plasma HDL-cholesterol levels
and CVD has been called into question by Mendelian randomization studies and the majority

of clinical trials not showing any benefit of plasma HDL-cholesterol raising drugs on CVD.
Nonetheless, recent Mendelian randomization studies including an increased number of CVD
cases compared to earlier studies have confirmed that HDL-cholesterol levels and CVD are
causally linked. Moreover, several studies in large population cohorts have shown that the
cholesterol efflux capacity of HDL inversely correlates with CVD. Cholesterol efflux pathways
exert anti-inflammatory and antiatherogenic effects by suppressing proliferation of hematopoietic
stem and progenitor cells, and inflammation and inflammasome activation in macrophages.
Cholesterol efflux pathways also suppress the accumulation of cholesteryl esters in macrophages,
/.e. macrophage foam cell formation. Recent single-cell RNASeq studies on atherosclerotic
plaques have suggested that macrophage foam cells have lower expression of inflammatory genes
than non-foam cells, probably reflecting liver X receptor activation, upregulation of ATP Binding
Cassette Al and G1 cholesterol transporters and suppression of inflammation. However, when
these pathways are defective lesional foam cells may become pro-inflammatory.
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Introduction

Plasma levels of high-density lipoprotein (HDL) inversely correlate with the incidence

of cardiovascular diseases (CVD) (Castelli et al. 1977; Gordon et al. 1977; Prospective
Studies et al. 2007). The causal relationship between plasma HDL-cholesterol levels and
CVD has been called into question by Mendelian randomization (MR) studies and the
majority of clinical trials not showing any benefit of plasma HDL-cholesterol raising drugs
on CVD (Voight et al. 2012; Tall and Rader, 2018). Nonetheless, a recent MR study
including an increased number of CVD cases compared to earlier studies and adjustment
for metabolic syndrome-related pleiotropic traits has confirmed that HDL-cholesterol levels
and CVD are causally linked (Thomas et al. 2021). However, MR at loci linked to direct
effects on HDL-cholesterol suggests locus- and mechanism-specific causal effects of these
factors on coronary artery disease (CAD) (Thomas et al. 2021), possibly related to impact
on cholesterol efflux capacity (CEC) of HDL. In addition, the randomized evaluation of
anacetrapib through lipid-modification (REVEAL) trial showed that the cholesteryl ester
transfer protein (CETP) inhibitor anacetrapib reduced CVD events. Although this was
attributed to a decrease of plasma low-density-lipoprotein (LDL) cholesterol by ~17%,
HDL-cholesterol showed a major increase (~104%) (Group et al. 2017), which most likely
also contributed to this positive outcome. Effects of HDL raising drugs on CVD have
recently been reviewed (Tall and Rader 2018), as has HDL function in the context of
several diseases (Rohatgi et al. 2021). Currently, the ApoA-1 Event reducing in Ischemic
Syndromes Il (AEGIS-I1I) trial evaluating the effect of reconstituted HDL (rHDL; CSL-112)
infusions, discoidal particles consisting of phospholipids and apolipoprotein A-1 (apoA-

1) following an Acute Coronary Syndrome (ACS) event is ongoing (ClinicalTrials.gov
Identifier: NCT03473223).

The ability of HDL to act as an acceptor for cholesterol efflux from macrophage foam
cells, i.e. macrophages that have accumulated cholesteryl esters, is likely central to its
putative beneficial effects in ACS (Didichenko et al. 2016). In addition, several large
clinical population studies have shown a strong inverse relationship between HDL CEC
and CVD, after correction for plasma HDL-cholesterol levels (Khera et al. 2011; Rohatgi
et al. 2014; Saleheen et al. 2015; Shea et al. 2019), suggesting HDL CEC may be superior
to plasma HDL-cholesterol as a biomarker of CVD. HDL CEC quantifies cholesterol efflux
by apoB depleted serum, which contains HDL. Cholesterol efflux is the first step in reverse
cholesterol transport (RCT), the removal of cholesterol from macrophage foam cells in the
arterial wall by HDL, transport in plasma, uptake by the liver and ultimate secretion into
the bile (Glomset 1968). The scavenger receptor Bl (SR-BI) mediates HDL uptake by the
liver. While SR-BI accounts for the majority of hepatic cholesterol uptake in RCT, recently,
a role for the hepatic LDL receptor in RCT has also been identified (Cedo et al. 2020).
Direct uptake of cholesterol by the intestine independent of the liver contributes to RCT

as well (van der Velde et al. 2007; Gillard et al. 2018). Interestingly, a rare variant in the
SCARBLI gene (encoding SR-BI) exhibiting a loss-of-function and causing increased HDL
was associated with increased CAD (Zanoni et al. 2016), lending support for an inverse
association between RCT and CAD in humans (Trigatti and Hegele 2016). However, in
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another study, three rare Icelandic variants in SCARBI that were associated with elevated
HDL-cholesterol did not confer an increased risk of CAD (Helgadottir et al. 2018).

The cholesterol transporter ATP Binding Cassette (ABC) Al mediates cholesterol efflux to
apoA-1 and small HDL particles, while ABCG1 mediates cholesterol efflux to mature HDL
(Wang et al. 2000, 2004; Kennedy et al. 2005). Studies in macrophages with deficiency

of both transporters have shown that these pathways together account for ~60-70% of
cholesterol efflux to HDL (Yvan-Charvet et al. 2007; Out et al. 2008; Westerterp et al.
2013). /n vivo studies have shown that deficiency of Abcal and Abcgl (Abcal/gl) in
hematopoietic stem and progenitor cells (HSPCs) accelerates atherogenesis in mice by
promoting leukocytosis (Yvan-Charvet, Pagler, Gautier, et al. 2010), and deficiency of
Abcal/glin myeloid cells (monocytes, macrophages and neutrophils) promotes macrophage
foam cell formation, activation of the NLRP3 inflammasome, and atherogenesis (Westerterp
etal. 2013, 2018).

The latter result seems to contrast with recent single-cell RNASeq studies that have revealed
that macrophage foam cell formation in atherosclerotic plaques, a process that is enhanced
by Abcal/gl deficiency (Westerterp et al. 2013), is accompanied by a decrease in pro-
inflammatory gene expression compared to non-foam cells (Kim et al. 2018; Cochain,
Vafadarnejad, Arampatzi et al. 2018). However, Abcal/g1 deficient macrophages also show
increased free cholesterol accumulation, which enhances inflammation (Yvan-Charvet et al.
2008; Westerterp et al. 2013, 2018).

This review will focus on the role of HDL and cholesterol efflux pathways in CVD in

large population cohorts, hematopoietic stem and progenitor cells (HSPCs) in the context
of inflammation, and on inflammatory pathways in macrophages of atherosclerotic plaques
with a focus on the recent single-cell RNASeq studies.

Cholesterol efflux capacity of HDL and incidence of CVD

The Rader and Rothblat laboratories introduced the concept that HDL CEC might be a better
biomarker of CVD than HDL cholesterol levels (Khera et al. 2011). Using a cholesterol
efflux assay in J774 murine macrophages incubated with cyclic AMP that upregulates
Abcal expression, they found an inverse relationship between HDL CEC and carotid
intima-media thickness (cIMT) in healthy volunteers, and between HDL CEC and CAD,

as assessed by coronary angiography, in a US/European cohort (Khera et al. 2011). In

both cohorts, this inverse correlation remained significant after multivariate adjustment for
plasma HDL-cholesterol levels, suggesting that HDL CEC is a stronger inverse predictor

of CVD than plasma HDL-cholesterol (Khera et al. 2011). Subsequently, the relationship
between HDL CEC and CVD has been studied more extensively, as summarized in Table

1. The large majority of these studies have confirmed the inverse relationship with CAD
originally reported by the Rader/Rothblat laboratories (Table 1). However, some studies
while confirming the CAD relationship have found no relationship of CEC to carotid plaque
progression, non-hemorrhagic stroke or peripheral artery disease (Shea et al. 2019; Garg et
al. 2020).
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A prospective study with a follow-up period of 9.4 years reported a negative correlation
between CEC and incident cardiovascular events in a multiethnic population from the Dallas
Heart Study (Rohatgi et al. 2014). This population was free from clinical atherosclerotic
CVD (ASCVD) at baseline, supporting the use of HDL CEC as an inverse predictor for
ASCVD; however, the number of CVD events in the Dallas Heart Study was relatively low
(Rohatgi et al. 2014). For cholesterol efflux assays, J774 macrophages were labeled with
BODIPY-fluorescent cholesterol instead of radioactive cholesterol (Rohatgi et al. 2014).
BODIPY-cholesterol is a suitable reagent to examine cholesterol efflux (Martel et al. 2013)
and may be preferred for high throughput studies. A nested case-control study from the
prospective EPIC-Norfolk Study also showed an inverse relationship between CEC and
incident coronary heart disease (CHD) (Saleheen et al. 2015), further supporting previous
observations (Khera et al. 2011; Rohatgi et al. 2014). However, while an inverse correlation
between CEC and prevalent CAD was reported in a convenience sample (outpatient clinic
cohort and in patients enrolled in the GeneBank Study) (Li et al. 2013), in the same study, a
positive correlation between CEC and a combined endpoint of nonfatal Ml, stroke, or death
(MACE) was found. Although RAW264.7 macrophages were used in this study, rigorous
validation studies have revealed that CEC correlated highly with J774 macrophages in these
cells (Li et al. 2013). Hence the positive correlation between HDL CEC and MACE has
been attributed to the relatively few MACE events (/7= 113) and other potentially high-risk
factors in this specific sample (Khera and Rader 2013). Of note, populations from the Dallas
Heart Study and EPIC Norfolk study were at low risk of CVD events (Rohatgi et al. 2014;
Saleheen et al. 2015), and as such few risk factors in addition to decreased CEC may have
contributed to CVD in these populations.

In another study in a selection of participants from the Cohort on Diabetes and
Atherosclerosis Maastricht (CODAM) Study that consists of subjects with increased risk
of CVD and (pre)diabetes, no association between CEC and markers for (sub)clinical
atherosclerosis (cIMT, endothelial dysfunction, prevalent CVD, and history of CV events)
was found (Josefs et al. 2020). This may have been the consequence of these subjects
carrying several CVD risk factors, especially since ~25% were type Il diabetics with
increased C-reactive protein (CRP) levels, reflecting increased inflammation, and another
~25% had pre-diabetes (Annema et al. 2016; Josefs et al. 2020). Notably, unlike in other
studies (Khera et al. 2011; Rohatgi et al. 2014; Saleheen et al. 2015), no ligand was used
to upregulate the expression of ABC transporters in the cholesterol efflux assay. Therefore,
the level of cholesterol efflux may have been relatively low, which may compromise the
interpretation of these studies.

Further, an inverse correlation between CEC and incident CVD in individuals on statin
therapy, but not at baseline was found in a population from the JUPITER (Justification for
the Use of statin in Prevention: an intervention trial evaluating Rosuvastatin) trial (Khera et
al. 2017). The JUPITER trial included subjects at risk of CVD because of increased plasma
C-reactive protein (CRP) levels, reflecting increased inflammation (Ridker et al. 2008).
Statin use decreased CRP levels (Ridker et al. 2008), suggesting that CEC may be predictive
of CVD in the absence of other risk factors, perhaps similar to findings from the CODAM
and a subset of the GeneBank cohort studies (Li et al. 2013; Josefs et al. 2020).
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The exchange of cholesterol between HDL and cells is bidirectional. Enhanced free
cholesterol bioavailability on HDL, as in the setting of SR-BI deficiency in mice, may
contribute to cholesterol influx into cells (Rosales et al. 2019). The use of cholesterol mass
efflux assays is the only method that allows for the direct assessment of net cholesterol
efflux from cells to HDL. This method was used to study the relation between HDL CEC
and CVD in the multi-ethnic study of atherosclerosis (MESA). Similar to the CODAM
study (Josefs et al. 2020), for these studies, THP-1 macrophages were used. The expression
of ABCA1and ABCGI was induced by the Liver X Receptor (LXR) agonist T0901317.
HDL cholesterol mass efflux capacity (CMEC) adjusted for other risk factors showed

a strong, independent inverse relationship with incident coronary heart disease (CHD)
(Shea et al. 2019). This 10-year prospective study involving 465 cases and 465 controls
provides powerful support for the protective role of HDL-mediated cholesterol efflux in
CVD. Interestingly, there was no correlation of CMEC with carotid plaque progression or
incident non-hemorrhagic stroke events in a separate subgroup of the MESA cohort, while
the inverse correlation between CEC and CHD was confirmed in this second group (Shea et
al. 2019). The differential association of HDL CEC with stroke and CHD was attributed to
the differences in the athero-biology of the carotid and coronary arteries, which may rather
contribute to stroke and CHD, respectively (Rohatgi 2019).

HDL particle number and CVD

The analysis of the JUPITER trial also revealed an inverse correlation between HDL
particle (HDL-P) concentration as estimated by NMR and CVD, which was stronger

than for HDL CEC and CVD (Khera et al. 2017). This inverse correlation remained
significant after correction for HDL cholesterol. Together, these data suggest that HDL-P
concentration may be a stronger inverse predictor for CVD than HDL CEC. The latter is
supported by recent studies showing an inverse correlation between HDL-P concentration
(as estimated by NMR) and a composite outcome of myocardial infarction (MI) and
ischemic stroke in a pooled cohort of 4 large population studies including the Dallas Heart
Study, the ARIC (Atherosclerosis Risk in Communities) study, the MESA study, and the
PREVEND (Prevention of Renal and Vascular Endstage Disease) study, after correction for
HDL-cholesterol (Singh et al. 2020). Surprisingly, HDL-P concentration was not inversely
associated with M1 among black participants, while the inverse association was strong
among white participants irrespective of gender in all studies (Singh et al. 2020). The reason
for the differential inverse association of HDL-P for MI by black ethnicity is unclear and
would warrant further investigation in view of the suitability of HDL-P concentration as a
biomarker for CVD. In addition, further investigation would be required to assess which
antiatherogenic properties of HDL are reflected by HDL-P concentration. HDL CEC and
HDL-P concentrations have shown moderate correlations in the JUPITER study (r=0.39)
and in a small cohort of subjects without obstructive CAD that were studied for endothelial
function (r=0.54) (Monette et al. 2016; Khera et al. 2017), but only a weak correlation in
the Dallas Heart Study (r=0.15) (Rohatgi et al. 2014). The discrepancy for these findings is
unclear and may be related to the patient populations studied.

In sum, several (Khera et al. 2011; Li et al. 2013; Rohatgi et al. 2014; Saleheen et al. 2015;
Khera et al. 2017; Shea et al. 2019; Singh et al. 2020) though not all (Li et al. 2013; Josefs
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et al. 2020) studies emphasize that HDL-CEC and HDL-P are inversely correlated with

the incidence of CVD, as summarized in Table 1. Importantly, these inverse correlations
persisted after adjustment for plasma HDL-cholesterol levels. In order to establish HDL
CEC or HDL-P concentration as biomarkers of CVD, it will be of critical importance to
assess the populations and conditions (i.e. inflammation, diabetes), where these parameters
may indeed have predictive value. This may have implications for the potential therapeutic
benefit of CSL-112 infusions, an rHDL particle that enhances HDL CEC (Didichenko et
al. 2016), and is currently evaluated for ACS in the AEGIS-II trial. HDL CEC decreases
2-5 d after ACS before returning to baseline at 30 d after the event (Gibson et al. 2021).
The rationale for the AEGIS-II trial is that four weekly 2 h infusions of CSL-112 after
ACS would restore HDL CEC and enhance plaque stability to the extent that CSL-112
would suppress CV death and recurrent CV events (Ml or stroke). The follow-up period

of the AEGIS-II trial is one year (Gibson et al. 2021). While the AEGIS-I trial has shown
that CSL-112 infusions over a period of 4 weeks restore HDL CEC (Gille 2018), it is
questionable whether HDL CEC remains stable when patients no longer receive CSL-112
infusions. It also remains to be seen whether an increase in HDL CEC over a period of
maximally one year suffices to detect effects on atherosclerotic plaque vulnerability. In the
largest prospective study in terms of CV events, involving assessment of the relationship
between CMEC and CHD in the MESA cohort, a relationship of CMEC with CHD outcome
was observed after a follow up period of 10 years (Shea et al. 2019).

Role of cholesterol efflux pathways in hematopoietic stem cell proliferation,

inflammation, and atherosclerosis

We have previously reviewed the role of cholesterol efflux pathways mediated by ABCAL,
ABCGL, and ABCG4 in inflammation and atherosclerosis (Westerterp et al. 2014). In brief,
Abcal and Abcg1 are highly expressed in macrophages and HSPCs, and Abcal deficiency
leads to increased expression of Abcgl in these cells and vice versa, suggesting that these
transporters have overlapping roles and show mutual compensation (Yvan-Charvet et al.
2007; Westerterp et al. 2014). Hence, to obtain insights into the role of cholesterol efflux
pathways in hematopoietic cells in atherogenesis, it is necessary to use mice with combined
deficiency of Abcal and Abcgl. We have shown that cholesterol efflux pathways in myeloid
cells suppress atherogenesis (Yvan-Charvet et al. 2007; Yvan-Charvet, Pagler, Gautier, et
al. 2010; Westerterp et al. 2013). Deficiency of Abcal and Abcgl in HSPCs leads to

their expansion due to increased HSPC proliferation, which is associated with increased
surface expression of the B subunit common to the receptors for granulocyte-macrophage
stimulating factor (GM-CSF) and interleukin-3 (IL-3), due to stabilization of these receptors
by increased membrane cholesterol accumulation (Yvan-Charvet, Pagler, Gautier et al.
2010). This leads to leukocytosis, mainly reflected by an expansion of the monocyte

and neutrophil population (Yvan-Charvet, Pagler, Gautier et al. 2010). Leukocytosis, and
specifically monocytosis, increases atherogenesis in mice and enhances Ml in humans
(Coller 2005; Yvan-Charvet, Pagler, Gautier et al. 2010; Murphy et al. 2011). Similar

to Abcal™~ AbcgI™'~ mice, Apoe™'~ mice show HSPC expansion (Murphy et al. 2011).
HSPCs secrete ApoE, which interacts with Abcal and Abcgl at the plasma membrane of
HSPCs, and induces cholesterol efflux and suppresses HSPC proliferation in a cell-intrinsic
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manner (Murphy et al. 2011). Deficiency of the § subunit common to the GM-CSF and IL-3
receptors suppressed HSPC expansion, monocytosis and atherosclerosis in mice transplanted
with Apoe’~ bone marrow (Wang et al. 2014), substantiating the causal relationship
between HSPC expansion, monocytosis, and atherogenesis.

More recent observations have shown that in a trained immunity model that was triggered
by B-glucan and subsequent LPS injections, or in conditions of chronic inflammation as
observed in rheumatoid arthritis, expression of Abcal, Abcgl, and Apoein HSPCs was
suppressed (Dragoljevic et al. 2018; Mitroulis et al. 2018). Although speculative, Toll-like
receptor signaling in the trained immunity and RA model could suppress cholesterol

efflux in HSPCs, as has been observed in macrophages (reviewed below) (Castrillo et

al. 2003). Notably, in the trained immunity model, also cholesterol synthesis genes were
increased in HSPCs, as were genes involved in the glycolysis and mevalonate pathway
(Mitroulis et al. 2018). Glycolysis enhances the formation of acetyl CoA that gives rise

to cholesterol in the mevalonate pathway (Mitroulis et al. 2018). This could account

for the increase in cholesterol synthesis. The changes in gene expression that favor

HSPC cholesterol accumulation were accompanied by increased inflammation, HSPC
expansion, increased surface expression of the common B subunit to the GM-CSF and

IL-3 receptors, monocytosis, and increased atherogenesis (Dragoljevic et al. 2018; Mitroulis
et al. 2018). Importantly, these studies indicate the broader relevance of the previously
identified mechanisms in Apoe™~ and Abcal™’~ Abcg1™'~ mice since they reveal that under
conditions of inflammation, defective cholesterol efflux in HSPCs drives HSPC expansion,
monocytosis, and atherogenesis. Therefore, it has been postulated that defective cholesterol
efflux pathways in HSPCs may be an integral component in myelopoiesis driven CVD
(YYvan-Charvet and Swirski 2018).

Inflammation not only suppresses Abcal and Abcgl expression in HSPCs, but also in
macrophages (Castrillo et al. 2003; Dragoljevic et al. 2018; Mitroulis et al. 2018). Toll-

like receptor 3 (TLR3) and TLR4 signaling suppress Abcal and Abcgl expression in
macrophages via interferon regulatory factor 3 signaling and downstream suppression of
their key regulator the liver X receptor (LXR) (Castrillo et al. 2003). Conversely, deficiency
of Abcal and Abcglin macrophages increases TLR2, 3, and 4 signalings (Yvan-Charvet

et al. 2008). The latter is likely due to increased surface expression of TLR4/mye-loid
differentiation-2 (MD-2) complexes as a result of membrane cholesterol accumulation
(YYvan-Charvet et al. 2008). Macrophage Abcal/g1 deficiency increases expression of pro-
inflammatory cytokines in atherosclerotic plaques, presumably because of increased TLR2,
3, or 4 signalings (Westerterp et al. 2013). Moreover, humans heterozygous for loss-of-
function mutations in the ABCAI gene that show ~50% decreased plasma HDL-cholesterol
levels have increased pro-inflammatory cytokine levels and vascular inflammation compared
to aged-and-gender-matched control subjects (Bochem et al. 2015), suggesting clinical
relevance.

Pro- and anti-inflammatory effects of HDL

While HDL exerts anti-inflammatory effects by a variety of mechanisms (Suzuki et al.
2010; Yvan-Charvet, Kling, Pagler et al. 2010; De Nardo et al. 2014; Fotakis et al. 2019),
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pro-inflammatory effects of HDL and apoA-1 (Smoak et al. 2010; van der Vorst et al.

2017; Fotakis et al. 2019) have also been reported. These have recently been reviewed
(Rohatgi et al. 2021). Antiinflammatory effects of HDL mediated by cholesterol efflux
include suppression of the surface expression of TLR4/MD-2 complexes and downstream
MyD88 and TRIF (TIR-domain-containing adapter-inducing interferon-p) signaling (Yvan-
Charvet et al. 2008; Yvan-Charvet, Kling, Pagler, et al. 2010; Fotakis et al. 2019). Extensive
transcriptional profiling studies however revealed that HDL exclusively suppressed gene
expression downstream of TRIF/TRIF related adaptor molecule (TRAM), independent of
cholesterol efflux (Suzuki et al. 2010), reflecting suppression of the type | interferon (IFN)
response (Suzuki et al. 2010). HDL-mediated suppression of TRIF signaling may thus occur
via cholesterol efflux-dependent and —independent pathways.

Further studies suggested that HDL inhibited inflammation by enhancing activating
transcription factor 3 (ATF3) expression, independent of cholesterol efflux (De Nardo et

al. 2014). ATF3 is induced by TLR stimulation and acts as a negative-feedback system to
limit excessive production of pro-inflammatory cytokines downstream of NF-xB (Labzin et
al. 2015). However, several studies could not confirm the upregulation of A#f3 expression

in response to HDL (Thacker et al. 2016; van der Vorst et al. 2017; Fotakis et al. 2019),

and one study showed that HDL, as a result of suppressing TLR4 surface expression,
decreased Atf3 (Fotakis et al. 2019). Hence, the ATF3-mediated anti-inflammatory effects of
HDL are controversial. In addition to anti-inflammatory effects, ApoA-I and HDL may also
enhance inflammation. This may be beneficial in sepsis, where enhanced inflammation may
promote efficient clearance of bacteria (van der Vorst et al. 2017). Under pro-inflammatory
conditions, apoA-I may dissociate from HDL (Jahangiri et al. 2009) and directly activate
TLR2 and TLR4 (Smoak et al. 2010). Pro-inflammatory effects of HDL in the presence

of ligands for almost all TLRs (TLR1-9), including the TLR4 ligand lipopolysaccharide
(LPS) have also been reported (van der Vorst et al. 2017). These effects were mediated by
PKC activation resulting in STAT-1/ IRF1 activation (van der Vorst et al. 2017). Since HDL
and methyl-p-cyclodextrin showed similar effects, it was inferred that PKC was activated
downstream of membrane cholesterol depletion (van der Vorst et al. 2017). The exact
mechanisms are however unclear, and intriguingly, a more recent study has shown that PKC
activation rather drives the LPS response than the proinflammatory HDL response (Fotakis
et al. 2019, 2020; van der Vorst et al. 2020).

In an effort to reconcile the divergent views of the anti- and pro-inflammatory effects of
HDL, extensive transcriptome profiling studies in macrophages loaded with and without
cholesterol in the presence of HDL and LPS have been performed (Fotakis et al. 2019).
In line with previous studies (Yvan-Charvet et al. 2008; Yvan-Charvet, Kling, Pagler,

et al. 2010), HDL suppressed inflammatory signaling downstream of TLR4 by inducing
cholesterol efflux, leading to an early reduced NF-xB response, and a later reduced type |
IFN response (Fotakis et al. 2019). Only under conditions of severe cholesterol depletion,
HDL became pro-inflammatory by inducing an ER stress response mediated by IRE1la
(inositol-requiring enzyme 1a)/ASK1 (apoptosis signal-regulating kinase 1)/p38 MAPK
(p38 mitogen-activated protein kinase) signaling (Fotakis et al. 2019). The HDL used

in these studies was either native HDL isolated from APOAI"C mice on a background

of genetic hyperlipidemia or reconstituted HDL, consisting of apoA-I and phospholipids
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(Fotakis et al. 2019). These HDL particles are very good cholesterol efflux acceptors,
perhaps explaining why the pro- and anti-inflammatory effects of HDL were cholesterol
efflux dependent in these particular studies. Importantly, injections of reconstituted HDL
only produced anti-inflammatory effects in lesional macrophages, without any evidence for
pro-inflammatory effects (Fotakis et al. 2019). This may be of particular relevance in view
of the outcomes of the AEGIS-II trial.

Cholesterol efflux pathways and inflammasome activation

We recently found that deficiency of Abcal and Abcgl in myeloid cells activates NLRP3
inflammasomes (Westerterp et al. 2017, 2018). NLRP3 inflammasomes regulate the
secretion of interleukin-1p (IL-1p) and IL-18. Plasma levels of IL-18 are associated with
increased CVD risk (Blankenberg et al. 2002; Ridker et al. 2020). IL-1p is a key regulator
of inflammation, and antagonism of IL-1p decreases the incidence of cardiovascular events
in humans, as shown in the canakinumab antiinflammatory thrombosis outcomes study
(CANTOS) trial (Ridker et al. 2017). These studies illustrate the importance of NLRP3
inflammasome activation for CVD risk. We found that hematopoietic deficiency of the
NLRP3 inflammasome components N/rp3or caspase-1 suppressed atherosclerosis in mice
with myeloid Abcal/gl deficiency (Westerterp et al. 2018), indicating that in conditions

of defective cholesterol efflux in myeloid cells, activation of NLRP3 inflammasomes
accelerates atherogenesis. Interestingly, Tangier Disease patients, who carry homozygous
loss-of-function mutations in ABCA1, also show increased plasma IL-1p and IL-18
compared to age-and-gender-matched controls or heterozygous ABCAI mutation carriers
(Westerterp et al. 2018), suggesting human relevance. The most consistent phenotype among
Tangier Disease patients is peripheral neuropathy (Schaefer et al. 2010). Interestingly, it
has been shown that defective myelin clearance due to macrophage Abcal/g1 deficiency
promotes inflammasome activation and limits remyelination in the central nervous system
of aged mice (Cantuti-Castelvetri et al. 2018). These findings, together with the increase of
the inflammasome products IL-1p and I1L-18 in Tangier Disease patients, suggest a role for
macrophage inflammasome activation in peripheral neuropathy in Tangier Disease.

Two signals are required for NLRP3 inflammasome activation: a priming signal leading to
increased mRNA expression of the components of the NLRP3 inflammasome complex,
including N/rp3, Asc, pro-caspase-1, and pro-/L-1 and a second signal that leads to
NLRP3 inflammasome assembly and caspase-1 cleavage. Active caspase-1 then cleaves
pro-1L-1B and pro-I1L-18, required for their secretion. While increased TLR signaling leads
to inflammasome priming in the setting of myeloid Abcal/g1 deficiency, the nature of the
second activating signal remains unknown. Several pathways including cholesterol crystal
formation in the endosomal system or increased ER cholesterol promoting inflammasome
assembly are potentially involved (Tall and Westerterp 2019). However, our studies found
only minimal cholesterol crystal formation and no evidence of lysosomal damage in
macrophage Abcal/gl deficiency (Westerterp et al. 2018). NLRP3 inflammasome activation
contributes to auto-immune lupus glomerulonephritis in the setting of dendritic cell
Abcal/gl deficiency, by augmenting lymph node size and T helper 1 cell polarization, the
latter presumably in response to increased IL-18 (Westerterp et al. 2017).
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Together, these studies show that inflammation suppresses cholesterol efflux pathways in
HSPCs and macrophages (Castrillo et al. 2003; Dragoljevic et al. 2018; Mitroulis et al.
2018). Deficiency of cholesterol efflux pathways in HSPCs contributes to myelopoiesis
and atherogenesis (Yvan-Charvet, Pagler, Gautier et al. 2010; Murphy et al. 2011),

while deficiency of cholesterol efflux pathways in macrophages enhances inflammation
downstream of TLR2, 3, and 4 signalings, and activates NLRP3 inflammasomes,
contributing to atherogenesis (Yvan-Charvet et al. 2008; Westerterp et al. 2013, 2018).
These effects occur mostly downstream of membrane cholesterol accumulation in HSPCs
or macrophages (Yvan-Charvet et al. 2008; Westerterp et al. 2013, 2018). Membrane
cholesterol accumulation also contributes to NLRP3 inflammasome priming, while several
pathways related to cholesterol accumulation have been proposed as a second signal for the
NLRP3 inflammasome in macrophages deficient for Abcal/gl (Westerterp et al. 2018; Tall
and Westerterp 2019).

Since inflammatory pathways suppress cholesterol efflux and reverse cholesterol transport
(RCT), which in turn enhances inflammatory responses, there exists a positive feedback
loop between inflammation and decreased cholesterol efflux/RCT (Tall and Yvan-Charvet
2015). While this may amplify the innate immune response and help to clear infectious
agents, in the setting of chronic sterile inflammation as occurs in atherosclerosis and obesity,
there may be an adverse outcome. In addition, recent studies have shown a U-shaped
relationship between HDL-cholesterol and infectious disease (Madsen et al. 2018), and, in
a presumably more healthy cohort, an inverse relationship between HDL-cholesterol and
infectious disease hospitalization (Trinder et al. 2020). Moreover, higher levels of CETP
expression in humans and mice are associated with lower levels of HDL cholesterol and
increased mortality from sepsis (Trinder et al. 2021). Masucci-Magoulas et al. originally
showed that LPS administration reduced hepatic CETP expression as a result of adrenal
corticosteroid release and raised plasma HDL-cholesterol levels (Masucci-Magoulas et

al. 1995). Dusuel et al. showed that CETP expression was associated with lower HDL-
cholesterol, an increased macrophage inflammatory response and increased death during
polymicrobial sepsis (Dusuel et al. 2021). It is tempting to speculate that the protective
effect of CETP deficiency in sepsis could account for the high frequency of different CETP
loss-of-function variants in East Asian populations (Inazu et al. 1990; Hirano et al. 1997).
Overall, these findings illustrate the key role of HDL in modulating the inflammatory
response to infection and suggest that an imbalance in the homeostatic response in either
direction may have adverse consequences.

Foam cell formation, inflammation, and atherosclerotic plaques

We have shown that macrophage Abcal/g1 deficiency increases foam cell formation and
accelerates atherosclerosis in mice (Westerterp et al. 2013). These data provide evidence

for macrophage foam cell formation driving atherogenesis (Westerterp et al. 2013). In
addition, as described above, macrophage Abcal/gl deficiency increases atherosclerosis

by enhancing proinflammatory cytokine expression in atherosclerotic plaques, and
inflammasome activation (Westerterp et al. 2013, 2018). Although we found that membrane
cholesterol accumulation induces inflammatory gene expression and inflammasome priming
in macrophages with Abcal/g1 deficiency (Yvan-Charvet et al. 2008; Westerterp et al.
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2013, 2018), these cells also accumulated cholesteryl esters (Westerterp et al. 2013).
Hence, the outcome of these studies may be interpreted as foam cell formation, i.e. the
accumulation of cholesteryl esters in macrophages, driving inflammation. However, studies
by the Glass Laboratory have shown that foam cell formation suppresses inflammatory
cytokine expression (Spann et al. 2012). The Glass Laboratory found that thioglycolate-
elicited peritoneal macrophages from LDL receptor-deficient (La///~) mice fed a high-

fat high cholesterol (HFHC) diet for 12 weeks showed decreased inflammatory gene
expression compared to macrophages from wild-type mice (Spann et al. 2012). A lipidomic
screen revealed that macrophages from HFHC La//'~ mice accumulated high levels of
desmosterol. Desmosterol is a precursor of cholesterol in the cholesterol biosynthetic
pathway and activates LXR (Yang et al. 2006). In line with previous studies (Joseph et

al. 2003; Ghisletti et al. 2007), LXR activation suppressed inflammatory gene expression
(Spann et al. 2012). These data introduced the concept that desmosterol accumulates in
macrophages during foam cell formation and suppresses inflammatory gene expression via
LXR activation.

Recent studies have extended the findings from the Glass Laboratory to macrophage foam
cells of atherosclerotic plaques. Using single-cell RNA sequencing, Kim et al. found that

a particular cluster of macrophages expressing high levels of Lga/s3 (lectin galactoside-
binding soluble 3), Abcg1, and TremZ2 (triggering receptor on myeloid cells 2), suggestive
of macrophage foam cells, was expanded in atherosclerotic plaques of Western-type diet-
fed Ladlr’~ mice (Kim et al. 2018). To separate foamy macrophages from non-foamy
macrophages in atherosclerotic plaques, Kim et al. used the dye BODIPY493/503 that
stains neutral lipids (similar to Oil Red O), including cholesteryl esters (Kim et al. 2018).
Similar to the studies by the Glass Laboratory (Spann et al. 2012), Kim et al. found that
foamy macrophages showed high levels of LXRa gene expression, as well as its target genes
Abcal and MertK (Kim et al. 2018), suggesting accumulation of LXR ligands. Moreover,
foamy macrophages showed decreased expression of proinflammatory genes compared to
non-foamy macrophages (Kim et al. 2018). Whether these plaque foamy macrophages,
similar to thioglycollate-elicited macrophages (Spann et al. 2012), accumulate desmosterol,
remains to be assessed. Interestingly, an earlier single-cell RNA sequencing study on aortas
of HFHC fed La/r'~ mice identified macrophages with high levels of Trem2 (Cochain,
Vafadarnejad, Arampatzi et al. 2018). These Trem2M macrophages showed high expression
of genes involved in cholesterol transport and cholesterol efflux (Cochain, Vafadarnejad,
Arampatzi et al. 2018) and were suggested to share similarities with the foamy macrophages
described by Kim et al. (Cochain, Saliba, Zernecke 2018). Indeed, independent evaluation of
these macrophage populations confirmed that foamy and Trem2" macrophages are identical
(Kim and Choi, 2018; Cochain, Saliba, Zernecke 2018). Recent studies have shown that
Trem2hi macrophages expressing high levels of ABCAIand ABCG1 are also present in
human atherosclerotic plaques in carotid arteries from humans (Depuydt et al. 2020). These
Trem2hi macrophages showed low expression of pro-inflammatory genes compared to other
macrophage populations in these human plaques, suggesting similarities with the Trem2ni
macrophage population identified in atherosclerotic plaques of La//'~ mice (Depuydt et al.
2020). Indeed, desmosterol is also present at high levels in human atherosclerotic lesions
(Spann et al. 2012), and may accumulate in Trem2M macrophages.
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While these discoveries (Kim et al. 2018; Kim and Choi 2018; Cochain, Saliba, Zernecke
2018, Cochain, Vafadarnejad, Arampatzi, et al. 2018; Depuydt et al. 2020) are descriptive,
they challenge the view that foam cells are pro-inflammatory and strongly suggest that
LXR activation, presumably by desmosterol, in foam cells suppresses inflammation (Spann
et al. 2012). Several mechanisms for the LXR mediated suppression of inflammatory

gene expression in macrophages have been proposed (Figure 1). Cholesterol efflux
independent mechanisms include trans-repression downstream of NF-xB by SUMOQylation
of specific NF-xB target genes such as inducible nitric oxide synthase (iNOS) and
monocyte chemoattractant protein-1 (MCP-1) (Ghisletti et al. 2007), and closing chromatin
accessibility through cis-repression for inflammatory gene enhancers such as IL-1f and
cyclooxygenase-2 (COX-2) (Thomas 2018). It has also been proposed that the anti-
inflammatory properties of LXR activation are mediated by Abcal expression (lto et al.
2015). Abcal mediated cholesterol efflux suppresses TLR4 induced MyD88 signaling by
reducing plasma membrane free cholesterol in macrophages, and Abcgl or both transporters
together have similar effects (Yvan-Charvet et al. 2008; Zhu et al. 2008) (Figure 1). Data
showing that LXR activation suppresses inflammatory gene expression and increases the
expression of ABC transporters (Joseph et al. 2003) would suggest this is a plausible
mechanism for LXR mediated anti-inflammatory effects. Nonetheless, LXR agonists

still suppressed TLR induced pro-inflammatory gene expression in Abcal™'~ Abcg1™'~
macrophages (Kappus et al. 2014), suggesting that the anti-inflammatory effects of LXR
agonists can be observed independent of cholesterol efflux. Together, these observations
suggest that macrophage foam cells have a limited inflammatory response as a result of
LXR activation that has a variety of anti-inflammatory effects including upregulation of
cholesterol efflux pathways. However, it is possible that in the setting of defective LXR
activation or inadequate up-regulation of cholesterol efflux (e.g. as a result of low HDL
levels), foam cells become more pro-inflammatory. This hypothesis remains to be tested.

Conclusions and future directions

Inflammatory pathways suppress cholesterol efflux and reverse cholesterol transport (RCT)
(Castrillo et al. 2003; Dragoljevic et al. 2018; Mitroulis et al. 2018), which in turn enhances
inflammatory responses, as shown in HSPCs and myeloid cells (Yvan-Charvet et al. 2008;
Yvan-Charvet, Pagler, Gautier, et al. 2010; Murphy et al. 2011; Westerterp et al. 2013;
Kappus et al. 2014; Bochem et al. 2015; Westerterp et al. 2018), indicating a positive
feedback loop between inflammation and cholesterol efflux/RCT (Tall and Yvan-Charvet
2015). While this may amplify the innate immune response and help to clear infectious
agents, in the setting of chronic sterile inflammation as occurs in atherosclerosis and
obesity, there may be an adverse outcome. Recent studies have also shown that higher
levels of CETP expression in humans and mice are associated with lower levels of HDL
cholesterol and increased mortality from sepsis (Trinder et al. 2021). While these findings
were attributed to low HDL-cholesterol levels, high CETP expression levels also decrease
HDL CEC (Matsuura et al. 2006), and hence diminished HDL CEC could have contributed
to increased mortality from sepsis.

The majority of studies has shown (Khera et al. 2011; Li et al. 2013; Rohatgi et al. 2014;
Saleheen et al. 2015; Khera et al. 2017; Shea et al. 2019; Josefs et al. 2020; Singh et
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al. 2020) that HDL CEC and HDL-P are stronger inverse predictors of CVD than HDL-
cholesterol. It remains to be assessed which anti-atherogenic properties of HDL are reflected
by HDL-P concentration. In order to establish HDL CEC or HDL-P concentration as
biomarkers of CVD, it will be of critical importance to assess the populations and conditions
(i.e. inflammation, diabetes), where these parameters may indeed have predictive value.
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Figurel.

Mechanisms of suppression of inflammatory gene expression by liver X receptor (LXR)
activation in foamy macrophages. Foamy macrophages in atherosclerotic plaques express
high levels of Trem2. (A) Cholesterol accumulation in the endoplasmic reticulum inhibits
the enzymatic activity of 24-dehydrocholesterol reductase (Dhcr24), leading to desmosterol
accumulation; (B) Desmosterol activates the transcription factor LXR. LXR activation
suppresses inflammation via cholesterol efflux-dependent (C) and independent (D-E)
mechanisms; (C) LXR upregulates the expression of ATP-Binding Cassette Transporter Al
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and G1 (Abcal and Abcgl), leading to cholesterol efflux. Cholesterol efflux decreases Toll-
like receptor 4 (TLR4) surface expression and NF-xB activation; (D) LXR forms a complex
with SUMO-2/3 and NCoR, which trans-represses the transcription of Mcp-1 (monocyte
chemoattractant protein-1), Mip-15 (macrophage inflammatory protein-18), and /Nos
(inducible nitric oxide synthase); (E) LXR binds to inflammatory gene enhancers, leading to
cis-repression of /-1 (interleukin-1p), Cox-2 (cyclo-oxygenase-2), and /tgh2 (integrin beta
2) through chromatin closure. The figure has been created with Biorender.com.

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 April 13.


http://Biorender.com

Page 21

Groenen et al.

.3%55

ureIs Uuo A Uapioul pue D3 USaMISQ UOIR[31I00 3SIaNU|
,2U13seq Je AD 1USpIaUl pue HIO USIMIA UONL|31I00 ON

Qmm_uam annoadsold ui
10 ‘auljaseq 18 Avd [ed1Ul]d pue DIND Usamiaq UoIe|a1iod ON

mco_mwm_moa

anbejd proJed pue DJND USBMIBQ UONR[BLI0D BAINISOd

4210418 JUBPIOUI PUe DI UBIMIAG UONE[a1I00 ON
5@HO 1U3PIoUT PUE DFIND USSMIAQ UOIIE31I00 3SIaAU]

5Q/\O 1aPIOUI PUE DIIND U3IMIAQ UONIE|RLI0D 3SIaAU]

sajaqeip(a.d) yum sfenpiaipul ui Jo uonejndod ajoym ayl ui
‘S1S019]950Jaye [ea1UIa(gNs) pue DD USaMIaq UOIR[31i09 ON

xm_o<_>_ JUBPIOUI pUB DD USBMISQ UOIE|31I0D BAINSOd
xmv_o:w
/1IN [BYRUOU JUSPIdUI pUe DD USAMISQ UOIR|S1I09 SAINISOd

kn_,cd Wisjenald pue DI U3BMIAQ UOITR[31I00 3SIaAU|

u\ﬁ_<U Em_m>ma pue D30 usamiag uolje|allod asiaAu|

5 @HD 1U3PIoUI pUE DID USIMIA UOIL|3LI0D 3SIaAU]

§D>Um< UapIdUl pue 93D UsaM]Ia( UOIIe|a1i0d aSIsAU|

, @V pue D3O U3aMIaq UON.|aLI0D SIaAU]

LINI9 pUE D3 UsamIaq UoNe|aLI0d 3SIaAU]

(dWwo)
sabeydosoew 2/ Aesse annoeoIpey

(L1€1060.L) safeydosoew
T-dHL Xn|ya ssew |ola1ss|oyDd

(£1€1060.L) Sabeydosoew
T-dH.L XNn[}4a ssew |ol8lssjoyd

(£1€1060.L) Sabeydosoew
T-dHL Xnjya Ssew |0Js1ss|oyD

(L1€1060.L) Safeydosoew
T-dHL Xn|ya ssew |ola1ss|oyDd

(£1€1060.L) Sabeydosoew
T-dH.L Xn[}4a ssew |ol8lssjoyd

safeydosoew T-dH.L Aesse aAnoeoIpey

(dINW9) sefieydosoew
1792y Y Aesse aaroeolpey

(dIN0) sabeydosoew
L'79ZMWY Aesse annoeolpey

(dv2) sabeydoloew
L'79ZMVY Aesse anloeoIpey

(dINW2)
sabeydouoew i/ . Aesse aAloeOIpRY

(dWw9) safeydotoew /¢
|0131s3]04D
-AdIQ0Og Yim Aesse Jusdsaion|

(diNw9)
sabeydoioew 77/ Aesse aAnoroIpey

(dwwo)
safeydosoew 72/ Aesse aAnoeoipey

$]0J1U0D G/ ‘S8SEI // S|0JIU0D ZTE ‘S8sed OTE
e y3Lidne

avd [ed1uld €12 ‘Avd ou Z#0T :(sieak G'9 dn-mojjo4
ueaw) saipnis anndadsold Joy syuedionted GGZT auljaseq e
s1o8lans @wvd [eatulfo €0z syuedionued gsyT :(AQvd) Apnis VSIN

s1eak z0T pouad dn-mojjo4 (DDN) $]0U0I H9E ‘Sased y9€
:(z Hoyod) Apms VSAN

s1eak z'0T pousad dn-mojjo4
(DON) s1043u00 /T ‘s3s8d /T *(T Hoyod dnoufigns) Apmis YSIIN

sieak z'0T pouad dn-mojjo4
(DON) s103u09 z#7g ‘s3sed gt :(T Moyod dnoufigns) Apmis YSIN

sieak z0T pouad dn-mojjo4 (DDN) $]0U0D 9T ‘Sased 9T
(T Hoyod) Apms VSAN

sjuedionsed geg :Apms INVAOD

sieak ¢ pouad dn-mojjo4
(DON) s103U02 6/ ‘s358D JOVIN ETT ‘S9SBD |IN 85
uegauss

(DON) S101U02 6.2 ‘S8seD T/8
Hjuegauas

(DON) s103U0D TEY ‘S8SED 9PT
:01U119 JusrRdINO

6002 01 dn-mojjoy

pue /6-€66T Ul Passassy (DDN) S|0AIU0D 67/T ‘$ased G/ T
:Apmis 3|040N-01d3

s1eak 6 pouad dn-mojjo4 siuedioned 26z
:Apnis 1eay sejjeq

$S]0J1U0D TGE ‘sased 2y ”QtocoU ueadoinz/sn

S133)UNJOA aNYM AUifesy €02

LT0C 'Ie 19 elayy

0202 '[e 18 breo

610¢C 'le 13 B3ys

6T0¢C 'le 13 edys

6T0C 'le 13 eays

610¢C 'le 13 B3ys

020¢ 'Ie 19 syasor

€10C 'R 1N

€T0C '1eR 1N

€T0C 'R IN

GT0C '[e 13 usayajes

¥702 "[e 18 1610Y0Y

TTOC 'le 18 eldy

TTOC 'Ie 19 BIay

awooINO

Resse a1y red
-7IdH o Aesse xn|ye |0019104D

10yod

sloyiny

Author Manuscript

‘Tal1qeL

Author Manuscript

"S8LL02IN0 QAD PUE SUBWINY UI SBIPMS XN|L8 |091S3[0Yd TaH

Author Manuscript

Author Manuscript

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 April 13.



Page 22

Groenen et al.

'sapLIRdAIBLIY (9| ‘aseasip Alalre [esaydiiad :Qvd ([041U02-8SR Palsau (DN ‘UOIdJesUIl [e1pJed0AW Al (U1eap Jo ‘9X041S ‘|IAl) JUAS JeJnasenolped asianpe Jofew
‘JOVIN $101d32a1 X JaAl] 1Y X |0Ja1sajoya-uisloidodi] ANsuap-mol :9-1@7 ‘uisloid aanoeal-9 AlAnIsuss ybiy :dyD-sy ‘uonesuaduod ajdied-1aH d-1aH ‘josasejoya-utsloidodi) Asusp-ybiy :0-1aH
9TV uigojfoway :9T\YqH ‘ales uones|ly Jejniawolf pajewnss :y49s Ajoeded xnjys ssew [0481s8]oyd-TAH :DFIND ‘SSBUXIIY} BIPSW-BWIUL PIIOJED ;[ N9 ‘8SeasIp Leay A1euolod :gHD ‘Aloeded xnjya
1042188]0Y2-1AH 23D ‘ereydsoydouow auisouape 911942 (dINW ‘aseasip Alaue A1euolod :QyD Xapul ssew Apoq ;|G ‘asessip JejnaseAolp.ed (91104819s04ayie) :aAD (SY) ‘1-v uisioidodijode :|-ody

'd-1aH pue dy¥D-sy 1siem ‘|G ‘1 ‘0-1D7 ‘suoneaipaw pidi] ‘Buijows ‘seleqelp ‘uoisusiiadAy ‘abe pue 110yoo oy vaw:_u,q«

"0-1AQH PUe d4D-SY ISIem ‘JINg ‘DL *0-107 ‘suoeaipaw pidi] ‘Bunjows ‘selaqelp ‘uoisuaiiadAy ‘abe pue Hoyod oy uwum:.:eq\

‘avD ainrewsald yo Aloisiy Ajiwrey pue ‘so | -Boj ‘0-1@7 ‘esoan|b Bunsey ‘|Ag ‘@anssald poojq 21101sAs ‘sniels Buijows ‘aoel ‘dnouh juswiyeas) ‘abe Joy uoﬁs.—uﬂ
4499 ‘Auanoe [eaisAyd ‘Bunjows anasebio ‘uoisusuadAy ‘asn uirels ‘9-JQH pue [eio] ‘salagelp ‘[INg ‘aoes ‘Xas ‘abe Joy qu:_nS\

‘J8Ip pue ‘as12Jaxa ‘|oyodfe ‘Bujows ‘ainssaid poojq d1j0IsAS ‘uoliedlpall uolsuapadAy ‘asn uijels ‘9-JQH pue [e10} ‘salaqelp ‘als ‘[INg ‘adel Xas ‘abe oy u&w:._c,qm
'0-1QH pue ‘2-7@7 ‘uoisuanadAy ‘salaqelp ‘Bunjows ‘xas ‘abe 1oy uoum:._u,ow

"|-wody/9-1aH pue ‘s9]-60] ‘9-1aQ7 ‘IING ‘oires diy:isiem ‘asn joyodje ‘Buiyows ‘uoisusuadAy ‘sarageip ‘daquinu yoleq ‘xas ‘abe 1oy uoum:.—u/\m

‘d-1AH pue ‘0-1aH ‘asn uness Jo A101s1y ‘|aAs] 1 ‘|8As] 10Ja1S8|oy0 (810} ‘[IAIG ‘Buiyows ‘uoisualiadAy ‘selaqelp ‘xas ‘abe 1oy uwum:.—c,qh

‘|-wody//o-1aH pue ‘0-1@ ‘uoisuauadAy ‘saragelp ‘Burouws ‘xas ‘abe 1oy uﬁm:._u/\u

"Apnis Jadued pue 131p QWIRIAl PUe “MSIYNI4 ‘Apnis aseasip Alele Areuolod ainjewald HON *HODI193Y ‘punos 186nd ul st yoene ueay ‘Apnis ALY %__E_Q

'|-v0dy//9-1AaH pue ‘9-1a7 ‘DTWaH ‘@nssaid poojq 21j01sAs ‘xas ‘abe 1oy umwm:._n,qm

90415 D1WBYDSI/| A PUe 9-T]H US8MIS] UOITRII0SSE

d siuedionued $8/ ST 40 [€101 :(220S) Apns ANIATHd pue (Z€99)
ON 850138 JIWBYIS/[IN PuB d-TTQH U39MISq UOHEBS1I0I 3SI3AU] € 3[1yoidodiT HIAN Apnis wSIIN ‘(S6ST) Apms D19V ‘(GESZ) Apnis Lieay sejleq 020z 'fe 16 ybuIs
(ON ubiajey diodge mou) ouj
.\&Smﬁ u1jels uo pue auljaseq aoualasodi ‘111 ajyosdodi| ‘Adoasosndads S|0J3U0I OTT ‘S8SEI // S|0JIU0D 987 ‘Sased 662
Je A\ UapIdUI pue d-JH U33MISg UOIR[31I0D SIaAU| (4ININ) 8oueUO0Sal d18ubew JesjonN el Y3 LidNe 1102 '[e 19 BI3Y|
Resse apilred
awo2INO -71dH Jo Aesse xn|yo [081910YD 110400 ssoqny

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 April 13.



	Abstract
	Introduction
	Cholesterol efflux capacity of HDL and incidence of CVD
	HDL particle number and CVD
	Role of cholesterol efflux pathways in hematopoietic stem cell proliferation, inflammation, and atherosclerosis
	Pro- and anti-inflammatory effects of HDL
	Cholesterol efflux pathways and inflammasome activation
	Foam cell formation, inflammation, and atherosclerotic plaques
	Conclusions and future directions
	References
	Figure 1.
	Table 1.

