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ARTICLE INFO ABSTRACT

Keywords: High-density lipoproteins (HDLs) are heterogeneous lipoproteins that modify their composition and functionality

B-cell depending on physiological or pathological conditions. The main roles of HDL are cholesterol efflux, and anti-

High-density lipoprotein inflammatory and antioxidant functions. These functions can be compromised under pathological conditions.

i?&g ;n:l:g:)fm HDLs play a role in the immune system as anti-inflammatory molecules but when inflammation occurs, HDLs

Lymphocyte change their composition and carry pro-inflammatory cargo. Hence, many molecular intermediates that influ-

T-cell ence inflammatory microenvironments and cell signaling pathways can modulate HDLs structural modification
and function. This review provides a comprehensive assessment of the importance of HDL composition and anti-
inflammatory function in the onset and progression of atherosclerotic cardiovascular diseases. On the other hand,
immune cell activation during progression of atheroma plaque formation can be influenced by HDLs through
HDL-derived cholesterol depletion from lipid rafts and through HDL interaction with HDL receptors expressed on
T and B lymphocytes. Cholesterol efflux is mediated by HDL receptors located in lipid rafts in peripheral cells,
which undergo membrane structural modifications, and interferes with subsequent molecules interactions or
intracellular signaling cascades. Regarding antigen-presentation cells such as macrophages or dendritic cells,
HDL function may then modulate lymphocytes activation in immune response. Our review also contributes to the
understanding of the effects exerted by HDLs in signal transduction associated to our immune cell population
during chronic diseases progression.

1. Introduction function because CEC is the first step in reverse cholesterol transport
(RTC). CEC is suggested to be a better biomarker of HDL-related CVD
protection than HDL-C [12,13]. In addition, when HDL-C was carried by

small HDLs, coronary artery disease (CAD) risk was found to decrease

The association of high-density lipoprotein-cholesterol (HDL-C) with
decreased risk of cardiovascular disease (CVD) is well established [1].

However, recent randomized controlled trials showed that HDL-C
raising therapies did not lead to CVD protection [2]. Rather, HDL
quality was found to correlate highly with the risk of CVD [3]. The lack
of effect of HDL therapies has brought into question the role of HDL-C as
a pharmacological target to reduce CVD risk [4-6]. However, HDL is a
complex population of heterogeneous lipoproteins demonstrated to
present antioxidant, anti-inflammatory [7] and anti-apoptotic proper-
ties—HDLs can inhibit apoptosis in endothelial cells [8]. HDL anti-
inflammatory and antioxidant functions are considered to influence
CVD risk [9]. This has led to the hypothesis that improving HDL function
may be more relevant for CVD protection than raising HDL-C level [2].
Additionally, HDL particle size has been associated to CVD risk, small
HDLs increase CVD risk [10,11].

HDL cholesterol efflux capacity (CEC) is the most studied HDL
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[14], suggesting that not only HDL size distribution is important for
HDL-associated CVD protection, but also HDL composition distribution
among different particle sizes.

Atherosclerosis remains the main cause of CVD. Atheroma plaque
formation is surrounded by a repeated inflammatory reparative reac-
tion, where several mediators interact. Evidence shows a specialized
immune response involved in the progression of atheroma plaque for-
mation [15]. HDLs suppress cytokine and chemokine production in
monocytes, macrophages and monocyte-derived dendritic cells, down-
regulating costimulatory molecule production and antigen presentation
[16]. In one of the first stages of atheroma plaque formation, oxidized
low-density lipoproteins (ox-LDLs) are engulfed by macrophages and
deposited in the intima. LDL oxidation can be prevented by functional
HDLs, as HDL antioxidant function prevents oxidation of HDLs
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themselves [17]. However, in pathological conditions, HDLs oxidize and
contribute to atheroma plaque formation. Oxidized HDLs are also less
functional in such conditions [18,19].

Recent evidence reveals that dysfunctional or even pro-atherogenic
HDL is generated during inflammation [20]. HDL composition changes
as a result of inflammation, and inflammation-related molecules, such as
serum amyloid A1l (SAA1), are incorporated into HDL [21]. HDLs are
dysfunctional during inflammation, and CEC, anti-inflammatory and
antioxidant functions are reduced during the acute phase [20].

The HDL family is diverse, with HDL types varying in size and protein
and lipid composition. Traditionally, HDL-associated proteins have been
considered to determine HDL structure and functionality [22]. For
example, paraoxonase 1 (PON1) is an HDL-related antioxidant enzyme,
which can develop other functions related to lipoprotein metabolism
[23]. However, the lipid component in HDL has an important role in
HDL function. Sphingomyelin 1 phosphate (S1P) is the most studied
HDL-associated lipid, and negatively correlates with the overall severity
of CAD [24] and with functional endothelial damage in sepsis [25]. In
addition, plasmalogens demonstrate an inverse association with both
stable and acute CAD, possibly reflecting a direct anti-apoptotic effect
[26].

Taking into account the role of inflammation on HDLs—and vice
versa—the aim of this review was to give an overview of HDL remod-
eling during inflammation and HDL influence over lymphocyte
activation.

2. HDL and inflammation
2.1. HDL anti-inflammatory function

It is well recognized that HDL's role in CVD prevention depends on a
set of HDL-associated functions. The HDL inflammatory index (HII) has
been proposed to quantify HDL anti-inflammatory function in vitro and
measures the functional ability of HDLs to modulate LDL oxidation.
Higher HII (0.5-1) is associated with increased risk of CVD [9]. HII is
closely related to HDL composition because HDLs carry oxidized lipids
to their degradation [27], and HDLs comprise different proteins with
antioxidant capacity (Table 1) [28]. In addition, HDLs bind lipopoly-
saccharides (LPS) in a process that highly depends on apolipoprotein A1l
(apoA1) structure. HDL binding to LPS is associated with a reduction of
systemic pro-inflammatory cytokine levels [29]. Although a change in
the composition of HDLs during the acute inflammatory response de-
creases their anti-inflammatory capacity, it has been proposed that HDLs
can regulate inflammasomes—multiprotein complexes assembled in the
cytosol that induce the maturation of pro-inflammatory cytokines such
as interleukin (IL)-1p and IL-12 [30,31].

Other important components in the inflammatory response are Toll-
like receptors (TLRs) involved in the formation of atherosclerotic lesions
[32]. HDL anti-inflammatory function is also highly related to CEC. It
has been demonstrated that macrophage cholesterol accumulation am-
plifies TLR signaling, and thus, functional HDLs can reduce TLR
signaling. TLRs are not constituents of lipid rafts but once activated, the

Table 1
HDL antioxidant proteins.

Protein Antioxidant function

PON1 Lactonase, thiolactonase, arylesterase and Protects LDLs and HDLs
alryldialkylphosphatase from oxidative damage

ApoAl LPS binding Reduce cytokine

production

LpPLA2  Hydrolysis of short-chain oxidized Protects LDLs and HDLs
phospholipids from oxidative damage

GSPx-3 Hydroperoxides reduction Protects LDLs and HDLs

from oxidative damage

PON1, paraoxonase 1; ApoAl, apolipoprotein Al; LpPLA2, lipoprotein-
associated phospholipase; GSPx-3, glutathione selenoperoxidase 3.
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TLRs will localize in lipid rafts for intracellular signaling [33]. However,
the changes in lipid raft composition exerted by apoAl lead to a
reduction of the expression of some TLRs and the genes induced by them
[34]. However, apoAl has been described as an activator of TLR,
inducing pro-inflammatory signals [35], and HDL may increase protein
kinase C (PKC) activity, consequently inducing TLR signaling [36].

Another route by which HDLs have been found to modulate the
function of TLRs is the activation of the transcriptional regulator ATF3
[16]. Using this approach, HDLs can modulate the function of TLRs by
altering the microdomains, avoiding the migration of TLRs to lipid rafts
and the subsequent activation of the signaling pathways, or by modu-
lating negative regulator signs and decreasing the inflammatory process.

HDLs were also found to induce an inhibitor of TLR/nuclear factor
kappa-light-chain enhancer of activated B cell (NF-kB) signaling and to
impair induction of type I interferon downstream signaling [37].
Moreover, it has been demonstrated that HDLs and apoA1l act in an anti-
inflammatory manner via induction of autophagy and recruitment of
phosphorylated IkB kinase (p-IKK) to the autophagosome compartment,
thereby preventing further NF-kB activation and induction of cytokine
expression [38].

2.2. HDL remodeling during inflammation

HDLs are widely remodeled during inflammation. For example,
during an inflammatory process, a reduction of cholesteryl esters and an
increase in free cholesterol content were found. The decrease of cho-
lesteryl esters may be explained by a reduction of lecithin cholesterol
acyl transferase (LCAT) activity, associated with pathological conditions
that are highly related to inflammation [39]. In addition, the protein
content of HDLs is modulated during inflammation, together with a
decrease in apoAl and the inclusion of inflammatory cargo, such as
SAA1 and complement C3 [40]. A negative correlation between HDL
levels and other components of the complement cascade, such as C5b-C9
[41], has been described, suggesting that the membrane attack complex
can be inhibited [42]. Moreover, HDL-associated enzyme activities are
modulated, and lower LCAT and PON1 activity are described [39,43].

It is hypothesized that SAA1 replaces typical HDL proteins, such as
apoAl, PON1 and apoM. Although the role of SAA1 is not clear, the main
problem is the replacement of HDL functional proteins such as the S1P
binding proteins [44] and apoAl, which interact with a variety of re-
ceptors and are essential for CEC development [45].

2.3. HDL properties and physiological conditions: sex and age

Not only pathological conditions, as inflammation, change HDL
properties, but also different physiological conditions or processes in-
fluence HDL composition and properties, such as sex and aging.

The hormone profile in women modify HDL quantity, composition
and size, specifically, female sex hormones are directly associated with
HDL. Estradiol increases HDL particle number and follicle-stimulating
hormone (FSH) shows the opposite role, as HDL size distribution and
composition change depending on the predominant hormone. In
particular, estradiol increases large HDL number and HDL phospholipid
content, which are related to an improved CEC [46]. In addition, the
antioxidant capacity of HDLs differ between sex, specifically, both ary-
lesterase and lactonase activities of PON1 were significantly higher in
women compared to men [47], differences which could be driven by
hormonal differences that compromises HDL structure and PON1
anchoring and functionality.

Aging is a physiological process in which CVD risk increase. Lipo-
protein quality is lower in the elderly [48], specifically HDL show
reduced CEC [49] and PON1 activity [50] and a reduced capacity to
prevent LDL and its own oxidation [48,50]. Additionally, during
menopause transition, women experience a decline of estradiol level
that would contribute to worsen HDL quality in women [51].
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3. HDL signaling function

HDLs interact with a range of cell receptors and activate different
pathways or be internalized, however, HDL internalization is poorly
described [52]. ApoAl is the main ligand of HDL-associated molecules
but other HDL components, such as S1P, can also interact with cell
receptors.

For example, HDL presents the ability to inhibit apoptosis in endo-
thelial cells by activation of the Akt/eNOS pathway, activated by apoAl
and S1P by binding to its receptors SR-BI and S1P-2, respectively. This
pathway inhibits the induction of apoptosis by the intrinsic pathway,
helping maintain the endothelial integrity [53].

3.1. Scavenger receptor type 1

SR-BI remains the primary HDL receptor, promoting bi-directional
cholesterol movement between cells and HDLs without degrading
HDLs [54]. Other lipoproteins can interact with SR-BI, but the interac-
tion with HDLs is more efficient [55]. In addition, several HDL types can
interact with SR-BI, but the main interaction occurs with phospholipid-
rich HDLs [56]. HDL's main SR-BI ligand is apoAl, an apolipoprotein
that is recognized by SR-BI (Fig. 1) [57].

HDL-SR-BI interaction produces SR-BI dimerization [58] and SR-BI
induces the activation of three protein kinases: src [59], liver kinase
B1 (LKB1) and calcium calmodulin-dependent protein kinase (CAMK)
[60]. Src phosphorylation activates phosphatidylinositol 3- kinase
(PI3K) and subsequently activates protein kinase B (Akt), which down-
stream signaling conduces to cell survival, inhibition of proliferation
and anti-apoptotic effects. Src also activates mitogen-activated protein
kinase (MAPK) and its downstream pathway [59]. In contrast, LKB1 and
CAMK activation lead to AMPK activation and subsequently to Akt
signaling [60]. SR-BI downstream signaling is involved in HDL-induced
cyclooxygenase 2 (COX-2) expression and prostacyclin (PGI2) release
[61]. Additionally, in endothelial cells has been demonstrated that PI3K
downstream signaling, activated by HDL via interaction with SR-BI,
promotes the formation of lamellipodia, by Rac-1 activation, inducing
cell shape change and proliferation [62,63].

SR-BI activation also controls cholesterol efflux to HDLs. Cholesterol
efflux results in inactivation of pathogen-associated molecular patterns
(PAMP) signal transduction, and the subsequent activation of NF-kB,
reducing chemo- and cytokine expression [37].

ApoA1
(B) _~

src LKB1 CAMPK

© ©)

PI3K AMPK

MAPK
AKT

Fig. 1. SR-BI activation derived pathways. (A) SR-BI apoA1l interaction derives
in (B) the activation of three different kinases: (C) src that activates PI3K and
subsequently MAPK and AKT pathways; (D) LKB1 and CAMPK both activate
AMPK and subsequently AKT.

Apoal, apolipoproteinAl; AMPK, AMP-activated kinase; CAMPK, calcium-
calmodulin dependent protein kinase; HDL, high-density lipoprotein; LKB1,
liver kinase B1; MAPK, mitogen-activated protein kinase; PI3K, phosphatidy-
linositol 3-kinase; AKT, protein kinase B; SR-BI, scavenger receptor type B
class 1.
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3.2. ATP binding cassette transporters

Two types of ATP binding cassette (ABC) transporters can interact
with HDLs: ABCA1 and ABCG1. ABCALl is a transmembrane protein
expressed ubiquitously, which interacts with apoAl. ABCA1 function is
to transfer phospholipids, mainly transporting phosphatidylcholine over
phosphatidylserine to apolipoproteins to form nascent HDLs [64].
ABCG1 is mostly expressed in intracellular membranes where it cata-
lyzes the efflux of phospholipids such as sphingomyelin, cholesterol and
its oxygenated derivatives, like hydroxycholesterols [64,65]. ABCA1
and ABCG1 act in combination: ABCA1 recognizes HDLs in the plasma
membrane and catalyzes cholesterol efflux from the cell, and ABCG1
allows cholesterol transport to the plasma membrane through the
intramembrane system [65].

The ABCAl-apoAl (Fig. 2) interaction induces the activation of
phospholipases C and D and adenylate cyclase through the activation of
a trimeric G protein kinase, and the consequent activation of PKC and
protein kinase A (PKA), respectively [66,67]. PKC and PKA phosphor-
ylate different substrates and both kinases can alter transcription. PKC
activates actin organization pathways, essential for immune synapsis
[36,68]. Additionally, upon ApoAl-ABCAl interaction, cholesterol
efflux occurs and phosphatidylcholine and sphingomyelin are also
removed from the cell. The decrease in sphingomyelin in the plasma
membrane then triggers phosphatidylcholine phospholipase activity,
which catalyzes the hydrolysis of phosphatidylcholine to generate
diacylglycerol (DAG), a signaling molecule, involved in the activation of
PKC and downstream signaling [67]. ABCA1 interacts with Janus
kinase-2 (JAK-2), which subsequently activates signal transducer and
activator of transcription 3 (STAT3), a protein that inhibits inflamma-
tion. Calcium influx is also stimulated by apoA1-ABCA1 interaction,
leading to JAK2 phosphorylation [69,70] [59,60]. ABCAL can couple to
cdc42, a GTPase from the Rho family, which directly activates actin
polymerization, produces cytoskeleton reorganization and activates ki-
nase cascades [71,72].

ABCA1 and ABCG1 deficiency is related to higher pro-inflammatory
cytokine expression and secretion in macrophages, in addition to
increased apoptotic responses [73]. Oxidative damage over macro-
phages is higher when they were depleted from ABCA1 and ABCG1 [74].
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Fig. 2. ABCA1 activation derived pathways. (A) ABCA1 coupled Ga subunit
protein activates adenylate cyclase, increasing cAMP concentration and pro-
ducing PKA activation; (B) the G protein fy subunits activate PLC, which pro-
duces DAG and activates PKC. Additionally, ABCA1 reduces SM content, which
activates PLC. (C) ABCA1 activates cdc42, Rho kinase that induces actin poly-
merization and activates PAK-1 and p545™™X kinases and their subsequent
signaling. (D) ABCA1-derived activation of JAK2-STAT3 pathway and cytokine
expression depletion.

ApoAl, apolipoprotein Al; ABCA1l, ATP binding cassette Al; DAG, diac-
ylglycerol; HDL, high-density lipoprotein; PLC, phospholipase C; PKA, protein
kinase A; PKC, protein kinase C; STAT3, signal transducer and activator of
transcription 3; SM, sphingomyelin; JAK-2, Janus kinase 2.
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3.3. SI1P receptors

S1P receptors (S1PRs) are G-protein coupled receptors for S1P.
S1PR1 is the most widely studied S1P receptor (Fig. 3). Coupled to a G(i)
protein, SIPR1-S1P interaction leads to the activation of pathways such
as Ras/ERK, PI3K/Akt, PI3K/Ras and calcium-dependent pathways, as
PLC activation is induced [75]. S1PR1-HDL signaling seems to be
coupled to apoA1-SR-BI interaction. SR-BI repairs HDLs and enables
S1PR1-S1P interaction [76]. The activation of S1PR leads to a signaling
cascade that concludes with anti-inflammatory, anti-apoptotic, vasodi-
lation and enhancement of the endothelial barrier [75].

4. HDL and lymphocyte activation

HDLs remove cholesterol from peripheral cells via their interaction
with HDL receptors, like ABCA1, ABCG1 and SR-BI. Cholesterol is an
essential lipid in lipid rafts, and cholesterol removal can modulate
protein attachment to lipid rafts, modulating their functionality. B-cell
(BCR) and T-cell receptors (TCR) are localized in lipid rafts and are
essential for immune synapsis [77,78], though HDL-immune cell inter-
action can modulate immune cell activation. Lipid rafts are also essential
for antigen presentation because antigen-presenting cells (APCs) express
antigen receptors and histocompatibility molecules (MHC) on lipid rafts.
Thus, cholesterol efflux from APCs can determine lymphocyte activation
[79]. In this sense, macrophages and dendritic cells (DCs) are profes-
sional APCs that provide a crucial link between innate and adaptive
immunity. Moreover, DCs are key in initiating T-cell responses and
determining the adaptive immune response. Briefly, DCs uptake PAMPs,
generate MHC-peptide complexes, migrate from the sites of antigen
acquisition to secondary lymphoid organs, and finally—as matured
DCs—prime naive T-lymphocytes, thereby driving the adaptive immune
response (Fig. 4).

Macrophages and DCs express essential costimulatory molecules, or
stimulation of the adaptive cellular response, in the activation process.
However, it has been observed that the shifting composition of lipid rafts
notably decreases in the presence of cholesterol, downregulating some
cellular functions. Notably, HDL or apoAl are involved in interaction
with ABCA1 or ABCGI, removing cholesterol from the lipid rafts in
macrophages and DCs [80,81]. Thus, HDL negatively regulates T-cell
activation and the expression of inflammatory mediators in professional
APCs. In macrophages, T-cell inactivation is caused by decreased
macrophage expression of MHC class II, a lipid raft component critical to
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Fig. 3. S1PR1 activation derived pathways. (A) HDLs interact with SIPRI,
receptor coupled to a G(i) protein, which activates: (B) PI3K signaling and the
subsequent MAPK and AKT pathways; (C) RAS pathway and (D) PLC that ac-
tivates PKC.

ERK, extracellular-signal-regulated kinase; PI3K, phosphatidylinositol 3-kinase;
MAPK, mitogen-activated protein kinase; AKT, protein kinase B; PKC, protein
kinase C; S1P1R1, sphingosine-1-phosphate receptor 1.
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Fig. 4. HDL and lymphocyte activation. (A) HDL interaction with lymphocyte
receptors: In T-cells ABCA1 and ABCG1 activation stimulates CE from the cell;
SR-BI activation stimulates CE and is essential for T-cell development; addi-
tionally, S1IPR stimulates T-cell egress from the thymus and T-cell differentia-
tion into Th17 phenotype. In B-cells, ABCA1 and ABCGA1 and SR-BI activation
stimulates CE; SR-BI activation reduces IL-6 and IL-10 production and S1PR
activation is essential for B-cell egress from the bone marrow. (B) CE efflux
effects over immune system cells: Cholesterol efflux reduce cholesterol content
of lipid rafts, lipid raft compositional modifications reduce BCR and TCR
localization in the cell membrane, reducing B- and T-cell activation, respec-
tively. Lipid raft cholesterol reduction lower monocyte differentiation into DCs
and in mature DCs and macrophages reduces MHC localized in the cell mem-
brane, reducing antigen presentation. HDL, high-density lipoprotein; ABCAL,
ATP-binding cassette Al; ABCG1, ATP-binding cassette G1; CE, cholesterol
efflux; SR-BI, scavenger receptor type B class 1; S1IPR, sphingomyelin 1 P re-
ceptor; IL, interleukin; BCR, B-cell receptor; TCR, T-cell receptor; DCs, dendritic
cell; MHC, major histocompatibility complex.

antigen presentation [78,82,83]. ApoAl inhibits the differentiation of
monocytes to DCs by increasing monocyte secretion of prostaglandin E2
(PGE2) and IL-10 [84]. It also inhibits T-lymphocyte activation by
decreasing antigen presentation in differentiated DCs [85]. In contrast,
immune cells express HDL receptors on their plasma membranes, and
HDL-induced pathways are activated through interaction with HDL
receptors.

4.1. HDLs and B-cells

Lipid rafts on B-cells are essential for BCR signaling. After antigen
recognition, BCR moves to lipid rafts and the BCR-antigen complex is
internalized for activation of T-cells. Lipid raft modulations alter BCR
activation and antigen presentation to T-cells. When B-cells interact
with HDLs, cholesterol is removed from lipid rafts, and the anchoring of
BCR in lipid rafts becomes less effective [85].

SR-BI activation in B-cells downregulates IL-6 and IL-10 cytokine
expression. Other SR-BI derived pathways can be activated, influencing
B-cell proliferation and survival. SR-BI null mice exhibited impaired B-
cell homeostasis and higher lymphocyte numbers [86].

B-cells also express a variety of S1PRs, and S1P exerts different
functions over B-cells. For example, S1P signaling is essential for B-cell
egress from the bone marrow [87,88]. In addition, S1P signaling regu-
lates the migration of follicular and peritoneal B-cells [88,89].

4.2. HDLs and T-cells

TCRs are localized in lipid rafts and HDL T-cell interaction can
modulate TCR activation and T-cell functions [77,78]. In addition,
cholesterol efflux from APCs, as described above, can reduce antigen
presentation and, consequently, T-cell activation [78,90]. T-cells ex-
press SR-BI, ABCA1 and ABCG1, and HDLs are recognized through these
receptors leading to cholesterol efflux [91]. SR-BI has been described as
essential to lymphocyte homeostasis. SR-BI inhibition provokes
impaired T-cell development and delayed thymus regeneration [92].

Additionally, lymphocytes express different S1PRs responsible for
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diverse actions. S1P signaling over lymphocytes regulates lymphocyte
egression from the thymus, specifically through S1PR1 signaling [93]. In
addition, S1P signaling reduces Th17 cell differentiation by SIPR1 [94].

5. Conclusions

A strong relationship between HDLs and cardiovascular or metabolic
diseases has been extensively reported in the literature. HDL functions as
an anti-inflammatory and antioxidant agent, as well as HDL role facili-
tating reverse cholesterol transport, relate to the onset and progression
of atherosclerosis or other metabolic diseases associated with oxidative
stress, including inflammatory diseases. It has also been established that
lipoprotein homeostasis does not rely on the amount of HDL circulating,
but on the molecular composition and functionality of HDL. Both pa-
rameters differ under physiological and pathological conditions. Pro-
gressive inflammation that occurs during chronical diseases influence
HDL population and enzymatic activity of lipids and proteins, as well as
the interaction of HDL with membrane receptors responsible of intra-
cellular signaling cascades. Regarding our immune cell populations,
removal of excess cellular cholesterol from lipid rafts by HDLs influence
antigen-presentation activity prior to lymphocyte activation. Our study
highlights the importance of high-density lipoproteins for an appro-
priate control of whole-body lipoprotein metabolism, preventing an
imbalance that may lead to cellular cholesterol accumulation, as well as
the key role of HDLs in the various interactions with membrane immune
cell receptors during inflammation or innate and adaptive immunity
events. Further studies are needed to elucidate the remodeling of HDL in
order to design prevention strategies and therapies for cardiovascular
and metabolic current diseases.
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ABC ATP binding cassette

Akt Protein kinase B

APC Antigen presenting cell
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ATF3 Activating transcription factor 3
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DC Dendritic cell
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MAPK MAP kinase

MHC Major histocompatibility complex
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PKA Protein kinase A

PKC Protein kinase C
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TLR Toll-like receptor

Declaration of competing interest

The authors state no conflict of interest.
Data availability

No data was used for the research described in the article.
Acknowledgements

This study was supported by the research Grant US-1263458
(Andalusian Ministry of Economy, Knowledge, Business, and University,
Government of Andalusia, Spain) into the European Regional Develop-
ment Fund Operational Programme 2014 to 2020.

References

[1]1 G.G. Zhong, S.Q. Huang, Y. Peng, L. Wan, Y.Q. Wu, T.Y. Hu, et al., HDL-C is
associated with mortality from all causes, cardiovascular disease and cancer in a J-
shaped dose-response fashion: a pooled analysis of 37 prospective cohort studies,
Eur. J. Prev. Cardiol. 27 (2020) 1187-1203.

G.E. Rosein, J.W. Heinecke, Time to ditch HDL-C as a measure of HDL function?
Curr. Opin. Lipidol. 28 (2017) 414-418.

H. Thakkar, V. Vincent, A. Sen, A. Singh, A. Roy, Changing perspectives on HDL:
from simple quantity measurements to functional quality assessment, J Lipids. 26
(2021) 5585521.

G.G. Schwartz, A.G. Olsson, M. Abt, C.M. Ballantyne, P.J. Barter, J. Brumm, et al.,
Effects of dalcetrapib in patients with a recent acute coronary syndrome, N. Engl. J.
Med. 367 (2012) 2089-2099.

P.J. Barter, M. Caulfield, M. Eriksson, S.M. Grundy, J.J. Kastelein, M. Komajda, et
al., Effects of torcetrapib in patients at high risk for coronary events, N Engl Med.
357 (2007) 2109-2122.

W.E. Boden, J.L. Probstfield, R. Anderson, B.R. Chaitman, P. Desvignes-Nickens,
K. Koprowicz, et al., Niacin in patients with low HDL cholesterol levels receiving
intensive statin therapy, N. Engl. J. Med. 365 (2011) 2255-2267.

H. Soran, J.D. Schofield, P.N. Durrington, Antioxidant properties of HDL, Front
Pharmacol. 16 (2015) 6-22.

J.R. Nofer, B. Levkau, I. Wolinska, R. Junker, M. Fobker, U. Seedorf, A. Con
Eckardstein, Suppression of endothelial cell apoptosis by high density lipoproteins
(HDL) and HDL-associated lysosphingolipids, J. Biol Chem. 276 (2001)
34480-34485.

O.N. Ajala, O.V. Demler, Y. Liu, Z. Farukhi, S.J. Adelman, H.L. Collins, et al., Anti-
inflammatory HDL function, incident cardiovascular events, and mortality: a
secondary analysis of the JUPITER randomized clinical trial, J. Am. Heart Assoc. 9
(2020), e026507.

E.S. Parra, N.B. Panzoldo, V.H. Zago, D.Z. Scherrer, F. Alexandre, J. Bakkarat, el
al., HDL size is more accurate than HDL cholesterol to predict carotid subclinical
atherosclerosis in individuals classified as low cardiovascular risk, PLoS One. 9
(2014), el14212.

J.D. Otvos, D. Collins, D.S. Freedman, I. Shalaurova, E.J. Schaefer, J.R. McNamara,
H.E. Bloomfield, S.J. Robins, Low-density lipoprotein and high-density lipoprotein
particle subclasses predict coronary events and are favorably changed by
gemfibrozil therapy in the veterans affairs high-density lipoprotein intervention
trial, Circulation 113 (2006) 1556-1563.

M. Hunjadi, C. Lamina, P. Kahler, T. Bernscherer, J. Viikari, T. Lehtimaki, et al.,
HDL cholesterol efflux capacity is inversely associated with subclinical
cardiovascular risk markers in young adults: the cardiovascular risk in young finns
study, Sci. Rep. 10 (2020) 19223.

N. Vuilleumier, S. Pagano, F. Montecucco, A. Quercioli, T.H. Schindler, F. March,
et al., Relationship between HDL cholesterol efflux capacity, calcium coronary
artery content, and antibodies against apolipoproteinA-1 in obese and healthy
subjects, J. Clin. Med. 8 (2019) 1225.

A. Prats-Uribe, S. Sayols-Baixeras, A. Fernandez-Sanles, I. Subirana, High-density
lipoprotein characteristics and coronary artery disease: a Mendelian randomization
study, Metabolis. 112 (2020), 154351.

P. Mury, E.N. Chirico, M. Mura, A. Millon, E. Canet-Soulas, V. Pialoux, Oxidative
stress and inflammation, key targets of atherosclerotic plaque progression and
vulnerability: potential impact of physical activity, Sports Med. 48 (2018)
2725-2741.

[2]
[3]

[4]

[5]

[6]

71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]


http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454267499
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454267499
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454267499
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454267499
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454342283
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454342283
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454350152
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454350152
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454350152
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502245438
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502245438
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502245438
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454360990
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454360990
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454360990
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454450871
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454450871
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454450871
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455028875
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455028875
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080459445063
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080459445063
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080459445063
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080459445063
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455036129
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455036129
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455036129
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455036129
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080500310521
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080500310521
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080500310521
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080500310521
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502258904
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502258904
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502258904
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502258904
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502258904
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502279438
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502279438
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502279438
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502279438
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455044744
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455044744
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455044744
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455044744
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455161382
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455161382
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455161382
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502286812
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502286812
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502286812
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502286812

E. Grao-Cruces et al.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

D. DeNardo, L.I. Labzin, H. Kono, R. Seki, S.V. Schmidt, M. Beyer, et al., High-
density lipoprotein mediates anti-inflammatory reprogramming of macrophages
via the transcriptional regulator ATF3, Nat. Immunol. 15 (2014) 152-160.

D. Hine, B. Mackness, M. Mackness, Coincubation of PON2, APO Al and LCAT
increases the time HDL is able to prevent LDL oxidation, IUBMB Life 64 (2012)
157-161.

D. Martinez-Lopez, E. Camafeita, L. Cedo, R. Roldan-Montero, 1. Jorge, F. Garcia-
Marques, et al., APOA1 oxidation is associated to dysfunctional high-density
lipoproteins in human abdominal aortic aneurysm, EBioMedicine. 43 (2019)
43-53.

B.Q. Li, Y.C. Zhong, X. Wang, Plasma oxidized high-density lipoproteins and
glycated apolipoprotein A-1 concentrations in ST-segment elevation myocardial
infarction patients with stress hyperglycaemia or high thrombus burden, Ups. J.
Med. Sci. 123 (2018) 158-166.

S. Sued, E. Nissila, H. Ruhanen, S. Fudo, M.O. Gaytan, , et al.S.P. Sihvo,
Streptococcus pneumoniae pneumolysin and neuraminidase A convert high-
density lipoproteins into pro-atherogenic particles, iScience 24 (2021) 102535.
C.Y. Han, C. Tang, M.E. Guevara, H. Wei, T. Wietecha, B. Shao, et al., Serum
amyloid a impairs the antiinflammatory properties of HDL, J. Clin. Invest. 126
(2016) 266-281.

H.Y. Choi, A. Hafiane, A. Scwertani, J. Genest, High-density lipoproteins: biology,
epidemiology and clinical management, Can. J. Cardiol. 33 (2017) 325-333.

M. Sikora, E. Bretes, J. Perla-Kajan, I. Lewandowska, et al., Genetic attenuation of
paraoxonase 1 activity induces proatherogenic changes in plasma proteomes of
mice and humans, Antioxidants. 8 (2020) 1198.

K. Sattler, K. Lehmann, M. Graler, M. Brocker-Preuss, R. Erbel, G. Heusch, et al.,
HDL-bound S1P predicts the severity of coronary artery atherosclerosis, Cell.
Physiol. Biochem. 34 (2014) 172-184.

Y. Fan, J. Chen, D. Liu, W. Li, H. Wang, Y. Huang, et al., HDL-S1P protects
endothelial function and reduces lung injury during sepsis in vivo and in vitro, Int.
J. Biochem. Cell Biol. 126 (2020), 105819.

I. Sutter, S. Velagapudi, A. Othman, M. Riwanto, J. Manz, L. Rohrer, et al.,
Plasmalogens of high-density lipoproteins (HDL) are associated with coronary
artery disease and anti-apoptotic activity of HDL, Atherosclerosis 241 (2015)
539-546.

C. Bergt, J.F. Oram, J.W. Heinecke, Oxidized HDL: the paradox-idation of
lipoproteins, Arterioscler. Thromb. Vasc. Biol. 23 (2003) 1488-1490.

A. Kontush, M. Lingahl, M. Lhomme, L. Calabresi, M.J. Chapman, W.S. Davidson,
Structure of HDL: particle subclasses and molecular components, Handb. Exp.
Pharmacol. 224 (2015) 3-51.

J. Ma, X.L. Liao, B. Lou, M.P. Wu, Role of apolipoprotein A-1 in protecting against
endotoxin toxicity, Acta Biochim. Biophys. Sin. 36 (2004) 419-424.

W. Li, L.G. Hua, P. Qu, W.H. Yan, C. Ming, Y.D. Jun, et al., NLRP3 inflammasome: a
novel link between lipoproteins and atherosclerosis, Arch. Med. Sci. 12 (2016)
950-958.

S.G. Thacker, A. Zarzour, Y. Chen, M.S. Alcicek, L.A. Freeman, D.O. Sviridov, et al.,
High-density lipoprotein reduces inflammation from cholesterol crystals by
inhibiting inflammasome activation, Immunology 149 (2016) 306-319.

X.H. Xu, P.K. Shah, E. Faure, O. Equils, L. Thomas, M.C. Fishbein, et al., Toll-like
receptor-4 is expressed by macrophages in murine and human lipid-rich
atherosclerotic plaques and upregulated by oxidized LDL, Circulation 204 (2001)
3103-3108.

M. Triantafilou, K. Triantafilou, Lipopolysaccharide recognition: CD14, TLRs and
the LPS-activation cluster, Trends Immunol. 23 (2002) 301-304.

C.R. White, L.E. Smythies, D.K. Crossman, M.N. Palgunachari, G.

M. Anantharamaiah, G. Datta, et al., Regulation of pattern recognition receptors by
the apolipoprotein A-I mimetic peptide 4F, Arterioscler. Thromb. Vasc. Biol. 32
(2012) 2631-2639.

E.P.C. van der Vorst, K. Theodorou, Y. Wu, M.A. Hoeksema, P. Goosens, C.

A. Bursill, et al., High-density lipoproteins exert pro-inflammatory effects on
macrophages via passive cholesterol depletion and PKC-NF-kB/STAT1-IRF1
signaling, Cell Metab. 25 (2017) 197-207.

K.A. Smoak, J.J. Aloor, J. Madenspacher, B.A. Merrick, J.B. Collins, X. Zhu, et al.,
Myeloid differentiation primary response protein 88 couples reverse cholesterol
transport inflammation, Cell Metab. 11 (2010) 493-502.

P. Fotakis, V. Kothari, D.G. Thomas, M. Westerterp, M.M. Molusky, E. Altin, et al.,
Effects of HDL (high-density lipoprotein) in macrophages predominate over
proinflammatory effects in atherosclerotic plaques, Arterioscler. Thromb. Vasc.
Biol. 39 (2019) e253-€272.

R. Gester, J.J. Eloranta, M. Hausmann, P.A. Ruiz, J. Cosin-Roger, A. Terhalle, et al.,
Anti-inflammatory function of high-density lipoproteins via autophagy of IkB
kinase, Cell Mol. Gastroenterol. Hepatol. 1 (2014) 171-187.

W. Khovidhunkit, J.K. Shigenaga, A.H. Moser, K.R. Feingold, C. Grunfeld,
Cholesterol efflux by acute-phase high density lipoprotein: role of lecithin-
cholesterol acyltransferase, J. Lipid Res. 42 (2001) 967-975.

P. Sadana, L. Lin, M. Aghayey, S. Ilchenko, T. Kasumoy, Early pro-inflammatory
remodeling of HDL proteome in a model of diet-induced obesity: 2H20-metabolic
labelling-based kinetic approach, Int. J. Mol. Sci. 21 (2020) 7472.

A.L. Pasqui, L. Puccetti, G. Bova, M. Di Renzo, F. Bruni, M. Pastorelli, et al.,
Relationship between serum complement and different lipid disorders, Clin. Exp.
Med. 2 (2002) 33-38.

D.E. Jenne, B. Lowin, M.C. Peitsch, A. Bottcher, G. Schmitz, K. Tscopp, Clusterin
(complement lysis inhibitor) forms a high density lipoprotein complex with
apolipoprotein A-I in human plasma, J. Biol. Chem. 266 (1991) 11030-11036.

E. Burillo, C. Tarin, M.M. Torres-Fonseca, C.E. Fernandez-Garcia, R. Martinez-
Pinna, D. Martinez-Lopez, et al., Paraoxonase-1 overexpression prevents

122

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]
[64]

[65]

[66]

[67]

[68]

[69]

International Journal of Biological Macromolecules 195 (2022) 117-123

experimental abdominal aortic aneurysm progression, Clin. Sci. 139 (2016)
1027-1038.

M. Ruiz, C. Frej, A. Homer, L.J. Guo, S. Tran, Dahlback, et al., High-density
lipoprotein associated apolipoprotein M limits endothelial inflammation by
delivering sphingosine-1-phosphate to the sphingosine-1-phosphate receptor 1,
Arterioscler Thromb Vasc Biol. 37 (2017) 118-129.

1. Kralova-Lesna, R. Poledne, L. Pagacova, P. Stavek, J. Pitha, HDL and
apolipoprotein Al concentrations as markers of cholesterol efflux in middle-aged
women: interaction with smoking, Neuro. Endocrinol. Lett. 33 (2012) 38-42.
S.R. El Khoudary, A. Nasr, J. Billheimer, M.M. Brooks, D. McConnell, S. Crawford,
et al., Associations of endogenous hormones with HDL novel metrics across the
menopause transition: the SWAN HDL study, J. Clin. Endocrinol. Metab. (2021),
dgab595.

A. Trentini, T. Bellini, G. Bonaccorsi, C. Cavicchio, S. Hanau, A. Passaro, et al., Sex
difference: an important issue to consider in epidemiological and clinical studies
dealing with serum paraoxonase-1, J. Clin. Biochem. Nutr. 64 (2019) 250-256.
A. Otrante, A. Trigui, R. Walha, H. Berrougui, T. Fulop, A. Khalil, Extra virgin olive
oil prevents the age-related shifts of the distribution of HDL subclasses and
improves their functionality, Nutrients 13 (2021) 2235.

R.K. Mutharasan, C.S. Thaxton, J. Berry, et al., HDL efflux capacity, HDL particle
size, and high-risk carotid atherosclerosis in a cohort of asymptomatic older adults:
the Chicago healthy aging study, J. Lipid Res. 58 (2017) 600-606.

1. Seres, G. Paragh, E. Deschene, T. Fulop Jr., A. Khalil, Study of factors influencing
the decreased HDL associated PON1 activity with aging, Exp. Gerontol. 39 (2004)
59-66.

S.R. El Khoudary, A. Nasr, K.A. Matthews, T.J. Orchard, M.M. Brooks,

J. Billheimer, et al., Associations of HDL metrics with coronary artery calcium
score and density among women traversing menopause, J. Lipid Res. 22 (2021),
100098.

P. Zanoni, S. Velagapudi, M. Yalcinkaya, L. Rohrer, A. von Eckardstein,
Endocytosis of lipoproteins, Atherosclerosis 275 (2018) 273-295.

S. Run-Lu, H. Can-Xia, B. Jin-Lan, J. Jip-Yu, B. Zhang, Z. Shu-Xian, et al., CC-
chemokine ligand 2 (CCL2) suppresses high density lipoprotein (HDL)
internalization and cholesterol efflux via CC-chemokine receptor 2 (CCR2)
induction and p42/44 mitogen-activated protein kinase (MAPK) activation in
human endothelial cells, J. Biol. Chem. 291 (2016) 19532-19544.

M.A. Connelly, M. de la Llera-Moya, P. Monzo, P.G. Yancey, D. Drazul, G. Stoudt, et
al., Analysis of chimeric receptors shows that multiple distinct functional activities
of scavenger receptor, class B, type I (SR-BI) are localized to the extracellular
receptor domain, Biochemistry 40 (2001) 5249-5259.

T.G. Vishnyakova, A.V. Bocharov, L.N. Noranova, R. Kurlander, S.K. Drake,

Z. Chen, et al., SR-BI mediates neutral lipid sorting from LDL to lipid droplets and
facilitates their formation, PloS One. 15 (2020), e0240659.

P.G. Yancey, M.A. Kawashiri, R. Moore, J.M. Glick, D.L. Williams, M.A. Connelly,
et al., In vivo modulation of HDL phospholipid has opposing effects on SR-BI- and
ABCA1-mediated cholesterol efflux, J. Lipid Res. 45 (2004) 337-346.

V.I. Zannis, A. Chroni, M. Krieger, Role of apoA-1, ABCA1, LCAT, and SR-BI in the
biogenesis of HDL, J. Mol. Med. 84 (2006) 276-294.

A.C. Chadwick, D.R. Jensen, P.J. Hanson, P.T. Lange, S.C. Proudfoot, F.C. Petersn,
et al., NMR structure of the C-terminal transmembrane domain of the HDL
receptor, SR-BI, and functionally relevant leucine zipper motif, Structure 25 (2017)
446-457.

C. Mineo, 1.S. Yuhanna, M.J. Quon, P.W. Shaul, High density lipoprotein-induced
endothelial nitric-oxide synthase activation is mediated by akt and MAP kinases,
J. Biol. Chem. 278 (2003) 9142-9149.

T. Kimura, H. Tomura, K. Sato, M. Ito, I. Matsuoka, D.S. Im, et al., Mechanism and
role of high-density lipoprotein-induced activation of AMP-activated protein kinase
in endothelial cells, J. Biol. Chem. 285 (2010) 4287-4297.

Q.H. Zhang, X.Y. Zu, R.X. Cao, J.H. Liu, Z.C. Mo, Y. Zeng, et al., An involvement of
SR-B1 mediated PI3K-akt-eNOS signalling in HDL-induced cyclooxygenase 2
expression and prostacyclin production in endothelial cells, Biochem. Biophys. Res.
Commun. 420 (2012) 17-23.

D. Seetharam, C. Mineo, A.K. Gormely, L.L. Gibson, W. Vongpatanasin, K.

L. Chambliss, et al., High-density lipoprotein promotes endothelial cell migration
and reendothelialization via scavenger receptor-B type I, Circ. Res. 98 (2006)
63-72.

Q. Zhang, H. Yin, P. Liu, H. Zhang, M. She, Essential role of HDL on signal pathway,
Exp. Biol. Med. 235 (2019) 1082-1092.

J. Luo, H. Yang, B.L. Song, Mechanisms and regulation of cholesterol homeostasis,
Nat. Rev. Mol. Cell Biol. 21 (2020) 224-245.

T. Engel, M. Fobker, J. Buchmann, F. Kannenberg, S. Rust, J.R. Nofer, et al.,
3p,5a,6p-cholestanetriol and 25-hydroxycholesterol accumulate in ATP-binding
cassette transporter G1 (ABCG1)-deficiency, Atherosclerosis 235 (2014) 122-129.
K. Matsumira, N. Tamasawa, M. Daimon, Possible insulinotropic action of
apolipoprotein A-I through the ABCA1/Cdc42/cAMP/PKA pathway in MING cells,
Front. Endocrinol. 9 (2018) 645.

Y. Yamauchi, M. Hayashi, S. Abe-Dohmae, S. Yokojama, Apolipoprotein A-I
activates protein kinase C alpha signalling to phosphorylate and stabilize ATP
binding cassette transporter Al for the high density lipoprotein assembly, J. Biol.
Chem. 278 (2003) 47890-47897.

V. Calvo, M. Izquierdo, Role of actin cytoskeleton reorganization in polarized
secretory traffic at the immunological synapse, Front. Cell Dev. Biol.. 9 (2021),
629097.

C. Tang, A.M. Vaughan, J.F. Oram, Janus kinase 2 modulates the apolipoprotein
interactions with ABCA1 required for removing cellular cholesterol, J. Biol. Chem.
279 (2004) 7622-7628.


http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455320241
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455320241
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455320241
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502296942
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502296942
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502296942
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502310122
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502310122
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502310122
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502310122
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502321390
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502321390
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502321390
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502321390
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501104859
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501104859
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501104859
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502335450
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502335450
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502335450
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455369154
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455369154
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455394617
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455394617
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455394617
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455407371
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455407371
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455407371
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502345752
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502345752
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502345752
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502356292
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502356292
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502356292
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502356292
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502361173
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502361173
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455416591
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455416591
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455416591
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502369194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502369194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502413458
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502413458
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502413458
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502422202
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502422202
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502422202
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455428225
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455428225
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455428225
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455428225
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502430691
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502430691
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455485494
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455485494
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455485494
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455485494
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455489588
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455489588
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455489588
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455489588
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502445472
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502445472
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502445472
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455499017
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455499017
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455499017
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080455499017
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456005639
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456005639
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456005639
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502467724
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502467724
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502467724
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456058349
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456058349
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456058349
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502485071
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502485071
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502485071
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456066832
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456066832
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456066832
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456075698
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456075698
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456075698
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456075698
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456167395
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456167395
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456167395
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080456167395
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080452588406
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080452588406
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080452588406
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501209251
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501209251
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501209251
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501209251
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501240478
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501240478
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501240478
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501252194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501252194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501252194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501264080
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501264080
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501264080
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080452594672
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080452594672
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080452594672
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453003404
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453003404
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453003404
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453003404
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501275748
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501275748
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453052819
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453052819
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453052819
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453052819
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453052819
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501285550
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501285550
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501285550
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501285550
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453099912
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453099912
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453099912
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501290212
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501290212
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501290212
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501303147
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501303147
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453110008
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453110008
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453110008
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453110008
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501314183
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501314183
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501314183
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453118605
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453118605
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453118605
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501332458
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501332458
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501332458
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501332458
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453129964
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453129964
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453129964
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453129964
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453132943
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453132943
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453243481
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453243481
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501340554
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501340554
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501340554
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453323508
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453323508
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453323508
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453335683
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453335683
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453335683
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453335683
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453484117
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453484117
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453484117
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501353269
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501353269
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501353269

E. Grao-Cruces et al.

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

C. Tang, B.A. Houston, C. Storey, R.C. LeBoeuf, Both STAT3 activation and
cholesterol efflux contribute to the anti-inflammatory effect of apoA-I/ABCA1
interaction in macrophages, J. Lipid Res. 57 (2016) 848-857.

J.R. Nofer, A.T. Remaley, R. Feuerborn, I. Wolinnska, T. Engel, A. von Eckardstein,
et al., Apolipoprotein A-I activates Cdc42 signaling through the ABCA1 transporter,
J Lipid Res. 47 (2006) 794-803.

A. Kheirollah, Y. Nagayasu, H. Ueda, S. Yokoyama, M. Michikawa, et al.,
Involvement of cdc42/Rho kinase in apoA-I mediated cholesterol efflux through
interaction between cytosolic lipid-protein particles and microtubules in rat
astrocytes, J. Neurosci. Res. 92 (2014) 455-463.

L. Yvan-Charvet, M. Ranalletta, N. Wang, S. Han, N. Terasaka, R. Li, C. Welch, A.
R. Tall, Combined deficiency of ABCA1 and ABCG1 promotes foam cell
accumulation and accelerates atherosclerosis in mice, J. Clin. Invest. 117 (2007)
3900-3908.

L. Yvan-Charvet, T.A. Pagler, T.A. Seimon, E. Thorp, C.L. Welch, J.L. Witztum,

1. Tabas, A.R. Tall, ABCA1 and ABCG1 protect against oxidative stress-induced
macrophage apoptosis during efferocytosis, Circ. Res. 106 (2010) 1861-1869.

Y. Hisano, T. Nishi, A. Kawahara, The functional roles of S1P in immunity,

J. Biochem. 152 (2012) 305-311.

M.H. Lee, K.M. Appleton, H.M. El-Sheww, M.G. Sorci-Thomas, M.J. Thomas, M.
F. Lopes-Virella, et al., S1P in HDL promotes interaction between SR-BI and S1PR1
and activates S1PR1-mediated biological functions: calcium flux and SIPR1
internalization, J. Lipid Res. 58 (2017) 325-338.

M. Sun, X. Han, D. Zhou, J. Zhong, L. Liu, Y. Wang, et al., BIG1 mediates sepsis-
induced lung injury by modulating lipid raft-dependent macrophage inflammatory
responses, Acta Biochim. Biophys. Sin. 53 (2021) 1088-1097.

E.M. Hiltbold, N.J. Poloso, P.A. Roche, MHC class II-peptide complexes and APC
lipid rafts accumulates at the immunological synapse, J. Immunol. 170 (2003)
1329-1338.

S. Pradhan, S. Ghosh, S. Hussain, J. Paul, B. Mukherjee, Linking membrane fluidity
with defective antigen presentation in leishmaniasis, Parasite Immunol. 43 (2021),
e12835.

Y.D. Landry, M. Denis, S. Nandi, S. Bell, A.M. Vaughan, X. Zha, ATP-binding
cassette transporter Al expression disrupts raft membrane microdomains through
its ATPase-related functions, J. Biol. Chem. 28 (2006) 36091-36101.

A.J. Murphy, K.J. Woollard, A. Hoang, N. Mukhamedova, R.A. Stirzaker, S.P.

A. McCormick, et al., High-density lipoprotein reduces the human monocyte
inflammatory response, Arterioscler. Thromb. Vasc. Biol. 28 (2008) 2071-2077.
N.J. Poloso, A. Muntasell, P.A. Roche, MHC class II molecules traffic into lipid rafts
during intracellular transport, J. Immunol. 173 (2004) 4539-4546.

123

[83]

[84]

[85]

[86]

[87]

[88]

[891]

[90]

[91]

[92]

[93]

[94]

International Journal of Biological Macromolecules 195 (2022) 117-123

N. Setterbald, C. Roucard, C. Bocaccio, J.P. Abastado, D. Charron, N. Mooney, et
al., Composition of MHC class II-enriched lipid microdomains is modified during
maturation of primary dendritic cells, J. Leukoc. Biol. 74 (2003) 40-48.

K.D. Kim, H.Y. Lim, H.G. Lee, D.Y. Yoon, Y.K. Choe, I. Choi, et al., Apolipoprotein
A-Iinduces IL-10 and PGE2 production in human monocytes and inhibits dendritic
cell differentiation and maturation, Biochem. Biophys. Res. Commun. 338 (2005)
1126-1136.

N. Gupta, B. Wollscheid, J.D. Watts, B. Scheer, R. Aebersold, A.L. DeFranco,
Quantitative proteomic analysis of B cell lipid rafts reveals that ezrin regulates
antigen receptor-mediated lipid raft dynamics, Nat. Immunol. 7 (2006) 625-633.
H. Feng, L. Guo, D. Wang, H. Gao, G. Hou, Z. Zheng, et al., Deficiency of scavenger
receptor BI leads to impaired lymphocyte homeostasis and autoimmune disorders
in mice, Arterioscler. Thromb. Vasc. Biol. 31 (2011) 2543-2551.

J.P. Pereira, Y. Xu, J.G. Cyster, A role for S1P and S1P1 in immature-B cell egress
from mouse bone marrow, PloS One. 5 (2010), €9277.

E.E. Donovan, R. Pelanda, R.M. Torres, S1P3 confers differential S1P-induced
migration by autoreactive and non-autoreactive immature B cells and is required
for normal B-cell development, Eur. J. Immunol. 40 (2010) 688-698.

A. Kleinwort, F. Liihrs, C.D. Heidecke, M. Lipp, S1P signalling differentially affects
migration of peritoneal B cell populations in vitro and influences the production of
intestinal IgA in vivo, Int. J. Mol. Sci. 19 (2018) 391.

S.H. Wang, S.G. Yuan, D.Q. Peng, S.P. Zhao, HDL and ApoA-I inhibit antigen
presentation-mediated T cell activation by disrupting lipid rafts in antigen
presenting cells, Atherosclerosis 225 (2012) 105-114.

B. Ghorbanian, A. Ravassi, M.R. Kordi, M. Hedayati, The effects of rope training on
lymphocyte ABCA1 expression, plasma ApoA-I and HDL-c in boy adolescents, Int.
J. Endocrinol. Metab. 11 (2013) 76-81.

Z. Zheng, J. Ai, L. Guo, X. Ye, S. Bondada, D. Howatt, et al., SR-BI (Scavenger
receptor class B type 1) is critical in maintaining normal T-cell development and
enhancing thymic regeneration, Arterioscler. Thromb. Vasc. Biol. 38 (2018)
2706-2717.

T. Perez-Jeldres, C.J. Tyler, J.D. Boyer, D.A. Giles, , et al.T. Karuppuchamy,

A. Yarur, Targeting cytokine signalling and lymphocyte traffic via small molecules
in inflammatory bowel disease: JAK inhibitors and S1PR agonists, Front
Pharmacol. 10 (2019) 212.

A. Eken, R. Duhen, A.K. Singh, J.H. Buckner, M. Kita, E. Bettelli, et al., S1P,
deletion differentially affects TH17 and regulatory T cells, Sci. Rep. 7 (2017)
12905.


http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501362248
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501362248
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501362248
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080458267060
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080458267060
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080458267060
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502216473
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502216473
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502216473
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080502216473
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501367275
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501367275
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501367275
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501367275
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501371454
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501371454
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501371454
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501381188
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501381188
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453493602
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453493602
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453493602
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453493602
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501396324
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501396324
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501396324
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501409228
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501409228
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501409228
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453500750
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453500750
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453500750
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453564107
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453564107
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453564107
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501416246
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501416246
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501416246
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501421821
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501421821
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453573802
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453573802
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453573802
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501443933
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501443933
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501443933
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501443933
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501443542
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501443542
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501443542
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501540947
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501540947
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501540947
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453580093
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453580093
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501541717
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501541717
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501541717
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453589955
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453589955
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080453589955
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501481117
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501481117
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501481117
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501550590
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501550590
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080501550590
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454078194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454078194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454078194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454078194
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080459012065
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080459012065
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080459012065
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080459012065
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454102068
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454102068
http://refhub.elsevier.com/S0141-8130(21)02625-8/rf202112080454102068

	High-density lipoproteins and immune response: A review
	1 Introduction
	2 HDL and inflammation
	2.1 HDL anti-inflammatory function
	2.2 HDL remodeling during inflammation
	2.3 HDL properties and physiological conditions: sex and age

	3 HDL signaling function
	3.1 Scavenger receptor type 1
	3.2 ATP binding cassette transporters
	3.3 S1P receptors

	4 HDL and lymphocyte activation
	4.1 HDLs and B-cells
	4.2 HDLs and T-cells

	5 Conclusions
	Abbreviations
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


