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Abstract

The cholesterol of high-density lipoproteins (HDLs) and its major proteic

component, apoA-I, have been widely investigated as potential predictors of

acute cardiovascular (CV) events. In particular, HDL cholesterol levels were

shown to be inversely and independently associated with the risk of acute CV

diseases in different patient populations, including autoimmune and chronic

inflammatory disorders. Some relevant and direct anti-inflammatory activities

of HDL have been also recently identified targeting both immune and vascular

cell subsets. These studies recently highlighted the improvement of HDL func-

tion (instead of circulating levels) as a promising treatment strategy to reduce

inflammation and associated CV risk in several diseases, such as systemic lupus

erythematosus and rheumatoid arthritis. In these diseases, anti-inflammatory

treatments targeting HDL function might improve both disease activity and

CV risk. In this narrative review, we will focus on the pathophysiological

relevance of HDL and apoA-I levels/functions in different acute and chronic

inflammatory pathophysiological conditions.

Keywords

Systemic inflammation • Autoimmune disease • apoA-I • HDL • Innate

immunity

Abbreviations

ABCA ATP-binding cassette transporters

ABCG1 ATP-binding cassette G1

APC Antigen-presenting cells

apoA-I Apolipoprotein A-1

APR Acute-phase response

BD Behçet’s disease

CAD Coronary artery disease

CD Crohn’s disease

CVD Cardiovascular diseases

EBV Epstein-Barr virus

HDL-C High-density lipoprotein cholesterol

hs-CRP High-sensitivity C-reactive protein
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IBD Inflammatory bowel diseases

KD Kawasaki disease

LPL Lipoprotein lipase

Lp-PLA2 Lipoprotein-specific phospholipase A2

LPS Lipopolysaccharide

LTA Lipoteichoic acid

MPO Myeloperoxidase

piHDL Proinflammatory HDL

PON1 Paraoxonase 1

RA Rheumatoid arthritis

SAA Serum amyloid A

SLE Systemic lupus erythematosus

SMAD Small mothers against decapentaplegic

SR-BI Scavenger receptor BI

Th1 T helper type 1

TGF-β Transforming growth factor beta

UC Ulcerative colitis

1 Introduction

Since the seminal publication by Miller and coworkers in 1975, HDL-C has

consistently been shown to be inversely and independently associated with the

risk of acute CVD (such as myocardial infarction) (Miller and Miller 1975; Castelli

et al. 1986; Di Angelantonio et al. 2009) and became one of the most commonly

measured biomarkers (Expert Panel 2001). Nevertheless, the recent failures of

HDL-C-raising therapies to reduce CV complications and atherosclerosis

(Davidson 2012) as well as Mendelian randomization studies to demonstrate

associations of genetically determined HDL-C levels with altered CV risk (Voight

et al. 2012; Shah et al. 2013; Haase et al. 2012) raised the question whether HDL is

an innocent bystander or a mediator of atherogenesis and CVD.

Among the important progresses in our understanding about HDL physiopathol-

ogy, many studies stress the importance of HDL functions rather than HDL-C blood

levels. This in turn could be of key importance to understand the negative outcome

of both interventional trials and Mendelian randomization studies which did not

take HDL functionality into account. Indeed, there is a growing body of evidence

indicating that both acute and chronic inflammatory conditions induce posttransla-

tional modifications of HDL, impairing both its lipid homoeostasis-regulating and

anti-inflammatory properties, and even turn HDL into a proinflammatory molecule

(Navab et al. 2011).

Those observations are shifting the attention from HDL-C levels to HDL

function, emphasizing the importance of taking into account the clinical situations

in which HDL-C levels are measured. Therefore, the precise knowledge of the
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different chronic or acute conditions susceptible to affect both the quantity and

quality of HDL is likely to be paramount in order to understand the actual contro-

versy about the causal role of HDL in CVD. Furthermore, because many of the

functional properties of HDL can be recapitulated by apolipoprotein A-1 (apoA-I)

(Phillips 2013), we will review the different acute and chronic inflammatory

pathophysiological conditions reported to affect both HDL and apoA-I levels and

functions, as potential modulators of the innate immune system.

2 HDL/apoA-I Structure and Function

Since HDL structure is predominantly affected by the presence of apoA-I (Phillips

2013), both molecules will be presented in a joint manner. Depending on the lipid

state of apolipoproteins, HDL molecules are heterogeneous in shape, size, and

density. The predominant HDL species are spherical HDL, consisting of a core of

cholesteryl ester (CE) and triacylglycerol, encapsulated by a monolayer of

phospholipids, unesterified cholesterol, and different lipoproteins. The latter is

mostly represented by apoA-I which constitutes the major protein fraction of

HDL and represents up to 80 % of HDL mass (Heinecke 2009). The second more

abundant lipoprotein of HDL is apoA-II, followed by less abundant proteins

including apoCs, D, E, J, and M; several enzymes such as lecithin-cholesterol

acyltransferase (LCAT), serum paraoxonase 1 (PON1), and platelet-activating

factor acetylhydrolase (PAF-AH); and sphingosine-1-phosphate (S1P) (see chapter

“Structure of HDL: Particle Subclasses and Molecular Components” for more

details).

The atheroprotective role of HDL on the cardiovascular system has been

attributed to the pleiotropic effects of HDL, including reverse cholesterol transport,

vasodilatation, antithrombotic, anticoagulant, and anti-inflammatory effects

(Gordon and Davidson 2012). Reflecting those versatile properties, mass spectrom-

etry analyses revealed that HDL encompasses up to 80 different proteins.

Two-thirds of them are either acute-phase proteins, proteases, antioxidants,

antithrombotic enzymes, or proteins involved in complement regulation, and only

one-third are dedicated to lipid transport (Heinecke 2009).

On top of being the major protein fraction of HDL and a limiting factor for HDL

formation, apoA-I per se executes many of the HDL-related properties, ranging

from reverse cholesterol efflux and LPS and LTA scavenging to the inhibition of

different proinflammatory, pro-oxidant, and prothrombotic pathways

(Gu et al. 2000; Thuahnai et al. 2003; Yuhanna et al. 2001; Vuilleumier

et al. 2013). Thus, HDL and apoA-I appear to contribute to host defense against

many biological and chemical hazards. Nevertheless, chronic or acute inflammation

induces major changes in HDL-C levels and functions, compromising and

perverting the protective activities of HDL to harm.

Infection and inflammation generate an acute-phase response (APR), leading to

important changes affecting the metabolism of different lipids and lipoproteins and

thereby resulting in increased plasma levels of triglycerides and very-low-density
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lipoprotein (VLDL) cholesterol (reviewed in Khovidhunkit et al. 2004). Concomi-

tantly, the APR also induces major changes in HDL functions since in this context

apoA-I is replaced by other acute-phase proteins, such as SAA protein, ceruloplas-

min, and haptoglobin (Navab et al. 2011), with SAA representing up to 87 % of

HDL proteins and transforming HDL into a proinflammatory molecule (Van Lenten

et al. 1995). Furthermore, recent evidence suggests that APR can also induce

specific posttranslational modifications, such as chlorination, nitration, and

carbamylation of amino acids by myeloperoxidase (MPO), oxidation by reactive

carbonyls, as well as glycation, which compromise HDL and apoA-I functions,

perverting them to harm (Vuilleumier et al. 2013).

3 HDL and apoA-I as Members of the Innate Immune System

The innate immune system represents the first line of defense against infectious

agents and modified self-antigens (modified/oxidized lipids and apoptotic cells)

consisting of a cellular and a humoral part. Cellular components are represented

mostly by antigen-presenting cells (APCs), such as macrophages and dendritic

cells, whereas the humoral counterpart is mostly represented by the pentraxin

family and the complement system. Being extensively conserved throughout the

evolution, and existing in early evolutionary species not affected by CVD (Babin

et al. 1997), HDLs are believed to be part of the humoral innate immune system,

helping mammals to fight against invading pathogens. Indeed, thanks to the pres-

ence of different proteins on HDL molecules, such as apoA-I, apoL-1, and

haptoglobin-related proteins, HDLs are known to behave as antimicrobial agents

protecting mammals against different parasites and bacteria, such as Trypanosoma
brucei, Escherichia coli, and Klebsiella pneumoniae (Shiflett et al. 2005; Beck

et al. 2013) (see chapter “HDL in Infectious Diseases and Sepsis”).

Furthermore, on top of interfering directly with invading pathogens, HDL and

apoA-I also modulate the APR-induced activation of the innate immune system by

both neutralizing major bacterial membrane components, such as LPS of Gram-

negative bacteria and LTA of Gram-positive bacteria, and modulating the

proinflammatory signaling at the level of innate receptors, such as Toll-like

receptors (TLRs), scavenger receptors (SRs), and Nod-like receptors (NLRs).

Mathison and colleagues demonstrated for the first time in 1979 that HDL could

reduce LPS toxicity in vivo (Mathison and Ulevitch 1979). This observation was

subsequently inferred to the ability of HDL to sequester LPS, preventing the latter

to elicit a proinflammatory response through TLR4/CD14 complex interaction

(Levine et al. 1993). Later on, this scavenging effect of HDL was attributed to a

specific apoA-I region on the N-terminal segment of apoA-I (aa: 52–74) (Wang

et al. 2008). More recently, apoA-I was shown to have a similar ability to bind to

LTA and to neutralize its proinflammatory effect (Jiao and Wu 2008). Interestingly,

this effect was much weaker with HDL, suggesting that apoA-I is the key effector of
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LTA scavenging (Grunfeld et al. 1999). The integrity of innate immune receptor

signaling is largely dependent on their localization into lipid rafts, as well as on the

integrity of the latter (Triantafilou et al. 2002). In this respect, apoA-I has been

shown to deplete cholesterol from lipid rafts, leading to a decrease in TLR4

functionality, followed by an inhibition of LPS-induced inflammatory responses

(Triantafilou et al. 2002). In the same line of thought, on top of altering the lipid raft

composition, apoA-I has also been shown to impede TLR4 transport into lipid rafts,

thereby preventing its ability to promote an efficient proinflammatory response

(Smythies et al. 2010; Cheng et al. 2012). These findings indicate that apoA-I and

HDL, albeit to a lesser extent, can effectively modulate TLR activity at the

preceptor, receptor, and post-receptor levels (De Nardo et al. 2014).

4 Relationship Between Lipid Raft Modulation
and Lymphocyte Function

Adaptive immune response relies on the activation of lymphocytes and the expan-

sion of specific subsets in response to antigens. B lymphocytes represent an

essential component of the humoral adaptive response through the synthesis of

immunoglobulins, while T lymphocytes play a central role in cell-mediated immu-

nity, and indeed the different T phenotypes orchestrate the immune response

through different mechanisms. Two main aspects suggest a link between

lipoproteins and adaptive immunity: first, the key receptors of B and T cells

(BCR and TCR, respectively) are located in the lipid rafts, and their activity is

modulated upon changes in the lipid raft composition and structure (Gupta and

DeFranco 2007; Kabouridis and Jury 2008; Norata et al. 2012); second, B- and

T-cell trafficking and T-cell subset differentiation are controlled also by lysosphin-

golipids, mainly S1P (Mandala et al. 2002; Liu et al. 2010). Lipid rafts, which

concentrate specific proteins, thus limiting their ability to freely diffuse over the

plasma membrane, act as platforms, bringing together molecules essential for the

activation of immune cells (immunological synapse), but also separating such

molecules when the conditions for activation are not appropriate (Ehrenstein

et al. 2005). Lipid rafts compartmentalize key signaling molecules during the

different stages of B-cell activation including BCR-initiated signal transduction,

endocytosis of BCR-antigen complexes, loading of antigenic peptides onto MHC

class II molecules, MHC-II-associated antigen presentation to T cells, and receipt

of helper signals via the CD40 receptor (Gupta and DeFranco 2007). Critical

regulators of BCR signaling lose their association with membrane rafts in disease

conditions; for instance, the LMP2A gene product of the EBV constitutively resides

in membrane raft of EBV-transformed human B cells and blocks the entry of

ligand-clustered BCRs and BCR translocation (Longnecker and Miller 1996).

Furthermore, an alteration of Lyn, an accessory protein of BCR signaling, has

been reported in patients with systemic lupus erythematosus (SLE) (Flores-Borja
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et al. 2005). It is therefore reasonable to speculate that HDL, by removing choles-

terol from lipid rafts, could affect B-cell function. While a direct evidence for HDL

effects on B-cell function is still lacking, several reports indicate that HDL and

apoA-I stimulate cholesterol efflux from cells, leading to cholesterol depletion and

disruption of lipid rafts, which induces profound functional changes (Smythies

et al. 2010) in macrophages and also affects antigen presentation and TCR signaling

(Gruaz et al. 2010; Norata and Catapano 2012).

The response of T lymphocytes to antigen is orchestrated by a number of

molecules that cluster in lipid rafts. TCR complex integrity is vital for the induction

of optimal and efficient immune responses (Baniyash 2004). In immune-mediated

disorders, such as rheumatoid arthritis (RA) and SLE, and in chronic infectious

diseases, T cells are dysfunctional with a characteristic loss of expression of the

TCRζ chain (also called CD249), a key component of the TCR complex that

couples surface antigen recognition with intracellular signal transduction (Baniyash

2004). Also other molecules associated with the TCR signaling are reduced or

altered in autoimmune disorders, such as lymphocyte-specific protein tyrosine

kinase (Lck) (Jury et al. 2006). T-cell immunological synapses are altered in

circulating T cells from patients with coronary artery disease (CAD), and increased

memory T-cell subsets were observed in particular in CAD patients with increased

inflammatory markers (Ammirati et al. 2012a, b). Molecular mechanisms of how

reduced levels of blood lipids can affect lipid rafts in immune-mediated disorders

still remain to be addressed. However, atorvastatin reversed many of the signaling

defects characteristic of T cells from patients with SLE (Jury et al. 2006). The

possibility that atorvastatin targets lipid raft-associated signaling abnormalities in

autoreactive T cells has been proposed as the rationale for its use in the therapy of

autoimmune disease (Jury et al. 2006). This is further supported by a large obser-

vational study that demonstrated an association between persistence with statin

therapy and reduced risk of developing RA (Chodick et al. 2010). More recently,

Yvan-Charvet et al. reported that two key proteins involved in HDL cholesterol

efflux such as ATP-binding cassette transporters ABCA1 and ABCG1 play a key

role in hematopoietic stem and multipotential progenitor cell proliferation, thus

further linking cholesterol efflux and lipid raft modulation to immune cell function

(Yvan-Charvet et al. 2010a, b). Finally, a key role for apoA-I in controlling

cholesterol-associated lymphocyte activation and proliferation in peripheral

lymph nodes was observed in animal models (Wilhelm et al. 2009). The prevalence

of classical CD14++/CD16- but not of intermediate CD14++/CD16+ monocytes in

hypoalphalipoproteinemia should also be taken into account as could impact on the

different polarization on APC cells (Sala et al. 2013). More recently, Wang

et al. (2012) demonstrated that HDL and apoA-I-induced cholesterol depletion

and consequent disruption of plasma membrane lipid rafts in APCs inhibit their

capacity to stimulate T-cell activation. This mechanism is highly dependent on the

reduction of MHC class II molecules present on the cell surface following ABCA1

activation and on cholesterol efflux supporting a role for HDL in controlling also

lymphocyte-mediated responses.
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5 Modulation of Spinghosine-1-Phosphate (S1P)/
S1P-Receptor Axis and Lymphocyte Function

Among the lipids that concentrate in lipid rafts, sphingolipids represent a major

class that is metabolized to generate ceramide and subsequently sphingosine that in

turn could be phosphorylated by sphingosine kinase (SPHK) (expressed mainly in

platelets and in other peripheral blood cells) to generate S1P (Scanu and Edelstein

2008). Free or albumin-bound S1P is more susceptible to degradation than S1P

bound to HDL (Yatomi 2008), which suggests that the latter might have a role in

determining the uptake, cellular degradation, and systemic function. S1P carried by

HDL positively correlates with HDL cholesterol, apoA-I, and apoA-II levels;

furthermore, S1P is enriched in small dense HDL3 (Scanu and Edelstein 2008).

S1P signals through five known G protein-coupled receptors (S1P1–S1P5). Over

the last few years, it become apparent that S1P and the key enzymes SPHKs play a

central role in the pathogenesis of several inflammatory disorders, including rheu-

matoid arthritis, asthma, and atherosclerosis by modulating macrophage function

through the control of apoptosis as well as cell trafficking (Weigert et al. 2009).

Many of these effects might depend on the activation of different S1P receptors.

The activation of the lysosphingolipid receptor-PI3K/Akt axis by sphingosine-1-

phosphate or other S1P mimetics is responsible for the induction by HDL of several

genes involved in the immune response including the long pentraxin PTX3 or the

transforming growth factor beta 2 (Norata et al. 2005, 2008). The S1P/S1P-receptor

axis also plays a key role in lymphocyte function. The activation of S1P receptors

and the consequent downstream signaling facilitate the egress of T cells from

lymphoid organs (Mandala et al. 2002; Matloubian et al. 2004) and play a role in

the lineage determination of peripheral T cells (Liu et al. 2010). S1P inhibits the

differentiation of forkhead box P3 (FoxP3)+ regulatory T cells (Tregs) while pro-

moting the development of T helper type 1 (Th1) in a reciprocal manner (Liu

et al. 2010). S1P receptor antagonizes TGF-β receptor function through an inhibi-

tory effect on SMAD-3 activities to control the dichotomy between these two T-cell

lineages (Liu et al. 2010). In animal models, apoA-I reduces inflammation in LDL

receptor (�/�), apoA-I(�/�) mice by augmenting the effectiveness of the lymph

nodes’ Treg response, with an increase in Treg and a decrease in the percentage of

effector/effector memory T cells (Wilhelm et al. 2010). While marked changes of

Treg number/function (two- to threefold difference) have been associated with

atheroprotective functions in animal models (Ait-Oufella et al. 2006; Mor

et al. 2007), in humans the correlation between Treg, immune, and cardiometabolic

disorders is less clear. We found no association between circulating CD3 +CD4

+CD25highCD127low Treg levels and the extent or progression of human athero-

sclerotic disease at carotid and coronary sites (Ammirati et al. 2010). In a series of

immune-mediated diseases such as rheumatoid arthritis, increased Treg levels in

synovial fluid of inflamed joints were observed (Mottonen et al. 2005; Bacchetta

et al. 2007). Furthermore, Liu et al. observed relatively high Treg-cell levels in

patients with type 1 diabetes mellitus (Liu et al. 2006), and pathogenic T cells have

been shown to have a paradoxical protective effect in murine autoimmune diabetes
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by boosting Tregs (Grinberg-Bleyer et al. 2010). Of note, excessive IL-6 or

TNF-alpha production was associated with increased Treg levels (Fujimoto

et al. 2011; Bilate and Lafaille 2010). This evidence suggests the possibility that

Treg numbers could increase during some stages of disease as an attempt to regulate

effector-cell activity. Unexpectedly, in the general population, we observed an

inverse relation between HDL-C and Treg count (Ammirati et al. 2010); whether

this finding suggests that HDL could influence the polarization of lymphocyte

subsets or could be a bystander of the T-cell status remains to be addressed. Recent

evidence on the role of S1P in immune surveillance and the discovery of regulatory

mechanisms in S1P-mediated immune trafficking has prompted extensive investi-

gation in the field of S1P-receptor pharmacology. Fingolimod (FTY720), an

S1P-receptor modulator, prevents lymphocyte egress from lymph nodes and

modulates lymphocyte differentiation (Chi 2011). Initially, fingolimod was used

as immunosuppressant in solid organ transplantation (Tedesco-Silva et al. 2006),

while MS has been the first disease in which fingolimod was tested. In MS the

myelin sheaths around the axons of the brain and spinal cord are damaged by

inflammatory processes, leading to demyelination. Current therapeutic approaches

are focused on the suppression of the immune system and on the blockage of T-cell

blood–brain barrier transmigration into the brain parenchyma. Treatment with

fingolimod was effective in reducing the disability progression on a large cohort

of patients with relapsing MS (Cohen et al. 2010; Kappos et al. 2010). Of note, MS

patients during the phase of clinical remission showed increased levels of HDL and

total cholesterol levels (Salemi et al. 2010), whereas in immune-mediated disorders

with increased markers of systemic inflammation, HDL levels are often decreased.

Fingolimod was assessed also in diseases with an immunological component, such

as atherosclerosis (Nofer et al. 2007; Keul et al. 2007). In LDL receptor-deficient

mice, fingolimod inhibits atherosclerosis by modulating lymphocyte and macro-

phage function. In this study plasma lipids remained unchanged during the course

of fingolimod treatment, whereas fingolimod lowered blood lymphocyte count

(Nofer et al. 2007). As S1P levels are increased in many inflammatory conditions,

such as in asthma and autoimmunity, the exact mechanism by which S1PR agonists

could modulate its function is debated (Rivera et al. 2008). Interestingly,

fingolimod is highly active in inducing the internalization, ubiquitination, and

subsequent degradation of S1PR1 (Graler and Goetzl 2004) which suggests that

its inhibitory action on immune cell trafficking might be through receptor

downregulation. It is therefore crucial to understand the effect of HDL contained

S1P on receptor expression and activity in immune disorders.

In spite of the presence of a number of experimental and clinical observations

suggesting a relation between HDL and innate immunity, several questions remain

to be addressed. Are the altered HDL-C levels a consequence of the atherogenic

process, a cause of increased atherosclerosis observed in immune disorders, or

independently related to the latter? How is HDL function altered in these diseases?

Does raising HDL-C improve the outcome of immune disorders? As HDLs are a

reservoir for several biologically active substances that may impact the immune

system (Norata et al. 2012), how does the fine-tuning of lipid and protein exchange
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among lipoproteins affect HDL-related immune functions? Is there a specific HDL

subfraction that is relevant? Addressing these aspects will be critical to understand

the connection between HDL and the immune response.

6 Inflammatory Diseases

6.1 Inflammatory Bowel Diseases

The inflammatory bowel diseases (IBD) Crohn’s disease (CD) and ulcerative colitis

(UC) are chronic inflammatory diseases whose pathogenesis is not completely

understood (Williams et al. 2012) but seems to be linked to autoimmune phenomena

in a genetically prone background, following an abnormal immune response to

colonic bacteria, and facilitated by a Western-type diet. IBD are associated with

marked atherosclerosis and increased cardiovascular risk. Infection and chronic

inflammation impair and alter lipoprotein metabolism and cause a variety of changes

in plasma concentrations of lipids and lipoproteins (Borba et al. 2006; de Carvalho

et al. 2008). An increase in inflammatory cytokines may result in a decrease in LPL

enzyme activity, leading to a characteristic lipoprotein profile with decreased HDL-C

levels as seen in patients with IBD that have high circulatory levels of inflammatory

cytokines (Williams et al. 2012; Sappati Biyyani et al. 2010).

CD is a chronic inflammatory bowel disease that can affect any region of the

gastrointestinal tract (Grand et al. 1995) with increased chronic inflammatory cell

infiltrates in the mucosal lesions. The excessive local production of soluble

mediators from activated monocytes and polymorphonuclear leukocytes has been

implicated in mediating the tissue injury (Weiss 1989). Important among these

mediators are oxygen free radicals. The chronic gut inflammation promotes an

imbalance between oxidant and antioxidant mechanisms at the tissue level

(Buffinton and Doe 1995) and may even compromise circulating antioxidant

concentrations. A chronic inflammatory state is a risk factor for accelerated athero-

genesis (van Leuven et al. 2007). A recent exploratory analysis demonstrated that

CD is associated with an acceleration of the atherosclerotic process, as illustrated

by an increased carotid intima-media thickness (IMT) in CD patients compared to

healthy controls. In addition, CD patients were characterized during an inflamma-

tory exacerbation by profoundly decreased levels of HDL combined with biochem-

ical changes of the HDL particles, such as association with serum amyloid A,

suggesting that early detection of atherosclerosis and subsequent cardiovascular

prevention in patients with CD might be warranted (Romanato et al. 2009).

6.2 Vasculitis

Behçet’s disease (BD) is a systemic vasculitis, most common in the Mediterranean

area and in Asia, which can involve nearly every organ system and results from the

interplay between infectious agent exposure and genetic factors. High production of

464 F. Montecucco et al.



cytokines, T and B lymphocyte activation, autoantibody production, and hyperco-

agulable/prothrombotic state are all characteristics of BD. Evidence for accelerated

atherosclerosis in BD has been observed, but the relationship between cardiovas-

cular risk factors and accelerated atherosclerosis in patients with BD is still

controversial (Messedi et al. 2011). A study published by Messedi and colleagues

demonstrated that in BD patients, HDL concentration and their subfraction levels

are decreased. The same study reported that the percentage of HDL2 subpopulation

was also decreased and HDL3 subfraction was significantly higher. The LDL-C/

HDL-C ratio and CRP level were increased, and HDL and its subfractions were

correlated with CRP and TG levels, suggesting that all these parameters may be

considered as important predictors of cardiovascular events in BD patients

(Messedi et al. 2011). This study confirms what seen in some previous studies in

which, compared to control subjects, BD patients were characterized by reduced

levels of HDL (Cimen et al. 2012; Musabak et al. 2005; Orem et al. 2002).

Kawasaki disease (KD) is an acute vasculitis that predominantly occurs in

infancy and early childhood. It is commonly thought that KD results from the

exposure of a genetically predisposed individual to an as-yet unidentified, possibly

infectious environmental trigger. Coronary artery aneurysms or ectasia develops in

approximately 15–25 % of affected children (Dhillon et al. 1996; Newburger

et al. 1991; Cheung et al. 2004). There is increasing evidence to suggest that

children with a history of KD might be predisposed to premature atherosclerosis

and a significant association between carotid IMT and systemic arterial stiffness in

children after KD has been demonstrated (Cheung et al. 2007). This syndrome is

associated with significant abnormalities in lipid profile. In one of the first studies

on this subject, it was shown that in the earliest days of illness, mean plasma

concentrations of total cholesterol and HDL cholesterol are profoundly depressed,

whereas mean triglyceride concentration is very high. Total cholesterol values

rapidly return to normal and remain stable for more than 3 months after the onset

of illness. HDL concentration recovered more slowly after illness onset, and mean

HDL was significantly lower than expected more than 3 years after illness onset

(Newburger et al. 1991). The persistence of low HDL for many years suggests a

more lasting effect of KD on endothelial function, perhaps attributable to dimin-

ished activity of lipoprotein lipase. This enzyme resides on the capillary walls of

most tissues and functions at the luminal surface of the vascular endothelium (Eckel

1989). This observation is confirmed, at least in part, in later studies on the lipid

derangement in KD (Cheung et al. 2004; Chiang et al. 1997; Cabana et al. 1997).

The results showed that during the acute phase, the concentrations of plasma

HDL-C, apoA-I, and apoA-II were significantly reduced and the reduction of

HDL was mainly related to the lowering of esterified and unesterified cholesterol

in HDL2 (Chiang et al. 1997). In parallel, another study demonstrated that the lipid

changes involved not only HDL-C concentration but also HDL composition. The

authors showed that children with KD have extremely low serum HDL-C and

apoA-I levels at the time of the acute illness and that serum amyloid A (SAA) is

present in the acute stage and is associated mainly with HDL particles of HDL3

density (Cabana et al. 1997). Moreover, a more recent study demonstrated a
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significant induction of MCP-1, CCR2, and iNOS expression in THP-1

macrophages in vitro by the serum of children with a history of KD, showing that

this induction correlated positively with serum high-sensitivity C-reactive protein

(hs-CRP) and LDL and negatively with HDL-C levels (Cheung et al. 2005).

6.3 Psoriasis

Psoriasis is a chronic inflammatory skin disease associated with arthritis in up to

40 % of cases. Genetic and environmental factors contribute to the activation of

lymphocytes, particularly Th1 and Th17, monocytes/macrophages, and dendritic

cells and to the high cytokine content typical of psoriatic lesions. Psoriasis is

associated with increased incidence of stroke and CVD (Yu et al. 2012) and with

increased mean carotid IMT (Troitzsch et al. 2012). The mechanism behind such

associations is still unknown. It is possible that the chronic inflammatory environ-

ment and high cytokine production typical of psoriasis induce abnormal HDL

particle composition (El Harchaoui et al. 2009; McGillicuddy et al. 2009). A similar

chronic inflammatory environment is observed in psoriasis (Davidovici et al. 2010)

and contributes to the increased incidence of aortic inflammation, stroke, and

myocardial infarction seen in this patient population (Mehta et al. 2011; Gelfand

et al. 2006).

Lipoprotein profiling by NMR spectroscopy showed a reduction of HDL in

psoriatic patients compared to controls, with an atherogenic profile with respect

to HDL particles. In particular, high HDL-C concentration and large HDL size were

associated with less aortic inflammation, while small HDL particles were more

prevalent in cases with strong inflammation. Such association persisted following

adjustment for CV risk factors, suggesting that HDL particle characteristics may

play an important role in psoriatic vascular inflammation and CVD (Yu et al. 2012).

HDL reduction in psoriatic patients has also been described to be associated to a

reduction of serum cholesterol efflux capacity compared to control subjects (Mehta

et al. 2012). In this study, psoriasis activity was inversely associated with HDL

efflux capacity in a way depending on HDL particle size. Holzer and colleagues

demonstrated that the protein composition of HDL is markedly altered in patients

with psoriasis. ApoA-I and apoM levels are decreased, whereas the levels of several

acute-phase proteins such as SAA, prothrombin, α-2-HS-glycoprotein, and α-1-acid
glycoprotein 1 are increased (Holzer et al. 2012). Additionally, also the lipid

composition of HDL from patients with psoriasis was altered, with a decrease in

total cholesterol, cholesterol ester, free cholesterol, phosphatidylcholine, and

sphingomyelin. These investigators confirmed that HDL from patients with psoria-

sis was less efficient in promoting cholesterol efflux from macrophages and that this

defect in HDL function correlated with the severity of psoriasis. Surprisingly, the

antioxidant properties of HDL were similar in control and psoriatic HDL and PON

activity was not altered. However, Lp-PLA2 activity was increased and correlated

with disease activity (Holzer et al. 2012). This observation does not completely

agree with a report showing that the PON1 55 M allele is a risk factor for psoriasis.
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Carriers of this allele have high levels of apoB and Lp(a) and a high apoB/apoA-I

ratio, indicating that oxidative stress, impairment of the antioxidant system, and

abnormal lipid metabolism may play a role in the pathogenesis and progression of

psoriasis and its related complications (Asefi et al. 2012). Moreover, the paper by

Holzer and coworkers demonstrates that a relatively mild chronic inflammatory

state can similarly result in dysfunctional HDL, leading to decreased cholesterol

efflux from macrophages (Holzer et al. 2012).

7 Autoimmune Diseases: The Role of Autoantibodies

7.1 Systemic Lupus Erythematosus (SLE)

SLE is a systemic autoimmune disease of multifactorial origin, in which genetic

and environmental factors induce innate and acquired immunity derangement, with

type I interferon (INF) production, T- and B-cell dysregulation, autoantibody

production, and finally multiple organ damage. SLE is associated with accelerated

atherosclerosis and markedly increased cardiovascular risk (CVR) (Shoenfeld

et al. 2005). As in other autoimmune disorders, CVR cannot be fully explained

by traditional risk factors, and various specific immune and inflammatory

mechanisms have been demonstrated or proposed. The modifications of HDL

level and function occurring in SLE have been indicated as possible factors

contributing to cardiovascular damage.

Decreased circulating HDL-C levels have been often reported, although not

unanimously, in SLE patients with active disease (de Carvalho et al. 2008; Hahn

et al. 2008; Kiss et al. 2007), but the actual relevance of this finding with respect to

CVR has not been clarified so far. The most important pro-atherogenic

modifications seem to be those relative to composition and function of HDL.

HDLs in SLE have impaired anti-inflammatory and antioxidant properties. In

SLE, the so-called proinflammatory HDL (piHDL) can be detected in as many as

45 % of patients, correlating with increased oxidized LDL formation, carotid plaque,

and carotid intima-media thickness (cIMT) (McMahon et al. 2011). piHDL are

characterized by decreased content in the protective proteins paraoxonase (PON1)

and apoA-I and by markedly increased levels of the pro-oxidant SAA (Hahn

et al. 2008). These HDLs can be defined as proinflammatory because they actually

enhance the oxidation of LDL and therefore monocyte attraction/activation, anti-

oxLDL antibody production, and immune complex formation (Hahn et al. 2008;

Teixeira et al. 2012; Carbone et al. 2013; Vuilleumier et al. 2014). It has been shown

that the reduced activity of PON1 in some cases may be due also to the action of anti-

apoA-I and anti-HDL antibodies (O’Neill et al. 2010; Batuca et al. 2007). Anti-apoA-

I antibodies, first described in SLE patients but detected also in patients with acute

coronary syndrome, have shown independent association and predictive value with

respect to cardiovascular events in various patient populations (Carbone et al. 2013).

Proposed mechanisms for such association include the ability of anti-apoA-I

antibodies to induce HDL dysfunction, scavenger receptor B1 (SR-BI) function
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impairment in endothelial cells, neutrophil infiltration and matrix-metalloproteinase

9 production in plaques, activation of NFkB via TLR2/CD14 complex interaction,

and cytokine release (Carbone et al. 2013). Interestingly, anti-apoA-I and anti-HDL

antibodies have been shown to correlate also with disease activity in SLE patients

(O’Neill et al. 2010).

In addition, HDL dysfunction in SLE involves their capacity to promote cell

cholesterol efflux (Ronda et al. 2014). In particular, in SLE patients HDL choles-

terol efflux capacity (CEC) is reduced with respect to the ABCG1 and ABCA1

transporter pathways, while the SR-BI-mediated CEC is unchanged. In addition the

correlation between SR-BI-mediated CEC and HDL-C levels was stronger in SLE

plasmas as compared to control plasma. This pattern is consistent with a possible

reduction/dysfunction of the small HDL populations (Favari et al. 2009) and a shift

to larger HDL, typical acceptors of cholesterol effluxed by SR-BI. Indeed, HDLs of

SLE patients were found increased in size (Hua et al. 2009; Juárez-Rojas

et al. 2008). The impaired ABCA1- and ABCG1-mediated CEC in SLE patients

may have a great impact because cholesterol efflux not only opposes lipid deposi-

tion in vessels but is also crucial for the modulation of macrophage, endothelial, and

T-cell inflammatory functions (Prosser et al. 2012; Yvan-Charvet et al. 2010a, b).

7.2 Rheumatoid Arthritis (RA)

RA is a systemic autoimmune disease characterized by lymphocyte activation,

autoantibody production, high serum and tissue cytokine levels, and strong inflam-

mation of synovia and vessels; similarly to SLE, it is associated with high CV risk

(Shoenfeld et al. 2005). Circulating levels of HDL-C are often reduced, especially

in active disease, and generally return to normal values during drug-induced

remission; however, as such modifications are mirrored by those relative to LDL

cholesterol and total cholesterol, the actual clinical significance of HDL-C variation

is not clear. Complex and specific mechanisms underlie lipid metabolism derange-

ment in RA, in which cardiovascular risk inversely correlates with circulating

LDL-C levels (the so-called RA lipid paradox) (Myasoedova et al. 2011). As in

SLE, the clinical relevance of HDL-C lowering (when present) in RA patients has

yet to be clarified.

Composition and functional characteristics of HDL are altered in RA. piHDL

levels are increased in RA patients as compared to healthy controls (Hahn

et al. 2008) and correlate positively with disease activity (Charles-Schoeman

et al. 2009). Profound modifications of HDL composition in patients with active

RA have been described, particularly with respect to protein content. These changes

include increased amount of serum amyloid A (SAA), apoJ, fibrinogen, and hapto-

globin and reduced PON1 (Charles-Schoeman et al. 2009; Watanabe et al. 2012).

As in SLE, anti-apoA-I autoantibodies are detectable in the serum of RA patients.

In particular, in this population anti-apoA-I IgG levels have been shown to predict

acute cardiovascular events and improve the prognostic power of the Framingham

Risk Score (Carbone et al. 2013).
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Finally, functional impairment of HDL as cholesterol acceptors for cell choles-

terol efflux has been reported in RA (Ronda et al. 2014; Charles-Schoeman

et al. 2012), independent of serum HDL-C levels and with a pattern of

modifications differing from that found in SLE patients with respect to single

cholesterol transporters (Ronda et al. 2014). In particular, ABCG1-mediated CEC

is impaired in RA patients independently of HDL-C levels but inversely correlating

with disease activity (Ronda et al. 2014). On the one hand, such correlation may

reflect the impact of inflammation and autoimmunity on HDL function, but on the

other hand, it may indicate the adverse effect of reduced ABCG1-mediated CEC on

vessel inflammation and immune reaction promotion. In fact, by promoting choles-

terol and 7-ketocholesterol release, ABCG1 promotes anti-inflammatory

phenotypes of macrophages and endothelial cells (Terasaka et al. 2007; Hassan

et al. 2006; O’Connell et al. 2004).

Modifications of HDL occurring in SLE and RA compromise cholesterol efflux-

promoting, anti-inflammatory, and antioxidant properties of HDL and thereby may

have an important role in the progression of both atherosclerosis and autoimmune

as well as inflammatory phenomena typical for these diseases.

8 Impact of Anti-inflammatory Treatments

HDL exerts potent and multifactorial anti-inflammatory effects, which makes it an

attractive target for pharmacological intervention. As extensively discussed in this

chapter, several molecular principles exploited by HDL particles to interfere with

innate or acquired immunity might be well utilized for designing new drugs

effectively combating atherosclerosis and/or autoimmune diseases. By contrast,

little efforts have been devoted to assess the influence of medication traditionally

used in acute or chronic inflammatory diseases on HDL-C levels and HDL function.

Most information regarding the interrelationship between HDL and anti-

inflammatory therapy stems from interventional studies designed to examine the

impact of drugs on the primary disease rather than on lipid metabolism. Despite this

limited approach, currently available data strongly suggest that anti-inflammatory

medication may exert positive adjuvant effects both on HDL quantity and its

functionality.

It is well known that HDL is a negative acute-phase reactant and that HDL-C

levels decline—sometimes dramatically—at the onset of acute inflammation and

infection. For instance, sepsis, extensive surgery, or viral infections are commonly

associated with low HDL-C levels that are significantly and rapidly increased

following spontaneous or treatment-related reductions in disease activity (Marik

2006; Akgun et al. 1998; Marchesi et al. 2005). In addition, several chronic

autoimmune disorders including SLE, RA, Kawasaki disease, and Behçet’s disease

as well as periodontal disease are accompanied by decreased HDL levels in plasma

(Haas and Mooradian 2011). Hence, the administration of nonsteroidal anti-

inflammatory drugs (NSAIDs), which represent the most often prescribed class of

anti-inflammatory drugs, might be expected to produce HDL-C elevations by the
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simple reversal of the acute-phase reaction. However, the effect of NSAIDs on the

quantity and quality of HDL remains controversial. In animal studies rising effects

of aspirin on ABCA1 expression and cholesterol efflux as well as on lecithin-

cholesterol acyltransferase (LCAT) activity and plasma HDL-C levels were occa-

sionally observed (Sethi et al. 2011; Jafarnejad et al. 2008; Viñals et al. 2005).

However, these effects apparently did not translate into increased HDL generation,

as similar plasma HDL-C levels were noted in a small prospective study in aspirin-

and placebo-treated groups (Eritsland et al. 1989). In one study, the administration

of ibuprofen was found to slightly elevate HDL-C levels both in smokers and

nonsmokers, whereas in another study treatment with naproxen failed to show

any effect (Zapolska-Downar et al. 2000; Young et al. 1995). The influence of

selective cyclooxygenase-2 inhibitors such as celecoxib or rofecoxib on HDL-C

plasma levels has not been reported to date. In a more recent investigation,

atreleuton (VIA-2291)—the first clinically tested 5-lipooxygenase inhibitor—was

found to decrease leukotriene B4 production and CRP levels in blood and to

concomitantly reduce coronary plaque burden, but these favorable effects were

observed in the absence of any changes in plasma lipid profile including HDL-C

(Tardif et al. 2010).

In a major contrast to nonsteroidal antiphlogistics, corticosteroids were repeat-

edly reported to increase plasma HDL-C levels in patients with chronic autoim-

mune diseases including RA, psoriatic arthritis, and SLE as well as in a

non-autoimmune chronic inflammation (sarcoidosis) (Ettinger et al. 1987; Salazar

et al. 2002; Boers et al. 2003; Sarkissian et al. 2007; Peters et al. 2007; Georgiadis

et al. 2008; Garcı́a-Gómez et al. 2008). Furthermore, the addition of corticosteroids

to disease-modifying antirheumatic drugs (DMARDs, such as methotrexate or

sulfasalazine), which on their own increase HDL-C in plasma, significantly

potentiated their effects on HDL-C levels (Boers et al. 2003). In one study,

corticosteroids were also found to favorably affect HDL subfractions by preferen-

tially increasing the amount of HDL2-C over HDL3-C (Garcı́a-Gómez et al. 2008).

The beneficial effects exerted by corticosteroids on HDL quantity may appear at the

first glimpse counterintuitive, since protracted therapy with these compounds is

known to enhance insulin resistance and to produce a prediabetic state, which is

almost obligatorily accompanied by low HDL-C. Actually, endogenous hypercor-

tisolism (Cushing disease) has been related both to decreased HDL-C levels and to

increased cardiovascular risk in several studies (Faggiano et al. 2003). However,

the relationship between steroid use and cardiovascular risk is complicated by the

fact that these drugs tend to be used more often in patients with severe or intractable

chronic disease; in such patients, the anti-inflammatory HDL-C elevating effect of

corticosteroids may outweigh the HDL-C decreasing effect related to aggravation

of insulin resistance. The mechanisms underlying modulatory effects of

corticosteroids on HDL metabolism remain obscure. These compounds were

found to increase the activity of lipoprotein lipase (LPL) and to decrease the activity

of hepatic triglyceride lipase, which are both critically involved in the generation of

HDL precursors and in HDL particle remodeling (Ewart et al. 1997; Dolinsky

et al. 2004). In addition, corticosteroids may stimulate the production of nascent
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HDL as they enhance apoA-I gene expression in hepatocytes (Hargrove

et al. 1999). Finally, corticosteroids were found to inhibit the activity of cholesteryl

ester transfer protein (CETP), which may well explain their modulatory effect on

the HDL subfraction composition (Georgiadis et al. 2006).

Studies involving biological pharmaceuticals, which selectively interfere with

proinflammatory signaling pathways, add further evidence underscoring the bene-

ficial effects of anti-inflammatory therapies on HDL quantity in plasma. The

greatest amount of research into the effects of biologicals on lipids has been

performed with TNF-alpha antagonists, in particular, with infliximab. In general,

these studies demonstrated a consistent action of this drug in patients with RA,

ankylosing spondylitis, and inflammatory bowel disease characterized by increases

in total cholesterol mostly due to the elevation of HDL-C (Choy and Sattar 2009;

Pollono et al. 2010; Mathieu et al. 2010; Koutroubakis et al. 2009; Parmentier-

Decrucq et al. 2009). Similar effects on HDL-C were observed in studies utilizing

two other TNF-alpha antagonists, adalimumab and, most recently, golimumab,

whereas the application of etanercept—a TNF-alpha receptor antagonist—pro-

duced less consistent results (Pollono et al. 2010; Stagakis et al. 2012; Navarro-

Millán et al. 2013; Lestre et al. 2011; Kirkham et al. 2014). Positive effects on

plasma lipid profile encompassing the elevation of HDL-C levels were also

observed in patients with RA undergoing IL-6 receptor blockade with tocilizumab

or CD20 signaling blockade with rituximab (Pollono et al. 2010; Kawashiri

et al. 2011; Kerekes et al. 2009). In a major contrast, canakinumab—a compound

neutralizing IL-1beta—failed to change plasma lipid profile in a large randomized

study involving 556 men and women at high cardiovascular risk, albeit the treat-

ment led to significant reductions in acute-phase proteins such as CRP and fibrino-

gen (Ridker et al. 2012). The molecular mechanisms underlying the beneficial

effects of biological therapies on HDL-C levels are poorly understood. While it

cannot be entirely excluded that HDL-C increases are at least partly related to the

retardation of acute-phase reaction brought about by the inhibition of selected

proinflammatory signaling pathways, it seems more likely that treatment with

TNF-alpha or IL-6 antagonists leads to derepression of the APOA1 gene, the

activity of which is known to be downregulated in hepatocytes exposed to

proinflammatory cytokines (Haas and Mooradian 2011).

In addition to the reduction of HDL quantity, acute-phase reaction was

demonstrated to profoundly affect HDL composition. HDL particles isolated

from subjects suffering from acute or chronic inflammatory diseases were found

to lose proteins and enzymes with established or presumed antiatherogenic function

such as apoA-I, LCAT, or PON1 and to concomitantly acquire proinflammatory or

pro-oxidative factors such as SAA, ceruloplasmin, Lp-PLA2, or MPO. Such

inflammatory HDL particles are severely impeded in their ability to exert several

antiatherogenic functions including initiation of reversed cholesterol transport,

inhibition of pro-oxidative processes, inhibition of leukocyte migration and recruit-

ment into arterial wall, or inhibition of thrombocyte activation. The picture

emerging from few recent studies suggests that anti-inflammatory medications

may not only elevate HDL quantity in plasma but also help to restore its proper
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composition and thereby the antiatherogenic functionality. For instance, treatment

of RA patients with adalimumab, etanercept, tocilizumab, or rituximab decreased

and increased the content of SAA and apoA-I in HDL particles, respectively

(Raterman et al. 2013; McInnes et al. 2014; Jamnitski et al. 2013). In addition,

prolonged therapy with methotrexate was found to improve the capacity of HDL to

inhibit both LDL oxidation and leukocyte migration in patients with RA (Charles-

Schoeman et al. 2009). Increased levels of HDL-associated PON1 and improved

anti-oxidative capacity were seen in patients with psoriasis treated with etanercept

(Bacchetti et al. 2013).

Conclusions

HDL particles have been shown to play a protective and an anti-inflammatory

role in autoimmune and inflammatory disorders. Their pathophysiological rele-

vance directly implies the regulation of both immune and vascular cell functions

that influence the common inflammatory processes underlying disease progres-

sion and the associated CV risk. Numerous studies have demonstrated that

inflammatory disorders increase the risk of CVD and that this increase cannot

be totally accounted for by traditional risk factors. Alterations in the quantity,

composition, and function of HDL may contribute to the promotion of athero-

sclerosis process. In this prospective the assessment of HDL function, evaluated

as the capacity to promote cell cholesterol efflux, may offer a better prediction of

CVD than classical HDL-C levels. In addition, HDL function impairment, which

involves their anti-inflammatory and antioxidant properties as well as their

ability to interact with cellular cholesterol transporters, may have an important

role in accelerating atherosclerosis but also autoimmune and inflammatory

mechanisms typical for these diseases. Therefore, the improvement of HDL

function (instead of HDL-C levels) represents an interesting therapeutic strategy

to reduce inflammation and associated CV risk in several immune diseases, such

as systemic lupus erythematosus and rheumatoid arthritis. We believe that

selective treatments improving HDL function or reducing the adverse

modifications of HDL structure might be of pathophysiological relevance.

Both basic and clinical studies are needed to validate this promising therapeutic

issue in a near future.
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