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Abstract

Atherosclerosis is a lipid-driven inflammatory disease of the arterial intima in which the balance 

of pro-inflammatory and inflammation-resolving mechanisms dictates the final clinical outcome. 

Intimal infiltration and modification of plasma-derived lipoproteins and their uptake mainly by 

macrophages, with ensuing formation of lipid-filled foam cells, initiate atherosclerotic lesion 

formation, and deficient efferocytotic removal of apoptotic cells and foam cells sustains lesion 

progression. Defective efferocytosis, as a sign of inadequate inflammation resolution, leads to 

accumulation of secondarily necrotic macrophages and foam cells and the formation of an 

advanced lesion with a necrotic lipid core, indicative of plaque vulnerability. Resolution of 

inflammation is mediated by specialized pro-resolving lipid mediators derived from omega-3 fatty 

acids or arachidonic acid and by relevant proteins and signalling gaseous molecules. One of the 

major effects of inflammation resolution mediators is phenotypic conversion of pro-inflammatory 

macrophages into macrophages that suppress inflammation and promote healing. In advanced 

atherosclerotic lesions, the ratio between specialized pro-resolving mediators and pro-

inflammatory lipids (in particular leukotrienes) is strikingly low, providing a molecular 

explanation for the defective inflammation resolution features of these lesions. In this Review, we 

discuss the mechanisms of the formation of clinically dangerous atherosclerotic lesions and the 

potential of pro-resolving mediator therapy to inhibit this process.
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Atherosclerosis is a disease characterized by low-grade, chronic inflammation of the arterial 

wall and is triggered by the subendothelial retention of plasma-derived, apolipoprotein B 

(apoB)-containing lipoproteins in the affected inner layer of the arterial wall, the intima1–3. 

The hallmarks of chronic atheroinflammation are a gradual accumulation of lipids and 

inflammatory cells, notably of various subsets of monocyte-derived macrophages, T 

lymphocytes and mast cells, in the developing atherosclerotic lesions4–8. The blood-derived 

cells of myeloid origin that infiltrate the developing atherosclerotic lesions also include 

monocyte-derived dendritic cells9-10, various subsets of B lymphocytes and, in the very 

advanced, often thrombotic lesions, neutrophils11–14. Circulating eosinophils and basophils 

can also contribute to the progression of coronary artery lesions but, unlike mast cells, these 

allergy-related inflammatory cells are usually not found in the developing atherosclerotic 

lesions15.

Extracellular modifications of the infiltrated plasma lipoproteins initiate the local innate and 

adaptive immune responses in the intima16. Indeed, the modification of lipoproteins seems 

to be a very early event in the pathogenesis of atherosclerosis given that oxidative 

modification of lipoproteins has been observed in arterial samples from human fetuses even 

before signs of inflammation, such as macrophage infiltration, are present17. The modified 

lipids then activate the inflammatory cells present in the intima, which respond by secreting 

pro-inflammatory chemokines and cytokines that in turn activate circulating leukocytes and 

the local endothelial cells, thereby promoting further recruitment of inflammatory cells of 

myeloid origin, particularly a specific subset of circulating monocytes with inflammatory 

potential, as shown in both mice and humans18–20. The intimal monocyte-derived 

macrophages also secrete lipoprotein-modifying enzymes and agents and, reciprocally, the 

modified forms of the lipoproteins can then stimulate the cells to secrete increasing amounts 

of enzymes that can further modify the lipoproteins. Therefore, a pro-atherogenic spiral of 

atherosclerotic plaque development involving both lipids and inflammation is generated16.

Another important link between lipid accumulation and inflammation in the arterial intima is 

the continued uptake by macrophages of the modified, cholesteryl ester-rich lipoproteins 

from the extracellular space of the intima. Understandably, uptake and ensuing lysosomal 

hydrolytic degradation of these pro-atherogenic lipoproteins by macrophages lowers the 

concentration of the pro-inflammatory lipoproteins in the extracellular fluid21. In the 

macrophages, the lysosomal hydrolysis of cholesteryl ester generates unesterified cholesterol 

molecules, which then exit the lysosomes and become re-esterified in the cytoplasm, with 

ensuing formation of cytoplasmic cholesteryl ester droplets that leads to foam cell 

formation, a hallmark of atherosclerosis. Given that any cellular excess of unes-terified 

cholesterol is toxic to macrophages, efficient esterification and storage of cholesterol as 

cholesteryl ester droplets can be considered to be a protective response22,23. However, the 

continual hydrolysis and re-esterification of droplet cholesterol constitutes a futile cycle that 

wastes ATP and thereby contributes to the premature death of the foam cells in poorly 

oxygenated regions of atherosclerotic lesions24,25. Therefore, whereas foam cell formation is 

a beneficial process in the early atherosclerotic lesion, in advanced lesions the foam cells die 

easily and release their contents to the extracellular space, thereby worsening the 

inflammatory status and the structural stability of the plaque26.
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The inflammatory response in any given tissue of the body, including the atherosclerotic 

arterial intima, is linked to a resolution phase that repairs the collateral damage27,28. The 

resolution response is a specific, active process rather than a simple waning of the 

inflammatory response. In particular, the resolution of inflammation is mediated by a wide 

variety of molecules, including small lipids, proteins and signalling gases that begin to 

appear even in the earliest stages of the inflammatory response, that is, ‘in preparation’ for 

the ensuing critical resolution phase. Therefore, for example, although pus and oedema fluid 

are rich sources of resolution mediators, these pro-resolving mediators are also found in 

physiological body fluids such as tears and human milk, perhaps suggesting a role of these 

molecules in basal or preventive resolution of inflammation27. By activating cell-surface 

receptors, pro-resolving mediators block inflammatory cell influx and promote the egress of 

inflammatory cells, modulate pro-inflammatory T cell responses and promote clearance of 

both pathogens and dead cells (efferocytosis), with all these functions serving to limit tissue 

damage and to enable the repair of injured tissue29,30.

Many chronic inflammatory diseases, including advanced atherosclerosis, are characterized 

by an imbalance between pro-resolving and pro-inflammatory mediators, such as 

leukotrienes, leading to defective resolution of inflammation, tissue injury and damage-

associated molecular pattern (DAMP)-mediated inflammation31–33. In particular, clinically 

dangerous atherosclerotic plaques are characterized by hallmarks of impaired resolution of 

inflammation, notably defective efferocytosis, DAMP-mediated inflammation, development 

of a necrotic lipid core and thinning of the protective collagen cap31,32,34,35 (FIG. 1 ). 

Moreover, the ratio of pro-resolving lipid mediators to leukotrienes is low in advanced 

versus early atherosclerotic plaques in humans36, and a low resolvin D1 (RvD1):leukotriene 

B4 ratio in saliva can predict carotid intimal thickness in humans37. Similarly, in mice, the 

advanced atherosclerotic lesions are deficient in pro-resolving lipid mediators37,38.

Taken together, infiltration and accumulation of plasma lipoproteins and leukocyte subsets is 

a driving force of atherosclerotic lesion growth. Although powerful tools already exist to 

lower the plasma concentration of atherogenic lipoproteins, notably reducing the numbers of 

circulating LDL particles to very low levels, and thereby slow the progression or even 

induce regression of atherosclerotic lesions, a residual risk of cardiovascular events still 

exists in these patients39. Therefore, targeting inflammation by inhibiting pro-inflammatory 

cytokines has emerged as a novel promising mode of therapy to improve and complement 

the current lipid-lowering approaches40.

In this Review, we describe specific causes of inflammation and the mechanisms of 

inflammation resolution that become impaired in atherosclerosis and that are potentially 

amenable to therapeutic intervention by resolution-mediator therapy. In particular, we high-

light the roles of different types of endogenous resolution mediator in suppressing 

atherogenic processes and how these mediators might be used as a therapy to prevent 

atherosclerotic cardiovascular disease.
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Lipid-driven inflammation

In general, both the cellular and humoral components of the chronic, low-degree 

inflammation in an atherosclerotic arterial wall are the same as those in other tissues in the 

body. However, in sharp contrast to other tissues, both the initiation and progression of 

atherosclerosis result from the accumulation of lipoproteins in the arterial intima. 

Lipoproteins <70 nm in diameter (that is, all HDL, LDL and intermediate-density 

lipoprotein (IDL) particles, most VLDL remnants and the smallest chylo-micron remnants) 

can pass the endothelial barrier and enter the arterial intima from the circulation41,42. 

Furthermore, the interaction of apoB-containing lipoproteins (the non-HDL lipoproteins) 

with intimal extracellular proteoglycans (referred to as retention)1,43,44 inhibits the 

movement of the lipoproteins, thereby resulting in much higher subendothelial 

concentrations of these lipoproteins in the intima than in any other tissue45.

Lipoprotein modification

The retained lipoproteins (that is, those bound to the extracellular matrix of the arterial 

intima) are susceptible to modification by intimal oxidizing agents, proteases and 

lipases43,46,47. Indeed, blocking of LDL retention with antibodies generated against the 

sulfated glycosamino-glycans of proteoglycans decreases LDL modification and 

atherosclerosis48. Oxidative lipoprotein modifications lead to the generation of oxidized 

phospholipids (oxPLs) and other lipid mediators that have the potential to influence 

inflammation and atherogenesis in the arterial intima by inducing leukocyte recruitment and 

leukocyte activation49,50. The importance of oxidized LDL (oxLDL) in atherosclerosis was 

confirmed in a study published in 2018, in which macrophages of transgenic mice 

expressing a single-chain variable fragment of an oxPL-recognizing natural antibody 

showed decreased uptake of oxLDL compared with macrophages from control mice51. 

Moreover, these mice had decreased oxPL-induced inflammation and reduced 

atherosclerosis compared with the control mice. Notably, the oxPLs present in oxLDL 

activate endothelial cells and control the endothelial barrier permeability52,53, and oxPLs 

released from dying cells are captured by the CD14 receptor on dendritic cells, with ensuing 

inflammasome-dependent phagocyte hyperactivation54.

Oxidative, proteolytic and lipolytic modifications induce LDL aggregation46, and the 

aggregation susceptibility of LDL was shown to be associated with the risk of cardiovascular 

death55. Multiply modified, aggregated, apoB-containing lipoproteins are found in 

atherosclerotic lesions, and these particles were shown to embed cholesterol crystals56. 

Indeed, modification of plasma lipoproteins in vitro can induce the formation of cholesterol 

crystals56,57. Uptake of oxidized, proteolysed or lipolysed lipoproteins or of cholesterol 

crystals by macrophages, dendritic cells and vascular smooth muscle cells leads to 

accumulation of cytoplasmic lipid droplets, making the cells ‘foamy’10,58, thereby 

presenting the typical histological hallmarks of atherogenesis. Interestingly, cholesterol 

crystals can also be formed intracellularly after uptake of modified LDL, particularly 

oxLDL59.
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NLRP3 inflammasome activation

Accumulation of lipoprotein-derived lipids in macrophages or dendritic cells readily induces 

activation of a multiprotein complex termed the inflammasome56,60 (FIG. 2). Of the various 

inflammasomes, NLRP3 is the most widely studied. Human atherosclerotic lesions show 

increased expression of the major components of NLRP3 (REF 61), and inhibition of the 

NLRP3 inflammasome reduces atherosclerosis in Apoe−/− mice62. The functional regulation 

of an active NLRP3 inflammasome in a cell is a ‘two-hit’ process, in which signal 1 primes 

the transcription of the inflammasome and signal 2, either by the same and/or additional 

stimuli, activates the inflammasome and induces secretion of two pro-inflammatory 

cytokines, IL-1β and IL-18 (REFS63,64). The priming step is induced, for example, by 

ligands of Toll-like receptors (TLRs), such as bacterial lipopoly-saccharide (LPS), with both 

oral and intestinal pathogens providing potential sources of LPS in the arterial intima65,66. In 

addition to microbial components, endogenous factors can also perform the priming step of 

the inflammasome activation, with these stimuli probably dominating the NLRP3 priming in 

sterile inflammatory diseases such as atherosclerosis63.

In macrophages in vitro, the LPS-primed NLRP3 inflammasome can be activated by adding 

ATP (the classical activation model) or palmitate (the lipotoxic activation model) to the cell 

culture system67. Palmitate can also activate the NLRP3 inflammasome in endothelial cells 

and thereby increase endothelial permeability68. These model systems are relevant to 

NLRP3 inflammasome activation in human atherosclerosis because necrotic cells release 

various DAMPs, among them ATP, and the concentration of circulating albumin-bound 

palmitate is elevated in states of insulin resistance and type 2 diabetes mellitus69,70.

OxLDL has been shown both to prime and to activate the NLRP3 inflammasome in 

macrophages in mouse models of atherosclerosis: first, oxLDL primes the NLRP3 

inflammasome by binding to the CD36–TLR4–TLR6 signalling complex on the macrophage 

surface and, then, after having been transported to lysosomes, the oxLDL activates the 

NLRP3 inflammasome via induction of cholesterol crystallization and ensuing lysosomal 

damage in the macrophage59,71,72 (FIG. 2). In myeloid cells in which cholesterol efflux 

pathways have been genetically suppressed, accumulation of unesterified cholesterol in the 

cellular membranes without cholesterol crystal formation or lysosomal damage contributes 

to both priming and activation of the NLRP3 inflammasome73. Conversely, induction of 

cholesterol efflux from myeloid cells inhibits NLRP3 inflammasome activation73. NLRP3 

inflammasome activation can also be induced by uptake of extracellular cholesterol crystals, 

leading to lysosomal damage and accumulation of cholesterol in cellular membranes58,71,73, 

and by uptake of oxLDL immune complexes74. Moreover, oxLDL, lipolysed LDL, 

electronegative LDL and modified lipoproteins isolated from human atherosclerotic lesions 

can activate the NLRP3 inflammasome56,59,74,75. Taken together, these findings show that 

extracellular and intracellular accumulation of cholesterol incites NLRP3 inflammasome-

dependent intimal inflammation, whereas HDL-mediated cholesterol removal quenches the 

inflammation.
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Resolution of inflammation

The host defence response against pathogens and tissue damage can be divided into two 

phases of inflammation: initiation and resolution. If functioning in a proper, temporally 

coordinated manner, acute inflammation is a protective process76. Although the resolution of 

inflammation was previously thought to be a passive response associated with catabolism of 

pro-inflammatory mediators and diffusion of chemotactic gradients, we now know that the 

resolution programme is a highly coordinated, active process76. Inflammation resolution is 

directed by the following mediators: proteins such as IL-10 and annexin A1; specialized pro-

resolving mediators (SPMs), including resolvins, lipoxins, maresins and protectins; the 

endogenous gases nitric oxide (NO), hydrogen sulfide (H2S) and carbon monoxide (CO)77; 

the vagus nerve78; and regulatory T cells79. When sucscessfully executed, inflammation 

resolution decreases leukocyte recruitment, stimulates efferocytosis, repairs tissue damage 

and replenishes blood and lymphatic vessels. In the setting of infection, inflammation 

resolution also contributes to pathogen clearance76. However, when a defect in the resolution 

programme occurs, inflammation persists and chronic tissue damage ensues. Failure to 

stimulate inflammation resolution is now understood to promote many chronic inflammatory 

diseases, including atherosclerosis28,76,77.

Pro-resolving mediators

Lipid mediators of inflammation resolution.—Fatty acids can contribute in several 

different ways to both pro-inflammatory and pro-resolving signalling in atherosclerosis. For 

example, omega-3 fatty acids themselves can directly activate specific free fatty acid 

receptors (FFARs), of which FFAR4 has been associated with protection against the 

inflammatory response to vascular injury80. Conversely, fatty-acid-derived peroxidation 

products, such as the lipid aldehyde 4-hydroxy 2-nonenal (HNE), are vasculotoxic81. The 

generation of bioactive lipid mediators, such as prostaglandins, thromboxane and 

leukotrienes, has a major regulatory role in the inflammatory and thrombotic responses in 

atherosclerosis.

A unique class of fatty-acid-derived bioactive lipids has been termed SPMs27,82. The SPMs 

derived from the omega-3 fatty acids eicosapentaenoic acid (EPA), docosa-hexaenoic acid 

(DHA) and docosapentaenoic acid (DPA) include molecules such as E-series and D-series 

resolvins (generated from EPA and DHA, respectively), maresins and protectins. The SPMs 

derived from the omega-6 fatty acid arachidonic acid are included in the lipoxin family. 

Aspirin acetylation of the enzyme cyclooxygenase 2 blocks the formation of prostaglandins 

and modifies the metabolism of SPM precursors. The resulting R-epimers, referred to as 

aspirin-triggered resolvins and lipoxins, have similar biological activity but are more 

metabolically stable than the S-epimers76.

In response to an inflammatory response, the bioactive lipid mediators mentioned above are 

synthesized by a wide variety of cells, with neutrophils and macrophages serving as primary 

sources27. The main enzymes involved in the biosynthesis of lipid mediators include 5-

lipoxygenase (5-LOX), 12-LOX and 15-LOX. The regsulation of 5-LOX is particularly 

interesting: when this enzyme is located on the nuclear membrane in neutrophils, mast cells 

and macrophages, it promotes the conversion of arachidonic acid into the pro-inflammatory 
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leukotriene B4; by contrast, cytoplasmic 5-LOX favours the synthesis of the pro-resolving 

mediator lipoxin A4 (LXA4) from arachidonic acid in macrophages83–85. The nuclear (pro-

inflammatory) location of 5-LOX is mediated by its phosphorylation by the enzyme MK2 

(also known as MAPKAPK2)86. This pro-inflammatory MK2 pathway can be triggered by 

the calcium-activated kinase CaMKII and inhibited by SPMs, as part of a pro-resolving 

amplification loop, and by activators of the efferocytosis receptor tyrosine-protein kinase 

MER (MERTK)84,87,88. These regulatory pathways have essential roles in atherosclerosis 

(FIG. 1).

Importantly, the SPMs have been shown to inhibit the priming step and to promote the 

deactivation of the NLRP3 inflammasome in mouse macrophages67. RvD2 potently 

inhibited the secretion of mature IL-1β by mouse macrophages in vitro, and by the same 

mechanism also facilitated the inflammation resolution process in a mouse model of 

peritonitis, with self-resolution and limited inflammation in vivo67. These findings are of 

great interest because IL-1β can initiate an inflammatory cascade resembling the 

inflammatory response to infection or injury and can ultimately lead to a ‘cytokine 

storm’89,90, a systemic event mimicked on a microscale inside the progressing 

atherosclerotic plaque.

As the research field on resolution of inflammation has evolved, some questions have 

emerged on whether the physiological concentrations of pro-resolving lipid mediators in 

body fluids are high enough to trigger the types of cellular effector process that have been 

demonstrated by adding exogenous mediators to cultured cells. However, new work in this 

area using targeted, validated, high-precision mass spectrometry has begun to alleviate this 

concern91,92, particularly considering that the local release of resolution mediators in a 

confined tissue area with a low volume of extracellular fluid can lead to very high 

concentrations of these mediators in the immediate microenvironments of the activated cells. 

Moreover, as discussed below in the context of atherosclerosis, studies in mice with targeted 

deletions of genes encoding some of the most specific receptors for inflammation resolution 

mediators have shown defects in inflammation resolution processes in vivo, which further 

supports a physiological role for the endogenously generated resolution mediators93.

Non-lipid mediators of inflammation resolution.—In addition to lipids, other types 

of molecule have a role in the resolution of inflammation response. Examples of non-lipid 

mediators of resolution include proteins such as IL-10 and annexin A1 and the 

gasotransmitters H2S and NO (see below)30,94. Evidence for an atheroprotective role of 

IL-10 is extensive95, and available data support a similar protective role for the SPMs, 

annexin A1 and the gasotransmitters96–99 (see below). Furthermore, regulatory T cells can 

be activated by resolution mediators100, and these cells can potently suppress the 

progression of atherosclerosis101.

Pro-resolving mediators also include systemic hormones, such as α-melanocyte stimulating 

hormone (αMSH), a 13-amino-acid peptide derived from adrenocorticotropic hormone 

(ACTH), and the full-length ACTH, both of which can be carried to the inflammation site 

through plasma extravasation or can even be produced locally at an inflamed tissue site102. 

αMSH was originally identified as a skin-darkening hormone, is produced not only by 
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melanocytes but also by macrophages and can potently modulate immune cell activity and 

immune processes. New knowledge in the field of melanocortins as mimetics of resolution 

can revitalize the use of ACTH in immuno-inflammatory diseases such as multiple sclerosis 

and systemic lupus erythematosus, and support the development of novel melanocortin-

based drugs102. Whether these successes in melanocortin biology can be applied for 

therapeutic purposes in atherosclerosis remains to be seen.

Pro-resolving receptor signalling

Lipid and peptide pro-resolving mediators signal through specific G protein-coupled 

receptors (GPCRs), of which N-formyl peptide receptor 2 (ALX/FPR2; also known as FPR2 

or ALX) and ChemR23 (also known as chemokine-like receptor 1 (CMKLR1)) have been 

evaluated in experimental models of atherosclerosis. ALX/FPR2 is the receptor for lipoxins, 

the DHA-derived RvD1 and for annexin A1 and its derivatives, whereas the EPA-derived 

resolvins signal their pro-resolving effects through the ChemR23 receptor103. These 

receptors are expressed in human aortic, coronary and carotid atherosclerotic lesions104–106, 

indicating that their pro-resolving ligands exert local effects within the vascular wall 

(TABLE 1).

ALX/FPR2, the receptor for RvD1, LXA4 and annexin A1.—The ratio of 5-LOX-

derived SPMs, notably RvD1, to pro-inflammatory leukotrienes is lower in advanced versus 

early atherosclerotic lesions in both humans and hypercholesterolaemic mice36. Plasma 

levels of another 5-LOX-derived SPM, LXA4, are decreased in patients with peripheral 

artery disease compared with healthy controls107. Given that both SPMs signal through 

ALX/ FPR2, their decreased levels in these patients suggest that the pro-resolving signalling 

through this receptor might be perturbed in advanced atherosclerosis, consistent with a 

failure in the resolution of inflammation. ALX/FPR2 is also activated by several other 

agonists, with partly opposing effects. For example, whereas SPMs and annexin-derived 

peptides promote M2-like macrophage polarization and pro-resolving signalling through 

ALX/FPR2, the same receptor elicits pro-inflammatory signalling when activated by acute 

phase, bacterial or mitochondrial peptides103. This dual role of ALX/FPR2 means that in the 

atherosclerotic state of non-resolving inflammation, an absence of pro-resolving ligands and 

an excess of pro-inflammatory ligands might skew signalling through this receptor towards a 

pro-inflammatory response. A study on genetic targeting of the murine ALX/FPR2 

homologue in hyperlipidaemic mice provided arguments in favour of this hypothesis by 

showing that ALX/FPR2 deficiency reduced atherosclerosis consistently in different mouse 

models99,104.

Importantly, the paucity of pro-resolving mediators in advanced atherosclerotic lesions can 

be reversed by exogenous administration. Notably, intraperitoneal injections of RvD1 to 

Western-diet-fed Ldlr-knockout mice with mid-stage atherosclerotic lesions restore RvD1 

levels in the lesions, increase efferocytosis, reduce oxidative stress in the lesions and induce 

a more stable plaque phenotype, thereby suppressing the progression of the mid-stage 

lesions to more advanced lesions36. Likewise, LXA4 administration with osmotic pumps to 

Apoe-knockout mice reduces atherosclerotic lesion size and inflammation, whereas this 

treatment does not alter the lesional phenotype of Apoe−/−Fpr2−/− mice99. Finally, the 
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increased atherosclerosis burden observed in Apoe−/−Anxa1−/− mice compared with Apoe−/− 

mice can be reduced by treatment with the annexin A1 mimetic peptide Ac2–26, whereas 

this treatment does not affect atherosclerotic lesion size in Apoe−/− mice lacking ALX/FPR2 

(REF108). Taken together, these observations emphasize the obligatory role of intact ALX/

FPR2 signalling to functionally restore the signalling of annexin A1 and SPM pathways 

towards inflammation resolution in atherosclerosis.

One therapeutic challenge for stimulating the resolution of inflammation in atherosclerosis is 

how to restore the levels of pro-resolving mediators locally in the atherosclerotic lesion. One 

option tested experimentally is to use collagen-type-IV-targeted nanoparticles directed to 

release their content at the lesion109. Use of these nanoparticles to target the pro-resolving 

ALX/FPR2 agonist Ac2–26 to established atherosclerotic lesions in Ldlr-knockout mice fed 

a Western diet results in increased lesional Ac2–26 levels and a more stable plaque 

phenotype compared with mice receiving Ac2–26 nanoparticles without the collagen-type-

IV-targeting peptide109. Ldlr-knockout mice that received ALX/FPR2-deficient 

haematopoietic cells, including macrophages, through bone marrow transplantation are 

mostly resistant to the atheroprotective effects of these collagen-type-IV-targeted Ac2–26 

nanoparticles109. Although the above data suggest that lesional macrophages are the 

principal target of Ac2–26 in these studies, SPMs might also interact with lesional smooth 

muscle cells and endothelial cells107,110. For example, SPMs can reduce intimal hyperplasia 

after vascular injury110–112, and in one of the studies, the beneficial effects of the SPM 

LXA4 were reduced in ALX/FPR2-deficient mice110.

ChemR23, the receptor for EPA-derived resolvins.—The EPA-derived SPM RvE1 

limits neutrophil-mediated inflammation by promoting neutrophil apoptosis and 

efferocytosis113. The levels of the RvE1 receptor ChemR23 become elevated during the 

differentiation of monocytes to macrophages in vitro114, and signalling of RvE1 via 

ChemR23 increases phagocytosis in human macrophages in vitro115,116. Consequently, 

murine macrophages derived from ChemR23-deficient mice have increased production of 

pro-inflammatory cytokines105,117 and a lack of RvE1-induced effects on phagocytosis 

compared with wild-type macrophages105.

In line with observations on arachidonic-acid-derived and DHA-derived SPMs, exogenous 

administration of RvE1 reduces experimental atherosclerosis118,119. Importantly, the RvE1 

precursor 18-hydroxyeicosa-pentaenoic acid (18-HEPE) was identified as a major 

metabolite after EPA supplementation to hyperlipidae-mic mice105, suggesting that SPM 

levels can be restored by increasing substrate availability. This observation has important 

implications for dietary supplementation with omega-3 fatty acids, which are further 

discussed below.

The adipokine chemerin is another ChemR23 ligand116 that is present in human 

atherosclerotic lesions and correlates with disease severity106. Chemerin is a chemotactic 

molecule for M1-like macrophages114, exerts pro-inflammatory effects and increases the 

production of reactive oxygen species in vascular cells120. Chemerin also shows 

vasoconstrictor activity in vitro and increases blood pressure in mice121. However, 

ChemR23 deficiency in mice has different effects depending on the experimental model. For 
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example, some models show reduced cerebral inflammation but exacerbated pulmonary 

inflammation116. These findings are in line with the results mentioned above for ALX/

FPR2; that is, ChemR23 can transduce both pro-inflammatory and pro-resolving effects 

under different conditions and in response to different agonists. Of note, chemerin-derived 

peptides have been reported to induce similar pro-resolving actions to those of RvE1 

through ChemR23 (REF116).

ChemR23 deficiency in Apoe-knockout mice increases atherosclerotic lesion size and 

macrophage content105. Similar findings along with an increased necrotic core size were 

also observed in chimeric animals receiving ChemR23-deficient bone marrow 

transplantation105. These findings, together with observations that ChemR23 localizes to a 

subset of lesional macrophages near the necrotic core105, point to a specific role for RvE1-

ChemR23 signalling in macrophages to limit necrotic core formation. Intriguingly, RvE1 

directly decreases the uptake of oxLDL by macrophages in vitro105. Furthermore, 

macrophages from ChemR23-deficient mice show a prolonged and continuous increase in 

oxLDL uptake in vitro, and when compared with aortas of wild-type mice, the 

atherosclerotic aortas of the ChemR23-deficient mice showed increased expression of genes 

related to lipid metabolism and lipoprotein uptake105. The importance of these findings has 

been further reinforced by transcriptomic profiling of human atherosclerotic lesions 

revealing that the expression levels of CMKLR1, which encodes ChemR23, were positively 

associated with markers of phagocytosis (which is consistent with pro-resolving signalling) 

and negatively associated with VLDLR and SORT1 expression levels105. Taken together, 

these observations indicate that the RvE1-ChemR23 pathway can directly act to limit 

oxLDL uptake and metabolism in immune cells. The therapeutic implications of these 

findings are also illustrated by the increased CMKLR1 mRNA levels in atherosclerotic 

lesions from patients receiving statin treatment105.

Omega-3 fatty acid supplementation could be anticipated to increase pro-resolving 

signalling through ALX/FPR2 and/or ChemR23 by increasing the biosynthesis of the SPM 

ligands for these receptors. However, a meta-analysis including data from ten randomized, 

controlled clinical trials did not detect any significant effects of omega-3 fatty acid 

supplements on coronary and cerebrovascular events overall or in any subgroups, including 

subgroups of patients with previous coronary heart disease or diabetes, those with lipid 

levels greater than a given cut-off level or those who were receiving statin therapy122. In 

addition, a subsequently reported randomized, controlled trial in patients with diabetes 

without evidence of atherosclerotic cardiovascular disease further supported that fish oil 

dietary supplementation does not alter the risk of serious cardiovascular events when used as 

a primary prevention strategy, at least in this group of patients123. By contrast, higher doses 

of pure EPA ethyl ester in patients with diabetes and hypertriglyceridaemia (≥150 mg/dl or 

1.7 mmol/l) and with one additional risk factor124 significantly reduced major cardiovascular 

events compared with placebo125.

Although the addition of EPA to a high-fat diet increases the plasma concentration of the 

RvE1 precursor 18-monohydroxy EPA and is associated with increased tissue concentration 

of RvE1 in experimental atherosclerosis105, whether increased SPM formation can be 

achieved with the clinically tested omega-3 fatty acid supplements and at the doses used 

Bäck et al. Page 10

Nat Rev Cardiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remains controversial. For example, aspirin-triggered, pro-resolving omega-3 fatty acid 

derivatives can be detected in patients with diabetes and coronary artery disease who were 

treated with a mixture of DHA and EPA concomitantly with aspirin and statins126. However, 

the dose of the omega-3 fatty acids used in this study126 was threefold higher than in most of 

the previous studies122,123. By contrast, another study did not detect consistent plasma levels 

of SPMs after fish oil dietary supplementation in healthy volunteers127. Studies have also 

shown that in mice fed a diet enriched in omega-3 polyunsaturated fatty acids, endogenous 

arachidonic acid and EPA production through desaturation of the upstream precursor 

omega-6 and omega-3 fatty acids, respectively, are needed to favour SPM formation128. Of 

note, hyperlip-idaemic mice with knockdown of the gene encoding fatty acid desaturase 1, 

an enzyme involved in the biosynthesis of arachidonic acid and EPA, have an increased 

atherosclerosis burden associated with a pronounced decrease in the SPM:leukotriene 

ratio128. This finding illustrates the need for further optimization of the formulation and 

doses for omega-3 fatty acid supplementation to stimulate SPM formation adequately. The 

target population to study is also important, especially with regard to primary versus 

secondary prevention, lipid profiles, comorbidities and medication use. As pointed out 

above, the concomitant use of aspirin with omega-3 fatty acid supplementation leads to the 

formation of the more stable, aspirin-triggered SPM epimers. Likewise, statin use increases 

CMKLR1 mRNA levels in macrophages129 and atherosclerotic lesions105, which might 

further increase local pro-resolving signalling.

Pro-resolving gaseous transmitters

Gaseous signalling can also promote inflammation resolution. Examples of gaseous 

signalling molecules include NO, H2S and CO, which are dissolved in extracellular fluids 

and can diffuse through cell membranes to affect cellular function directly130. The most 

widely studied of these molecules is NO, which is well characterized as an endothelium-

derived relaxing factor derived from arginine metabolism. NO signals by increasing soluble 

guanylate cyclase activity and intracellular cGMP levels. NO can also promote the apoptosis 

of inflammatory cells and act through S-nitrosylation to prevent inflammasome assembly in 

macrophages130.

Another endogenous vasorelaxant, H2S, affects cellular signalling by altering intracellular 

calcium and cAMP levels, affecting ion channels and promoting post-translational protein 

sulfhydration130. H2S production in macrophages reduces LPS-induced TNF levels and 

stimulates efferocytosis of apoptotic granulocytes131. The H2S donor sodium hydrosulfide 

reduces atherosclerosis in Apoe -knockout mice132, whereas genetic targeting of the H2S 

synthesizing enzyme cystathionine γ-lyase exacerbates atherosclerosis in this model98. A 

decrease in H2S levels in atherosclerosis132 might, therefore, lead to a failure in the 

resolution of the atherosclerotic inflammation process, raising the possibility that H2S 

donors could have a therapeutic role in cardiovascular disease prevention.

Pro-resolving-type macrophages are characterized by expression of the enzyme haem 

oxygenase 1 (HO1), which produces CO during haem degradation. CO might contribute to 

the anti-inflammatory functions of HO1 by limiting leukocyte infiltration into inflammatory 

sites and suppressing cytokine production130. In the murine zymosan-induced peritonitis 
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model, inhaled CO increases macrophage phagocytosis and reduces granulocyte numbers in 

the exudate, thereby shortening the time to achieve complete resolution of inflammation133. 

Furthermore, CO inhalation also increased the levels of SPMs133, indicating that the 

different pro-resolving signalling pathways are tightly intertwined.

Macrophage life cycle in atherosclerosis

The resolution of local inflammation and, most importantly, the regression of an 

atherosclerotic lesion strongly depend on macrophages; therefore, a better understanding of 

the physiological and pathophysiological control of the checkpoints of the macrophage life 

cycle in atherosclerotic lesions is vital.

Both human and mouse atherosclerotic plaques are populated mostly by macrophages134,135. 

Because infiltration and accumulation of the atherogenic plasma lipoproteins is the driving 

force of atherogenesis, removal of these lipoproteins in the developing lesions through their 

uptake and degradation is the primary function of the intimal macrophages. As infiltration 

and accumulation of the atherogenic plasma lipoproteins is the driving force of 

atherogenesis, the internalization and degradation of subendothelially retained lipoproteins 

by intimal macrophages can, at least initially, represent a process that delays lesion 

progression. After lysosomal hydrolysis of the cholesteryl esters from lipoproteins by 

macrophages, the unesterified cholesterol emerging from lysosomes can have three possible 

fates: esterification to fatty acids in the endoplasmic reticulum, which leads to foam cell 

formation; efflux from the macrophage; and conversion into oxysterols such as 25-hydroxy-

cholesterol, which can have regulatory functions in macrophages136. Three mechanisms are 

available for cholesterol removal from the atherosclerotic plaque (FIG. 3). First, cholesterol 

can be effluxed from the macrophages to HDL particles for return transport to the blood137. 

However, as the macrophages keep accumulating cholesteryl ester droplets, the initiation of 

the reverse cholesterol transport pathway is not optimal, being the initial cause of the 

dysfunction in the cholesterol-donating foam cell or in the cholesterol-accepting HDL 

particle. The second mechanism is that the macrophage foam cells themselves leave the 

lesion and thus carry their cholesterol cargo back to the blood138. Third, an old macrophage 

foam cell can be efferocytosed by a cholesterol efflux-competent macrophage, which could 

then leave the atherosclerotic lesion.

Macrophage origin and subsets

Macrophages in atherosclerotic lesions mainly originate from circulating monocytes, which 

migrate into atherosclerosis-susceptible sites of the arterial wall and into the growing 

atherosclerotic lesions139,140. Local proliferation of macrophages and transdifferentiation of 

intimal smooth muscle cells into macrophage-like cells are two additional sources of 

macrophages in the lesions141. The possibility of macrophages originating from smooth 

muscle cells has received much attention. Intimal smooth muscle cells not only accumulate 

cholesterol and turn into foam cells but the cholesterol accumulation in the cell can also 

drive their switching into pro-inflammatory, macrophage-like cells142,143. In addition, the 

normal arterial intima of mice and humans, like any tissue of the mammalian body, contains 

tissue-resident macrophages, which arise from embryonic precursors and from bone-
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marrow-derived circulating monocytes immediately after birth144. These macrophages self-

renew and fulfil homeostatic and physiological functions in the tissue concerned144.

In adult mice under physiological, steady-state conditions, the circulating, nonclassical 

Ly6Clow monocytes remain in the circulation and patrol the vessels of the microcirculation, 

where these monocytes are critical for endothelial homeostasis and inflammation145. 

However, a 2017 study in mice revealed that these nonclassical monocytes also patrol the 

endothelium of large arteries, and this type of arterial patrolling is highly upregulated in 

hyperlipidaemia and atherosclerosis, thereby allowing improved protection of the arterial 

endothelium in the inflamed, high-shear stress and pulsatile environment of a developing 

atherosclerotic lesion146. Similarly, in humans, the nonclassical CD14+CD16+ monocytes 

normally remain in the blood circulation, where they patrol the endothelium to scan the 

integrity of endothelial cells147. Only after an inciting pathology, such as the initiating 

atherogenesis, do tissue-infiltrating macrophages appear in the arterial intima. In 

atherosclerotic mice, these infiltrating macrophages are derived from circulating pro-

inflammatory, classical Ly6Chigh monocytes148. In humans, the macrophages in the arterial 

intima derive from the classical CD14+CD16- monocytes, which predominate in the 

circulating blood and are preferentially recruited into inflammatory sites, including the 

atherosclerotic plaques148.

In the arterial intima, as in other tissues, monocytes differentiate into macrophages with 

different phenotypes depending on the presence of growth factors, chemokines and 

cytokines in various combinations and ratios148. In addition, microenvironmental conditions, 

such as hypoxia, acidic pH and lipoprotein-derived lipids accumulating in the arterial intima, 

define the phenotype of macrophages in atherosclerotic lesions26. Two colony-stimulating 

factors, granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage 

colony-stimulating factor (M-CSF), are widely expressed in the vascular wall149. These 

factors regulate not only monocyte-to-macrophage differentiation but also the number and 

function of mature macrophages150. In cell culture systems, both GM-CSF and M-CSF 

induce monocyte-to-macrophage differentiation, but with partially opposite responses in the 

differentiated macrophages. GM-CSF polarizes macrophages towards a pro-inflammatory 

M1-like phenotype whereas M-CSF polarizes macrophages to an anti-inflammatory M2-like 

phenotype. The antiinflammatory, M-CSF-differentiated macrophages can be subjected to 

either ‘classical activation, with IFNγ and LPS for polarization into a pro-inflammatory 

phenotype, or to ‘alternative activation’, with IL-4 for polarization into an anti-inflammatory 

phenotype. Interestingly, conversion of human M-CSF-differentiated macrophages into foam 

cells with acetylated LDL reduces their responses to classical pro-inflammatory activating 

stimuli151. The concept that overloading macrophages with cytoplasmic cholesteryl ester 

droplets (that is, their transformation into foam cells) shifts the macrophage phenotype from 

highly pro-inflammatory to fat-storing with less pro-inflammatory potential has received 

strong support in the past year by elegant results obtained in murine models of 

atherosclerosis152. In the context of atherosclerotic lesion progression, these fat-storing, less-

pro-inflammatory-macrophage foam cells can ultimately be strongly pro-inflammatory when 

they become necrotic and release their contents into the plaque extracellular space.
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Importantly, the pre-foam-cell macrophages have strong phenotypic plasticity when 

activated, with a spectrum ranging from pro-inflammatory to wound-healing phenotypes. 

The dichotomous classification of macrophages into pro-inflammatory and anti-

inflammatory phenotypes (that is, into M1-like and M2-like macrophages) represents 

extreme opposite ends of a wide spectrum of macrophage phenotypes but provides a useful 

concept and framework when discussing the role of macrophages in inflammation and its 

resolution in atherosclerotic plaques151. In both cell culture systems and experimental 

animals (such as mice), macrophages have a high degree of plasticity to adopt various 

phenotypes, exemplified by the extended classification of the macrophages into a number of 

subgroups153. Indeed, findings on unique macrophage subsets (such as TREM2+ 

macrophages) on the basis of single-cell analyses have uncovered unprecedented phenotypic 

heterogeneity of macrophages and monocyte-derived dendritic cells in atherosclerotic 

lesions and have defined a novel atlas of the immune cell repertoire in atherosclerosis135,154.

The phenotypic heterogeneity of macrophage subtypes allows macrophages to have various 

combinations of both pathogenic and protective functions in humans. Moreover, individual 

macrophages hold the potential for a dynamic phenotype switch, which affects the 

functional properties ofthe macrophage155,156. Of note, in human atherosclerotic plaques, 

pro-inflammatory macrophages and less-inflammatory macrophages are localized in distinct 

areas, a finding that probably reflects, among other things, differences in the composition of 

macrophage-polarizing growth factors and cytokines in the respective microenvironments 

within the plaque157.

Annexin A1, which is expressed in tissue-resident effector cells including macrophages and 

mast cells158, and several members of the SPM family, such as LXA4, RvD1 and RvE1, 

stimulate macrophage polarization towards an M2-like or intermediate phenotype114,159,160. 

In addition, SPM biosynthesis is higher in M2-like macrophages than in M1-like 

macrophages and increases further in response to efferocytosis161. This increase in SPM 

biosynthesis with efferocytosis might be due, in part, to activation of the efferocytosis 

receptor MERTK by apoptotic cells87,88,162.

Macrophage accumulation

Two interesting observations in atherosclerotic mice have been made in the past decade with 

regard to the accumulation of macrophages in the growing lesions. First, if only limited or 

no influx of monocytes into the lesions occurs, the proliferation of the already existing 

lesional macrophages can explain the macrophage replenishment that is observed in the 

lesions and possibly also the increase in macrophage numbers seen in advanced 

atherosclerotic plaques163. Second, continuous influx of Ly6Chigh monocytes and their 

differentiation into macrophages in the absence of macrophage egress from the 

atherosclerotic lesion leads to an ongoing increase in the total mass of macrophages, with 

the oldest macrophages in the deep layers and the youngest ones in the superficial layers of 

the lesion140. The dominance of either mechanism of macrophage population maintenance 

and growth depends on the mouse model used and on the type and age of the atherosclerotic 

lesion. In human plaques, both monocyte influx and local macrophage proliferation are 

likely to coexist but in various ratios depending on the lesion stage. Interestingly, however, 
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the magnitude of macrophage proliferation in advanced coronary lesions in humans seems to 

be very low (<1%)164. This finding correlates with the notion that two competing pathways 

can lead to a local increase in macrophage mass in advanced lesions: migration of 

monocytes from the bloodstream into the plaque and proliferation of macrophages within 

the plaque164, with the former pathway apparently being dominant in humans.

Macrophage death

Cells in the atherosclerotic lesions can die in several ways165, and the inflammatory 

response to each form of cell death is highly variable. In contrast to the highly pro-

inflammatory necrotic types of cell death, such as necroptosis and pyroptosis, apoptosis and 

autophagy do not tend to trigger an inflammatory response166. Apoptosis is characterized by 

a shrunken nucleus, degraded cellular contents and an intact plasma membrane with the 

generation of apoptotic bodies. Apoptosis is triggered by caspase 8, and when this protease 

is inhibited, the kinases RIP1 and RIP3 become phosphoryl-ated and a complex called the 

necrosome is formed165. Components of the dying cells are packaged into these apoptotic 

bodies, thereby minimizing the release of intracellular DAMPs from the dying cells. 

Furthermore, ‘eat-me’ and ‘find-me’ signals on the apoptotic cells promote their 

efferocytosis. Autophagy is considered to be a pro-survival stress response, but extensive 

autophagy is also associated with cell death167. During autophagy, cellular macromolecules 

are targeted to autophagosomes, which fuse with lysosomes to form autolysosomes, in 

which the macromolecules are hydrolysed. Interestingly, autophagy is induced in 

macrophage foam cells generated in vitro by the uptake of oxLDL, aggregated LDL or 

VLDL and promotes cholesterol efflux to HDL168.

Both pyroptosis and necroptosis are pro-inflamma-tory166. Pyroptosis is a form of cell death 

associated with inflammasome activation and requires the activity of caspase 1 (REF72). 

Pyroptotic cell death is highly pro-inflammatory because it leads to the release of 

intracellular contents to the extracellular fluid but also to the release of cytokines such as 

IL-1β and IL-18. Necroptosis, a programmed form of necrosis, shares many factors with 

apoptosis, but, in contrast to apoptosis, necroptosis and necrosis do not involve caspase 

activation. Necroptosis leads to disruption of the plasma membrane and release of the 

cellular contents and various DAMPs. Necroptosis has been shown to have a role in 

atherosclerosis and, importantly, this form of cell death has been shown to be active in 

unstable atherosclerotic lesions in humans169. In this study, a radiotracer developed with the 

small-molecule inhibitor of necroptosis, necrostatin 1, localized specifically to 

atherosclerotic plaques in Apoe- /- mice, and treatment of Apoe- /- mice with necro-statin 1 

reduced atherosclerotic lesion size and markers of plaque instability, such as necrotic core 

formation169.

Uptake of modified lipoproteins, such as oxLDL, has been shown in cultured macrophages 

to induce autophagy168, apoptosis170, pyroptosis (via induction of NRLP3 inflammasome 

activation72) and necroptosis169. Conversely, SPMs improve cell survival171,172 and 

decrease NLRP3 inflammasome activation in macro-phages67. Therefore, the balance of 

pro-inflammatory and anti-inflammatory molecules in the atherosclerotic lesion probably 

influences the form of cell death. In human atherosclerotic plaques, both apoptotic and 
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oncotic (necrotic) modes of cell death have been described173. Interestingly, analysis of 

human carotid plaques removed during carotid endarterectomy showed that lipid-lowering 

treatment with pravastatin for only 3 months reduced the magnitude of cell death (mostly of 

smooth muscle cells) in the carotid plaques, possibly as a consequence of reduced LDL 

oxidation in the lesions174.

Regulation of efferocytosis

Billions of cells throughout the body die daily but are rapidly and safely removed by an 

evolutionarily conserved programme for clearing cell debris termed efferocytosis175. In early 

atherogenesis, observations in hyperlipidaemic mice support the idea that efficient 

efferocytosis of apoptotic foam cells reduces the development of atherosclerotic lesions176. 

Efferocytosis involves a panoply of molecules that include ligands present on the apoptotic 

cells (such as phosphatidylserine and calretic-ulin), ligand-receptor bridging molecules (for 

example, GAS6, protein S and lactadherin (MFGE8)), ‘find-me’ and ‘don’t-eat-me’ signals 

on the apoptotic cells (such as nucleotides and CD47, respectively), cell-surface receptors on 

the efferocytes (such as MERTK, T cell immunoglobulin mucin receptor (TIM) proteins and 

LDL receptor-related protein 1 (LRP1)) and enzymes involved in phagolysosomal 

degradation of apoptotic cells (vacuolar ATPases and DNase II)177 (FIG. 4).

By clearing apoptotic cells, organogenesis and development can occur normally178, anti-

inflammatory and antitumour responses are preserved179 and homeostasis is maintained180. 

Accordingly, efferocytosis, particularly by macrophages, is a critically important cellular 

effector arm of the inflammation resolution response. Both SPMs and IL-10 promote 

efferocytosis36,93,181–185, and new work indicates that a cellular pathway of the 

inflammation resolution response — mediated by regulatory T cells — also promotes 

efferocytosis79. The mechanism of the regulatory T cell response involves secretion of 

IL-13, which in turn stimulates macrophages to secrete and then be activated by the pro-

efferocytic cytokine IL-10 (REF79). Interestingly, IL-13 promotes other resolving processes 

during atherosclerosis, including increasing lesional collagen production, reducing 

monocyte recruitment and skewing macrophages towards a pro-resolving phenotype186. 

Moreover, as part of a positive-feedback amplification cycle, engagement of efferocyte 

receptors by their ligands often stimulates the production of pro-resolving and anti-

inflammatory molecules, such as RvD1, IL-10 and TGFβ77.

Not surprisingly, when efferocytosis becomes defective or when apoptotic cell receptors 

become dysfunctional (predominantly during non-resolving inflammation), autoimmunity, 

tissue necrosis and pathological inflammation ensue187. The inability to clear apoptotic cells 

efficiently drives many diseases, but defective effero-cytosis has a particularly prominent 

role in atheroscle-rosis188–190. As discussed above, in early atherosclerosis, apoB-containing 

lipoproteins are retained in the subendothelial matrix of medium-to-large arteries and 

stimulate a robust inflammatory response, which includes the release of chemotactic factors 

that drive leukocyte recruitment49. With advancing atherogenesis, this inflammatory 

response fails to resolve properly, which further sustains leukocyte recruitment. Moreover, 

both external factors (for example, cytokines) and intracellular processes (such as 

endoplasmic reticulum stress) trigger apoptosis of cells in the atherosclerotic lesion191,192. 
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Although the predominant cell type in developing atherosclerotic plaques is phagocytic 

monocyte-derived macrophages, the capacity of these cells to execute efferocytosis is 

impaired during atherosclerosis progression177.

Failure to clear dead cells in the atherosclerotic lesion leads to the accumulation of 

secondarily necrotic cells and the formation of a highly inflammatory necrotic core188,189. 

Interestingly, the macrophage-like cells derived from vascular smooth muscle cells are 

distinct from classical monocyte-derived macrophages and dendritic cells193. Therefore, as a 

result of their reduced capacity to phagocytose apoptotic cells, these macrophage-like cells 

might contribute to the formation of the necrotic core.

The necrotic core is the primary feature of atherosclerotic plaque vulnerability, which 

renders lesions susceptible to rupture and lumenal thrombosis, the primary causes of clinical 

complications of atherosclerotic cardiovascular diseases. Although why efferocytosis fails in 

atherosclerosis is uncertain, efforts to define the mechanisms of defective efferocytosis 

during atherosclerosis have identified dysfunction in a number of the cellular and molecular 

steps required for apoptotic cell engulfment.

MERTK, a cell-surface tyrosine kinase receptor, binds one of two phosphatidylserine-

binding bridging molecules, GAS6 or protein S, to drive adhesion and internalization of 

apoptotic cells194 (FIG. 4). As atherosclerosis progresses, inflammatory stimuli drive 

ADAM17-mediated MERTK cleavage from the cell surface195. Levels of the cleaved 

product, soluble MER, increase in advancing atherosclerosis in both mice and humans and 

can compete with MERTK for binding of GAS6 and protein S and thereby compromise 

efferocytosis in the lesion162. Athero-prone mice genetically engineered to express cleavage-

resistant MERTK show a decreased propensity to develop necrotic cores compared with 

control mice162. Conversely, mice lacking MERTK or expressing a constitutively inactive 

form of MERTK show larger plaque size and increased necrotic core area compared with 

control mice196,197. Another apoptotic cell receptor, LRP1, is similarly downregulated by 

athero-relevant mediators and can be rendered inactive by ADAM17-mediated proteolytic 

cleavage198. Consistent with the role of defective efferocytosis in contributing to 

atherosclerosis progression, loss of LRP1 in haematopoietic cells increases atherosclerotic 

lesion area and necrotic core size in athero-prone mice fed a high-fat diet199,200. TIM 

proteins are another class of apoptotic cell receptors. Treatment with blocking antibodies 

against TIM1 or TIM4 promotes the progression of atherosclerosis in mice by preventing 

efferocytosis in the atherosclerotic lesion, leading to the accumulation of secondarily 

necrotic cells and the synthesis of pro-inflammatory cytokines201. In addition, mice treated 

with an anti-TIM1 antibody show robust reductions in the number of regulatory T cells in 

the blood201, which have been shown to stimulate lesional efferocytosis in an IL-10-

dependent manner79. Another phosphatidylserine receptor, scavenger receptor class B 

member 1 (SRB1), has been demonstrated to promote efferocytosis via the SRC-PI3K-

RAC1 pathway202. In addition, deletion of Scarb1 (encoding SRB1) in macrophages results 

in defective efferocytosis in vitro and increased plaque size, necrotic core area and 

inflammation in vivo202.

Bäck et al. Page 17

Nat Rev Cardiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The inability to clear dead cells within atherosclerotic lesions is driven by defects in the 

phagocytes, but apoptotic cells in mouse and human atherosclerotic lesions also have 

variations in ‘eat-me’ and ‘don’t-eat-me’ signals that render them resistant to efferocytosis. 

For example, Apoe−/− mice with deletion of Cdkn2b had lower levels of calreticulin than 

control Apoe−/− mice, and Cdkn2b−/−Apoe−/− mice fed a Western diet had increased plaque 

size and larger necrotic core area than control Apoe−/− mice, which was attributed to 

intralesional apoptotic cells being resistant to phagocytosis203. Interestingly, atherosclerotic 

plaques from patients carrying a genetic variation at the 9p21 locus (which includes the 

CDKN2B gene), which has been associated with atherosclerosis in humans204,205, have 

reduced levels of calreticulin compared with atherosclerotic plaques from non-carriers203, 

further supporting a role for defective efferocytosis in cardiovascular disease206. Supporting 

the concept that apoptotic cells can inappropriately disrupt efferocytosis, apoptotic cells in 

atherosclerotic plaques from patients with symptomatic cerebrovascular disease have 

increased levels of the TNF-dependent, ‘don’t-eat-me’ signal CD47 on the cell surface 

compared with non-atherosclerotic vascular tissue207. By binding to its cognate receptor 

SIRPa (also known as SHPS1) on the phagocyte, CD47 inhibits cytoskeletal rearrangement 

to prevent cell engulfment208. Accordingly, delivery of CD47-blocking antibodies to Apoe
−/− mice fed a high-fat diet increases efferocytosis in the atherosclerotic lesion and reduces 

necrotic core formation207.

Together, these studies demonstrate that defective efferocytosis transforms benign lesions 

into clinically relevant atheromas in both mice and humans (FIG. 4). These atheromas are 

particularly sensitive to the accumulation of necrotic cells and to the loss of anti-

inflammatory and pro-resolving responses that, as mentioned above, are inherent to the 

efferocytosis programme. These findings raise the possibility that therapeutic strategies that 

increase efferocytosis in the atherosclerotic lesion might reduce the risk of plaque rupture.

Conclusions

In atherogenesis, lipid accumulation in the arterial intima is the root cause of the formation 

of inflammatory atherosclerotic lesions. If this pro-inflammatory source is reduced, 

resolution of the inflammation can ensue, just as the removal of a splinter from an inflamed 

finger will allow the initiation of inflammation resolution and healing. Indeed, lipid-

lowering interventions in atherosclerotic mice seem both to attenuate lipoprotein 

modification in the arterial wall and to promote a pro-resolving phenotype in lesional 

macrophages, all of which precede plaque regression209. Most importantly, these studies 

demonstrate that in an already inflamed advanced atherosclerotic plaque, an improvement in 

the balance of pro-inflammatory and anti-inflammatory processes allows the resolution of 

the inflammation (FIG. 5). This concept is likely to be relevant to humans because dramatic 

reductions in plasma LDL-cholesterol levels lead to the regression of even advanced 

atherosclerotic lesions, and plaque regression is accompanied by lower rates of 

atherosclerotic cardiovascular disease events210,211.

The anti-inflammatory effect achieved by lowering LDL-cholesterol alone has now been 

complemented by targeting inflammation with a pure anti-inflammatory therapy — that is, 

by inhibiting IL-1β with a monoclonal antibody in the CANTOS trial212. The results of this 
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study in patients with advanced coronary atherosclerosis who were receiving maximal LDL-

lowering therapy showed an additional benefit in the reduction of the rate of recurrent 

cardiovascular events when IL-1β was inhibited. Unfortunately, the anti-IL-1β antibody 

therapy was associated with a small but significant increase in certain fatal infections212, 

which can be explained by the host defence-compromising potential of a pure anti-

inflammatory therapy33.

From a translational perspective, SPMs suppress inflammation but, unlike anti-inflammatory 

drugs, these pro-resolving mediators promote both repair and continued pathogen 

clearance33,213–215. Therefore, SPMs might not suppress host defence to the same extent as 

anti-inflammatory drugs, and SPMs are being tested in clinical trials for certain 

inflammatory diseases33,216. As summarized in this Review, treatment of Western-diet-fed 

Ldlr−/− mice with athero-targeted nanoparticles packaged with a pro-resolving peptide 

derived from annexin A1 (Ac2–26) or with SPMs markedly suppressed the formation of 

necrotic, thin-capped plaques36,38,99,109,118. These preclinical findings, together with the 

landmark trial of IL-1β inhibition, raise the prospect for a future trial designed to determine 

the efficacy and safety of pro-resolving therapies for atherothrombotic vascular disease. If 

proved to be valid, these therapies would advance the inflammation-targeted therapeutic 

strategy from fighting the bad to promoting the good.
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Key points

• Modified lipoproteins and cholesterol crystals accumulate in the arterial 

intima and induce foam cell formation and inflammation.

• Defective efferocytosis of apoptotic foam cells leads to necrotic core 

formation.

• Defective efferocytosis is a sign of failure in the resolution of inflammation.

• Inflammation resolution is mediated by specialized pro-resolving lipid 

mediators, proteins and signalling gases.

• Improvement of the balance between pro-inflammatory and pro-resolving 

processes enables the resolution of inflammation.

• Pro-resolving mediator therapy could be a novel approach to suppressing the 

formation of clinically dangerous atherosclerotic lesions.
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Fig. 1 |. Ligands and receptors transducing pro–resolving signalling in macrophages.

a |Specialized pro-resolving lipid mediators (in blue) include lipoxin A4, derived from the 

metabolism of the omega-6 polyunsaturated fatty acid (PUFA) arachidonic acid, and D-

series and E-series resolvins formed from the metabolism of the omega-3 PUFAs 

docosahexaenoic acid and eicosapentaenoic acid, respectively. The protein pro-resolving 

mediator annexin A1 and the derivative peptide Ac2–26, as well as lipoxin A4 and resolvin 

D1, signal through N-formyl peptide receptor 2 (ALX/FPR2), whereas resolvin E1 

transduces its effects through the ChemR23 receptor. These ligand-receptor interactions 
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result in various effects, such as decreased secretion of inflammatory cytokines, reduced 

oxidative stress and improved efferocytosis. Resolvin E1 signalling through ChemR23 

inhibits uptake of oxidized LDL (oxLDL), and resolvin D2 inhibits inflammasome 

activation. The ratio between pro-resolving and pro-inflammatory mediators (exemplified in 

the Figure by leukotriene B4 and its receptors BLT1 and BLT2) determines the macrophage 

phenotype. A disturbed balance in favour of pro-inflammatory pathways might serve as a 

marker of non-resolving inflammation in atherosclerosis. A pro-resolving amplification loop 

inhibits nuclear membrane localization of 5-lipoxygenase (5-LOX) and thereby further 

favours the formation of pro-resolving over pro-inflammatory mediators. b | Atherosclerotic 

plaques with net inflammation (left) and with net resolution of inflammation (right) are 

shown. Both atherosclerotic plaques are characterized by ongoing inflammation in which 

both pro-inflammatory and pro-resolving processes are concurrently active. However, the 

levels of these opposing processes are different in the two plaques: the resolvin:leukotriene 

ratio is low in the plaque with net inflammation and high in the plaque with net resolution. 

The plaque with net inflammation is larger and has a thin fibrous cap (with mainly pro-

inflammatory M1-like macrophages, few smooth muscle cells and cleaved collagen) and a 

large necrotic lipid core. The plaque with net resolution is smaller and has a thicker fibrous 

cap (with mainly anti-inflammatory M2-like macrophages, abundant smooth muscle cells 

and intact collagen) and a smaller necrotic lipid core. The plaque with net inflammation is 

unstable and susceptible to rupture, whereas the plaque with net resolution is stable and not 

susceptible to rupture. During the long-lasting period of plaque development, the relative 

magnitude of pro-inflammatory and pro-resolving processes can vary over time. Therefore, 

during periods of net inflammation, plaque size tends to increase, and during periods of net 

resolution, plaque size tends to decrease — that is, plaque regression takes place.
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Fig. 2 |. Modified lipoproteins and cholesterol crystals induce inflammasome activation.

Activation of the NLRP3 inflammasome requires two steps: priming and activation. The 

priming step induces the expression of NLRP3 components and pro-IL-1β and can be 

triggered by lipopolysaccharide (LPS) and oxidized LDL (oxLDL). The activation step 

induces the activation of the NLRP3 inflammasome. Extracellular ATP activates the P2X7 

receptor, which leads to K+ efflux with ensuing decreased intracellular K+ concentration and 

NLRP3 inflammasome activation. The activation step can also be triggered by cellular 

uptake of oxLDL. OxLDL uptake can lead to formation of cholesterol crystals in the 

lysosomes, with ensuing lysosomal destabilization and release of cathepsin B from disrupted 

lysosomes. The release of unesterified cholesterol from the disrupted lysosomes causes an 

increase in the content of unesterified cholesterol in intracellular membranes and can thereby 

cause NLRP3 activation. Moreover, uptake of cholesterol crystals and other modified 

lipoproteins (such as electronegative LDL, lipolysed LDL and VLDL and apolipoprotein B-

containing lipid particles from atherosclerotic lesions) or immune complexes of oxLDL can 

induce activation of the NLRP3 inflammasome. Regardless of the activation mechanism, 

formation of the NLRP3 complex induces autocleavage and activation of caspase 1. Active 

caspase 1 can then cleave pro-IL-1β and the constitutively expressed pro-IL-18 to their 

mature, secretable forms. Specialized pro-resolving mediators (SPMs) can inhibit both the 

priming and the activation of the NLRP3 inflammasome. TLR, Toll-like receptor.

Bäck et al. Page 33

Nat Rev Cardiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3 |. Macrophage life cycle and cholesterol round trip in atherosclerosis.

The pro-inflammatory subclass of circulating monocytes, the ‘classical monocytes’, are 

highly responsive to inflammatory signals and invade inflamed sites, such as atherosclerosis-

susceptible areas of the arterial intima in which the cholesterol of locally modified LDL 

particles accumulates. In the atherosclerotic intima, monocytes differentiate into 

macrophages, which are then exposed to growth factors, cytokines and specialized pro-

resolving mediators (SPMs). Different combinations of these factors determine the 

macrophage proliferation rate and their polarization into anti-inflammatory M2-like or pro-
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inflammatory M1-like phenotypes. Macrophages have high phenotypic plasticity, enabling 

phenotypic switching to provide the continuum of intermediate phenotypes that are often 

seen in advanced atherosclerotic lesions. A primary function of macrophages is to ingest 

modified LDL particles, which leads to accumulation of cytoplasmic cholesteryl ester 

droplets in the macrophages (that is, to foam cell formation). Smooth muscle cells (SMCs) 

can also form foam cells and then transdifferentiate into macrophage-like cells. HDL 

particles can induce cholesterol efflux from the foam cells, thereby initiating the process of 

reverse cholesterol transport for removal of cholesterol from the lesion. Some studies have 

provided evidence of egress of lesional macrophages during plaque regression (dotted lines). 

Thus, migration of foam cells to the blood might be an additional mechanism for cholesterol 

removal. Ultimately, old foam cells die via apoptotic or non-apoptotic forms of regulated 

cell death. Apoptosis is non-inflammatory and can even induce an anti-inflammatory 

response when the apoptotic cell is phagocytosed by an M2-like macrophage (efferocytosis) 

with ensuing release of anti-inflammatory factors and SPMs. The autophagic process itself is 

anti-inflammatory, but stressed cells undergoing extensive autophagy might die and can 

release pro-inflammatory mediators. Pyroptosis and necroptosis are pro-inflammatory via 

release of pro-inflammatory mediators, such as damage-associated molecular patterns 

(DAMPs). In advanced atherosclerotic lesions, influx of LDL particles and monocytes and 

formation of foam cells occur continually and, inevitably, some apoptotic foam cells escape 

efferocytosis and thereby contribute to the formation of a necrotic lipid core. Cholesterol-

containing efferocytes can also die and contribute to the formation and growth of the 

necrotic lipid core. Therefore, unless foam cells (either of macrophage or SMC origin) and 

the macrophages that have ingested them return to the blood (dotted lines), all cholesteryl-

ester-loaded cells, irrespective of their origin or mode of death, contribute to the generation 

and growth of a pro-inflammatory necrotic lipid core.
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Fig. 4 |. Defective efferocytosis drives necrotic core formation in atherosclerosis.

Intact efferocytosis by macrophages prevents necrotic core development in atherosclerotic 

lesions. However, when efferocytosis becomes defective, such as through cleavage of the 

tyrosine-protein kinase receptor MERTK by the protease ADAM17 on the macrophage, 

through inappropriate expression of CD47 on apoptotic cells resulting in CD47-SIRPα 
interaction or through reduced surface levels of calreticulin on apoptotic cells, 

atherosclerosis advances and necrotic core formation occurs. LRP1, LDL receptor-related 

protein 1; MFGE8, lactadherin; PtdSer, phosphatidylserine; SPM, specialized pro-resolving 

mediator; TIM, T cell immunoglobulin mucin receptor.
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Fig. 5 |. Resolution versus chronic inflammation in atherosclerosis.

The balance of pro-inflammatory and antiinflammatory processes controls the resolution of 

the lipid-driven inflammation in atherosclerotic lesions. Retention of LDL particles by 

arterial wall proteoglycans and subsequent modification of the retained LDL induce 

inflammation in the arterial wall. Macrophages ingest the modified LDL particles via 

scavenger receptor (SR)-mediated endocytosis and become foam cells. If the balance 

between pro-inflammatory and pro-resolving mediators is tilted towards inflammation, the 

resolving mechanisms fail. Under these conditions, pyroptosis (mediated by inflammasome 

activation) or necroptosis can ensue. These pro-inflammatory forms of cell death further 

promote inflammation and generation of a large necrotic lipid core. These unstable 

atherosclerotic plaques might ultimately lead to plaque rupture and a local occluding arterial 

thrombus. Conversely, if the balance between the mediators is tilted towards pro-resolving 

mediators, apoptosis and autophagy-associated cell death and cholesterol efflux from the 

lesions are favoured, and efferocytosis of the dead cells can lead to resolution of 

inflammation. These processes promote the formation of a stable plaque with a small 

necrotic lipid core. DAMPs, damage-associated molecular patterns.

Bäck et al. Page 37

Nat Rev Cardiol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bäck et al. Page 38

Ta
b

le
 1

 |

S
tu

di
es

 o
n 

sp
ec

ia
li

ze
d 

pr
o-

re
so

lv
in

g 
m

ed
ia

to
rs

 in
 e

xp
er

im
en

ta
l m

od
el

s 
of

 a
th

er
os

cl
er

os
is

S
P

M
 ta

rg
et

M
et

ho
d

M
od

el
R

es
ul

ts
R

ef
s

A
L

X
/F

P
R

2 
pa

th
w

ay
s

R
es

ol
vi

n 
D

1
In

tr
ap

er
it

on
ea

l i
nj

ec
ti

on
s

L
dl

r 
−/

−  
m

ic
e 

fe
d 

a 
W

es
te

rn
 d

ie
t

↓ 
A

th
er

os
cl

er
os

is
↑ 

P
la

qu
e 

st
ab

il
it

y
36

E
la

st
as

e 
pe

rf
us

io
n 

in
 m

ic
e

↓ 
A

or
ti

c 
an

eu
ry

sm
s

21
7

15
-e

pi
 li

po
xi

n 
A

4
O

sm
ot

ic
 p

um
p

A
po

e−/
−  

m
ic

e
↓ 

A
th

er
os

cl
er

os
is

99

C
ar

ot
id

 li
ga

ti
on

 in
 m

ic
e

↓ 
In

ti
m

al
 h

yp
er

pl
as

ia
11

0

A
c2

–2
6 

(a
nn

ex
in

 A
1-

de
ri

ve
d 

pe
pt

id
e)

N
an

op
ar

ti
cl

e 
de

liv
er

y
L

dl
r−/

−  
m

ic
e 

fe
d 

a 
W

es
te

rn
 d

ie
t

↑ 
P

la
qu

e 
st

ab
il

it
y

10
9

In
tr

ap
er

it
on

ea
l i

nj
ec

ti
on

s
A

po
e−/

−  
m

ic
e

↓ 
A

th
er

os
cl

er
os

is
10

8

A
L

X
/F

P
R

2 
sy

st
em

ic
 d

ef
ic

ie
nc

y
Fp

r2
 k

no
ck

ou
t

Fp
r2

−/
− L

dl
r−/

−  
m

ic
e

↓ 
A

th
er

os
cl

er
os

is
↓ 

P
la

qu
e 

st
ab

il
it

y
10

4

Fp
r2

−/
− A

po
e−/

−  
m

ic
e

↓ 
A

th
er

os
cl

er
os

is
99

Fp
r2

−/
− A

po
e−/

−  
m

ic
e

↑ 
A

th
er

os
cl

er
os

is
10

8

A
ng

io
te

ns
in

 I
I 

in
fu

si
on

 in
 F

pr
−/

− A
po

e−/
−  

m
ic

e
↑ 

A
or

ti
c 

an
eu

ry
sm

s
21

8

A
L

X
/F

R
P

2 
de

fi
ci

en
cy

B
on

e 
m

ar
ro

w
 tr

an
sp

la
nt

at
io

n
T

ra
ns

pl
an

ta
ti

on
 o

f 
Fp

r2
−/

−
↓A

th
er

os
cl

er
os

is
10

4

in
 b

on
e 

m
ar

ro
w

 c
el

ls
bo

ne
 m

ar
ro

w
 c

el
ls

 in
to

 L
dl

r−/
−  

m
ic

e
↔

 A
th

er
os

cl
er

os
is

10
9

C
he

m
R

23
 p

at
hw

ay
s

R
es

oi
vi

n 
E

1
To

pi
ca

l a
pp

li
ca

ti
on

 in
 th

e 
or

al
 c

av
it

y
R

ab
bi

ts
 w

it
h 

pe
ri

od
on

ti
ti

s 
fe

d 
a 

hi
gh

-f
at

 d
ie

t
↓ 

A
th

er
os

cl
er

os
is

11
8

O
ra

l g
av

ag
e

A
P

O
E

*3
-L

ei
de

n 
m

ic
e 

fe
d 

a 
W

es
te

rn
 d

ie
t

↓ 
A

th
er

os
cl

er
os

is
11

9

In
tr

ap
er

it
on

ea
l i

nj
ec

ti
on

s
F

em
or

al
 w

ir
e 

in
ju

ry
 in

 m
ic

e
↓ 

In
ti

m
ai

 h
yp

er
pl

as
ia

21
9

C
he

m
R

23
 s

ys
te

m
ic

 d
ef

ic
ie

nc
y

C
m

kl
rl

 k
no

ck
ou

t
C

m
kl

r1
−/

− A
po

e−/
−  

m
ic

e
↑ 

A
th

er
os

cl
er

os
is

10
5

C
he

m
R

23
 d

ef
ic

ie
nc

y 
in

 b
on

e 
m

ar
ro

w
 c

el
ls

B
on

e 
m

ar
ro

w
 tr

an
sp

la
nt

at
io

n
T

ra
ns

pl
an

ta
ti

on
 o

f 
C

m
kl

r1
−/

−  
bo

ne
 m

ar
ro

w
 c

el
ls

 in
to

 L
dl

r−/
−  

m
ic

e
↑ 

A
th

er
os

cl
er

os
is

10
5

A
L

X
/F

P
R

2,
 N

-f
or

m
yl

 p
ep

ti
de

 r
ec

ep
to

r 
2;

 S
P

M
, s

pe
ci

al
iz

ed
 p

ro
-r

es
ol

vi
ng

 m
ed

ia
to

r.

Nat Rev Cardiol. Author manuscript; available in PMC 2020 July 01.


	Abstract
	Lipid-driven inflammation
	Lipoprotein modification
	NLRP3 inflammasome activation

	Resolution of inflammation
	Pro-resolving mediators
	Lipid mediators of inflammation resolution.
	Non-lipid mediators of inflammation resolution.

	Pro-resolving receptor signalling
	ALX/FPR2, the receptor for RvD1, LXA4 and annexin A1.
	ChemR23, the receptor for EPA-derived resolvins.

	Pro-resolving gaseous transmitters

	Macrophage life cycle in atherosclerosis
	Macrophage origin and subsets
	Macrophage accumulation
	Macrophage death
	Regulation of efferocytosis

	Conclusions
	References
	Fig. 1 |
	Fig. 2 |
	Fig. 3 |
	Fig. 4 |
	Fig. 5 |
	Table 1 |

