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Abstract

Atherosclerosis is characterized by the retention of modified lipoproteins in the arterial wall. 

These modified lipoproteins activate resident macrophages, and the recruitment of monocyte-

derived cells, which differentiate into mononuclear phagocytes that ingest the deposited 

lipoproteins to become “foam cells”; a hallmark of this disease. In this part 2 of a 4-part review 

series covering the macrophage in cardiovascular disease, we critically review the contributions 

and relevant pathobiology of monocytes, macrophages and foam cells as relevant to 

atherosclerosis. We also review evidence that via various pathways, a failure of the resolution of 

inflammation is an additional key aspect of this disease process. Finally, we consider the likely 

role played by genomics and biologic networks in controlling the macrophage phenotype in 

atherosclerosis. Collectively, these data provide substantial insights on the atherosclerotic process, 
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while concurrently offering numerous molecular and genomic candidates that appear to hold great 

promise for selective targeting as clinical therapies.

Condensed Abstract:

Atherosclerosis is characterized by the retention of modified lipoproteins in the arterial wall. 

These modified lipoproteins activate resident macrophages, and the recruitment of monocyte-

derived cells, which differentiate into mononuclear phagocytes that ingest the deposited 

lipoproteins to become “foam cells”; a hallmark of this disease. In this second of a 4-part review 

series we consider the contributions and pathobiology of monocytes, macrophages and foam cells 

as relevant to atherosclerosis. We also review evidence that failure of inflammation resolution is a 

key aspect of this disease, and also the role of genomics and biologic networks in controlling the 

macrophage phenotype in atherosclerosis.
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With basic macrophage biology and phenotype reviewed in Part 1 of this series, here in Part 

2 we consider one of its most critical roles in the cardiovascular system: the macrophage in 

atherosclerosis (Central Illustration).

Macrophage Trafficking in Atherosclerosis

Plaque macrophage content represents the balance between blood monocyte recruitment, 

their differentiation into tissue macrophages and proliferation in situ, and their retention, 

emigration, or death. In this section we review this important kinetic balance (Figure 1).

Circulating monocytes and their recruitment into atheroma

Atherosclerotic plaque formation is initiated by the intramural retention of atherogenic 

lipoproteins (1). Atherosclerotic plaques tend to form at inner curvatures and branch points 

of arteries, where laminar flow is disturbed or insufficient to support the normal, quiescent 

endothelial state. In these sites, there is accumulation of extracellular matrix proteins, 

coincident with retention of cholesterol-rich, apolipoprotein B-containing lipoproteins. In 

the arterial wall microenvironment these lipoproteins are susceptible to various 

modifications (e.g., oxidation, enzymatic and non-enzymatic cleavage and aggregation), 

rendering the particles pro-inflammatory. The accumulation of these modified lipoproteins 

triggers resident macrophage activation and recruitment of monocyte-derived cells into the 

subendothelial space, where they differentiate into mononuclear phagocytes that ingest the 

deposited normal and modified lipoproteins. While macrophage clearance of lipoproteins is 

initially likely to be beneficial, there is little negative feedback of uptake and these cells 

become grossly engorged with lipids, transforming into “foam cells”. The foam cell is a 

hallmark of early atherosclerotic plaques, or so-called “fatty streaks”, where these cells 

persist and contribute to plaque progression.
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The recruitment of circulating monocytes into plaques requires the integration of at least 3 

discrete processes; their capture, rolling and transmigration. Endothelial activation by 

retained modified lipoproteins or endothelial damage activates the leukocyte adhesion 

cascade that mediates circulating monocyte arrest. Chemokines immobilized on the 

endothelium, particularly Chemokine (C-C motif) ligand 5 (CCL5) and CXC-chemokine 

ligand 1 (CXCL1), initiate monocyte capture and rolling, while vascular cell adhesion 

molecule 1 (VCAM1) and intercellular adhesion molecule (ICAM) 1 mediate monocyte 

adhesion to the endothelial surface. Transendothelial monocyte migration is then initiated by 

CD31 and VCAM1, as well as locally produced chemokines. Three chemokine receptor–

chemokine pairs are of particular importance in this process: C-C chemokine receptor 2 

(CCR2)–CCL2, CX3CR1 (CX3C chemokine receptor 1)–CX3CRL1 (CX3C chemokine 

receptor ligand 1) and CCR5-CCL5 (2). Targeted deletion of these chemokine axes in 

atheroprone ApoE−/− mice led to ~90% reduction in atherosclerotic plaque burden (3). One 

caveat however, is that CCR2 and CX3CR1 also participate in the extravasation and survival, 

respectively, of bone marrow-derived Ly6chi cells (4,5) that influence the number of 

circulating monocytes and thus their supply to, and lifespan in, the plaque. In another study, 

apoA1 (the major protein of high density lipoprotein-(HDL) cholesterol) inhibited monocyte 

migration and decreased their recruitment to sites of inflammation (6). This was mediated by 

reorganization of plasma membrane lipid rafts as a consequence of apoA1-mediated 

cholesterol efflux, which disrupted the signaling cascade (concentrated in the rafts) that 

harnesses the actin-cytoskeleton to accomplish cellular movement.

Ligands and receptors belonging to neuronal guidance molecule families are also likely 

involved in monocyte recruitment and retention. Members of the netrin, semaphorin and 

ephrin families are expressed by arterial endothelial cells and are differentially regulated by 

conditions that promote or protect from atherosclerosis (7). Specifically, ephrin B2 which 

functions as a monocyte chemoattractant (7), and sema7A (8) which interacts with β1 

integrin, are upregulated in atheroprone regions. In contrast, netrin-1 and sema3A, which 

inhibit chemokine-directed monocyte migration, are decreased by proatherogenic factors, 

while their inhibition increases leukocyte adhesion to the endothelium (7). Another 

semaphorin family member, sema4D, is increased in infiltrating leukocytes in atherosclerotic 

plaques as well as its receptor plexin-B1 in neovascular plaque endothelial cells (9). In 

addition, EphA2 receptor expression is increased in endothelial cells and macrophages in 

human and mouse atherosclerotic plaques, while endothelial activation with oxidized low-

density lipoprotein (LDL) or proinflammatory cytokines induces expression of EphA2 and 

its ligand ephrinA1 (10). Notably, the targeted deletion or repression of several of these 

neuroimmune guidance cues reduced atherosclerosis in mouse models, including netrin-1 

(11), sema4D (9,12), sema7A (8), and EphA2 (13,14). Collectively, these studies suggest 

important roles for neuroimmune guidance cues in monocyte recruitment and atherosclerotic 

plaque progression. Interestingly, some neuronal guidance cues are also involved in plaque 

macrophage chemostasis (see below).

Hypercholesterolemia is associated with increased circulating monocyte numbers in mice, 

swine and rabbits (15,16), which is thought to accelerate monocyte recruitment into 

atheroprone regions. In ApoE−/− mice, circulating monocytes, particularly the Ly6chi subset, 

are ~50% higher than in controls (2,17). This increase likely arises from cholesterol 
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enrichment of bone marrow (18) and splenic (19) hematopoietic stem cells that increase 

their proliferation and thus, the supply of monocytes that are mobilized to inflammatory 

sites, including atherosclerotic plaques. Hyperglycemia also increases circulating monocytes 

(20) through mechanisms that overlap with those in hypercholesterolemia (21). Higher levels 

of circulating monocytes in hyperglycemic mice led to their increased recruitment into 

plaques, which impaired atherosclerosis regression after lipid lowering (20,21).

In contrast, in normoglycemic mice, monocyte recruitment may be critical for disease 

regression and inflammation resolution (22,23). In murine plaques in which atherosclerosis 

regression is induced by aggressive lipid lowering or raising of HDL cholesterol levels, 

enrichment in M2-like macrophages was required for resolution (24-26). In the ApoE−/− 

aortic transplant model, the precursors of these M2-like macrophages are Ly6chi circulating 

monocytes recruited into plaques after the transition from a hyper- to normo-lipidemic 

environment (23). These findings that M2-like macrophages are atheroprotective in a 

regression setting are echoed by data from progression models. For example, the 

administration of the M2-polarizing cytokine interleukin (IL)-13 to the Ldlr−/− 

hypercholesterolemic mouse model was shown to drive plaque macrophages to M2-like cells 

and inhibit atherosclerosis progression (27).

That M2 precursors are derived from Ly6chi circulating monocytes, that were historically 

considered to be inflammatory, was initially surprising but resonates with the view that 

resolving inflammation can be impeded by a subnormal inflammatory response (22). Taken 

together these findings indicate that, coincident with the decline in the number of 

macrophages in regressing plaques, there is also a required enrichment in inflammation-

resolving M2-like macrophages (20,24-26,28-30). However, the phenotypic varieties of 

macrophages in vivo are complex, and many subsets likely exist along the M1-M2 spectrum 

(see Part 1 of the review series).

Macrophage proliferation

After infiltrating the arterial intima, monocytes differentiate into macrophages, where these 

highly phagocytic cells internalize accumulated modified lipoproteins. Multiple means of 

LDL cholesterol modification facilitate macrophage cholesterol loading in vitro, but the 

prevailing paradigm has been that heightened oxidative stress in the artery wall promotes 

deleterious LDL cholesterol modifications, generating “damage” signals that are recognized 

by macrophage scavenger receptors. These receptors, including scavenger receptor A (SR-

A), SR-B1, SREC-1, MARCO, CD36, lectin-type oxidized LDL receptor 1, and scavenger 

receptor for phosphatidylserine and oxidized LDL (SRPSOX; also known as CXCL16), can 

bind oxidized LDL cholesterol and promote foam cell formation (31), with SR-A and CD36 

mediating the majority (75–90%) of oxidized LDL cholesterol degradation by macrophages 

in vitro (32). Engagement of scavenger receptors, particularly SR-A, may also contribute to 

macrophage proliferation in established atherosclerotic plaques (33).

Macrophage proliferation occurs in atherosclerotic plaques in humans, rabbits and mice 

(34-38). Using an array of advanced techniques, Robbins and colleagues showed that 

although monocyte recruitment predominates in early plaques, there is robust proliferation 

of macrophages in advanced lesions (33). Using parabiosis experiments in CD45.1 and 
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CD45.2 congenic atheroprone ApoE−/− mice, the authors estimated the relative contribution 

of in situ macrophage proliferation was ~30% in early atherosclerosis and up to 87% in 

established atherosclerosis. Interestingly, macrophage proliferation in murine plaques is not 

dependent on granulocyte-macrophage colony-stimulating factor, but is partly dependent on 

SR-A. However, deficiency of SR-A alone (39,40) or both SR-A and CD36 (41,42) only 

partially reduces foam cell accumulation in plaques of ApoE−/− mice, suggesting that other 

pathways regulate macrophage proliferation in those settings, or that other kinetic processes 

contribute to macrophage accumulation.

The realization that macrophage proliferation contributes to advanced atherosclerosis has 

opened the door to therapeutic strategies targeting this process. One strategy has been 

nanoparticle-mediated delivery of simvastatin to plaque macrophages (43). Statins act 

specifically on the mevalonate pathway of cholesterol synthesis, which is critical to 

proliferating cells (44). Using HDL-based nanoparticles as a delivery modality, a 1 week 

regimen of targeted simvastatin delivery to lesional macrophages reduced plaque 

macrophage burden by 45% in ApoE−/− mice with advanced atherosclerosis (43). 

Simvastatin-HDL treatment did not reduce monocyte recruitment, but was associated with 

reductions in macrophage proliferation (~25%) and inflammatory gene expression. Although 

statins also have anti-inflammatory properties, this supports inhibiting local macrophage 

proliferation as a strategy for suppressing atherosclerotic inflammation.

Macrophage retention

Macrophages that accumulate in atherosclerotic plaques have diminished migratory capacity, 

which contributes to failure to resolve inflammation and thus to advanced, complex plaques 

(45). The signals regulating macrophage retention are only beginning to be defined. 

Cholesterol loading of macrophages increases the expression of the neuro-immune guidance 

cues netrin-1 and semaphorin 3E, which induce macrophage chemostasis in vitro (11,46). 

Netrin-1 and semaphorin 3E secreted by plaque macrophages act locally to retain 

macrophages by blocking their response to emigration signals. Hypoxia, which is intimately 

linked to atherosclerosis (46,47), can induce macrophage expression of netrin-1, that serves 

as a survival factor for macrophages undergoing oxidative stress (47). Studies of Ldlr−/− 

mice with bone marrow deficiency of netrin-1 demonstrated increased macrophage 

emigration from lesions and reduced atherosclerosis progression (11).

Other factors that inhibit cell movement, such as adhesion molecules (48), also likely 

contribute to macrophage retention. A recent study showed that upregulation of αDβ2 

integrin (CD11d/CD18) on inflammatory macrophages contributes to macrophage retention 

in atherosclerotic plaques (49). Targeted CD11d deletion in ApoE−/− mice reduced 

atherosclerosis progression, despite similar recruitment of WT and Cd11d−/− monocytes to 

inflammatory stimuli. Using adoptive transfer experiments in which both WT and Cd11d−/− 

monocytes were transferred to atheroprone ApoE−/− mice, the investigators showed reduced 

accumulation of Cd11d−/− macrophages in the aorta, suggesting that CD11d promotes 

macrophage retention in atherosclerotic plaques (49). Junctional Adhesion Molecule C 

(JAM-C) expressed by vascular endothelial cells was also shown to block reverse-

transendothelial migration of monocyte-derived cells from atheroma (50). JAM-C expression 
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is increased in chronic inflammatory diseases, including atherosclerosis, and blocking this 

component of the endothelial tight junction led to increased macrophage reverse-

transendothelial migration in vitro and accelerated macrophage emigration from plaques 

during atherosclerosis regression (50). Further study of atherosclerosis progression and 

regression are likely to elucidate additional signals that inhibit cell movement or impair 

inflammation resolution.

Macrophage death and clearance by efferocytosis

Macrophage cholesterol metabolism is regulated by the balance of cholesterol uptake, free 

cholesterol liberation, cholesterol esterification and storage, and free cholesterol efflux from 

the cell. With excessive cholesterol uptake, macrophage lipid metabolism can become 

dysregulated resulting in inflammatory signaling, endoplasmic reticulum (ER) stress, 

inflammasome activation, and ultimately, cell death.

Excess cellular cholesterol is stored in lipid droplets as cholesteryl ester, and in this form 

cholesterol is relatively inert. However free cholesterol, which can accumulate if cholesterol 

metabolism becomes dysregulated, can be toxic. Trafficking of free cholesterol out of 

lysosomes to the ER, where it can undergo esterification for storage in lipid droplets, 

becomes defective in foam cells (51). Furthermore, enrichment of ER membranes with free 

cholesterol or activation of ER stress responses by saturated fatty acids signaling via SR-A, 

and toll-like receptor-2 and −4 (52), can result in defective cholesterol esterification by acyl-

CoA cholesterol acyltransferase in macrophages favoring further free cholesterol 

accumulation. Such dysregulation in lipid metabolism contributes to ER stress, which if 

prolonged and combined with other insults, can culminate in apoptotic cell death (53), which 

is observed in 2-4% of cells in mouse plaques, with the highest levels in advanced plaques.

Dying foam cells, if not properly cleared, can release their lipid contents and tissue factor, 

leading necrotic core formation. Efficient apoptotic cell clearance by surrounding 

macrophages (efferocytosis) requires intact lipid metabolism pathways (such as cholesterol 

esterification and efflux) in the engulfing cell to deal with the ingested lipids. Efficient 

efferocytosis coupled with inducing macrophage death may be beneficial to net changes in 

macrophage or foam cell content, as suggested in a recent study of regression (54). However, 

in late-stage plaques, the ability of macrophages to clear their dying counterparts through 

such receptors as Mer tyrosine kinase (MerTK) and LDL receptor-related protein 1 (LRP1) 

becomes compromised, which is attributed, in part, to cholesterol accumulation in the 

engulfing cells (55). Also implicated in defective plaque efferocytosis is the CD47 “don’t-

eat-me” signal, which if expressed on the apoptotic cell can block its uptake by surrounding 

phagocytes (56). Interestingly, genome-wide association studies (GWAS) have identified 

several loci in DNA regions encoding proteins regulating efferocytosis and which are 

associated with cardiovascular disease risk, including the T cell immunoglobulin and mucin 

domain (Tim) receptor for apoptotic cells (57), calreticulin (58), and the metalloproteinase 

ADAM17 (59), which is implicated in MerTK cleavage (60,61). Targeting of Tim (62) or 

calreticulin (58) was shown to reduce efferocytosis and exacerbate atherosclerosis.

In advanced plaques, increased macrophage apoptosis combined with defective efferocytosis 

results in cell necrosis and the release of cellular components and lipids that form the 
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necrotic core. This feature of advanced atherosclerotic plaques, along with thinning of the 

fibrous cap, may increase the vulnerability of plaques to rupture and the ensuing 

intravascular blood clot that underlies myocardial infarction and stroke. Although it was 

initially assumed that cell necrosis was a passive event, it has become clear that programmed 

forms of necrotic or lytic death exist, and are active in atherosclerosis (63). Pyroptosis, a 

caspase-dependent form of cell death associated with inflammasome activation, results from 

cleavage of gasdermin-D and formation of plasma membrane pores (64). Necroptosis, a 

caspase-independent form of programmed necrosis that depends on kinase receptor-

interacting protein (RIP) 3 and phosphorylation of the multilineage kinase-domain like 

(MLKL) protein to form the oligomeric necrosome (65), also results in pore-formation and 

release of cell contents, including adenosine-triphosphate, mitochondria and damage-

associated molecular patterns (DAMPs). Dissection of the roles of these forms of cell death 

in atherosclerosis and other diseases has proved difficult, because of overlapping signaling 

pathways. However, studies of RIP3 deletion (66) or inhibition (67) in mouse models 

reduced atherosclerotic plaque size, and importantly, necrotic core formation. The innate 

immune system also includes sensors of necrotic cells, such as Cecl4e (68), which 

participate in the recognition of DAMPs released from dying cells and may amplify plaque 

inflammation.

The advent of cell-specific and inducible systems for targeted cell death have allowed 

investigators to test whether macrophage apoptosis is beneficial in atherosclerosis. Using 

these tools, investigators showed that macrophage death favorably affected plaque and 

necrotic core size only in mice with early lesions (69). Activation of macrophage death in 

mice with advanced plaques had little effect on plaque size or composition (69). Conversely, 

strategies that inhibited macrophage death by overexpression of the survival molecule B-cell 

lymphoma 2 (Bcl2) exacerbated plaque development in early atherosclerosis and reduced 

plaque size in advanced atherosclerosis (70). These strategies highlight how targeting 

macrophage survival may have different outcomes at different stages of plaque development, 

and suggest that such an approach would not be viable in advanced lesions where 

efferocytosis and other components of the tissue repair process may be impaired.

Macrophage egress from plaques

The first robust evidence to support macrophage emigration from plaques was presented in 

pioneering pig studies from the 1970’s-80’s; interestingly, the rate of macrophage egress 

was found to decrease with atherosclerosis progression (71). However, for many years, the 

signals guiding macrophage egress via either reverse endothelial transmigration to the lumen 

or by migrating through the media to the adventitial lymphatics, remained poorly defined. 

More recent progress has come from new mouse models of atherosclerosis regression, which 

have established the reversibility of macrophage accumulation and activation in plaques, 

challenging the paradigm that failing to resolve chronic inflammation is an inevitable feature 

of atherosclerosis. Using cell trafficking methods, including labeling circulating monocytes 

by fluorescent beads (2), such studies have shown that macrophage retention can be reversed 

(24,25,28), leading to the identification of pathways that promote macrophage egress from 

the plaque. Broadly, these pathways fall into 2 groups; those that promote macrophage 

retention (e.g., neuroguidance and JAM molecules), and those that promote macrophage 
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movement (e.g., chemokine-receptor pairs). In studies in which macrophage emigration 

from plaques was induced by normalizing the hyperlipidemic plasma profile of mice in an 

aortic transplant model, emigrating cells expressed several characteristic markers of both 

macrophages and dendritic cells (72). For example, the expression of CCR7, a regulator of 

immune cell homing and the receptor for CCL19 and CCL21, is upregulated in emigrating 

CD68+ macrophages and blocking this pathway led to their retention in the plaque (72).

Transcriptomic profiling of macrophages isolated by laser capture microdissection (72) of 

progressing and regressing plaques in an aortic transplantation mouse model revealed >700 

differentially regulated genes (48), including downregulation of the macrophage retention 

factors semaphorin 3E and netrin-1, and also of adhesion molecules such as members of the 

cadherin family (48). In contrast, cellular motility factors were upregulated. In addition, 

CCR7 was expressed at low levels in plaque macrophages in progressing plaques, likely 

suppressed by hypercholesterolemia due to a serum response element in its promoter (73). 

Notably, Ccr7 transcription was upregulated in macrophages when plaques were placed in a 

regression environment, thereby increasing cell migratory capacity. Collectively, these data 

indicate that macrophage emigration from plaques is a highly regulated process, reflecting 

coordinated changes in macrophage retention and movement.

Smooth muscle cell transition into a macrophage-like state

It has long been appreciated that VSMCs can take up lipids and become smooth muscle 

foam cells (74). In 2003, it was reported that when mouse VSMCs were loaded with 

cholesterol in vitro, they downregulated major canonical VSMC markers (alpha-actin, 

calponin, etc.) and expressed macrophage-associated factors (e.g., CD68, Lgals3, ABCA1) 

(30). The authors predicted that if this occurred in vivo, then cells that underwent this 

transdifferentiation would appear as plaque macrophages (30). Using a variety of methods, 

including lineage marking (in mice), a proximity ligation assay (in human samples), and 

multiple immunohistochemical markers (both species), this was subsequently borne out 

(30,75-78). Depending on the lesion stage, at least 30% of macrophage marker positive cells 

in plaques appear to be VSMC-derived. The properties and functions of these VSMC-

derived cells, particularly in vivo, remain largely unknown. In vitro, they are not particularly 

good at phagocytosis or efferocytosis compared to authentic macrophages (78). Based on 

what was discussed earlier, in advanced plaques, this would be predicted to be adverse 

because apoptotic cell clearance would be impaired. Conversely, they are not particularly 

inflammatory in vitro, and consistent with this, transcriptomic analyses showed that only a 

subset of macrophage-associated genes are induced, with the majority of the profile 

remaining VSMC-centered (78), which may be a beneficial property. The potential to have 

competing effects on atherosclerosis will require intensive investigation to determine the net 

impact of VSMC-“macrophages”, and these studies should include disease-stage specific 

effects, as well as the reversibility of the phenotype in a regression setting. Of course, the 

mechanisms by which transdifferentiation occur also need further exploration. Early results 

implicate miR-143/-145 (78) (known positive regulators of VSMC phenotype) and KLF4 

(77), a transcriptional factor partly regulated by miR-143/-145 and with multiple interesting 

targets, including macrophage-associated genes.
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Summary and concluding remarks on macrophage trafficking in atherosclerosis

Monocyte-macrophage kinetics are fundamental to understanding atherosclerotic plaque 

biology. There is optimism that therapies targeted to reduce either the content of activated 

macrophages (e.g., by promoting macrophage apoptosis, efferocytosis or emigration, or by 

reducing proliferation) or to increase the content of M2-like resolving macrophages (e.g., by 

use of pro-resolving mediators) may have beneficial clinical effects. However, the 

quantitative impact of each of the dynamic processes that regulate macrophage burden in 

atherosclerosis is likely to vary in different stages of disease, as would the consequences of 

selectively targeting them. For example, a burst of monocyte recruitment appears essential 

for atherosclerosis regression (23); thus, blocking this process could impair resolution of 

atherosclerotic inflammation. Strategies that therapeutically target macrophage death should 

also be approached with caution. It is expected that in early plaque development, where 

efferocytosis is efficient, increasing apoptosis would be beneficial, but as efferocytosis 

becomes impaired in advanced plaques then increasing apoptosis could expand the necrotic 

core and enhance its thrombogenicity. Important areas of future investigation include the 

regulation and quantitative impact of each of the kinetic factors that regulate plaque 

macrophage burden, and their effects on other immune cells. Also, the phenomenon of 

VSMC-derived macrophage-like cells requires considerable additional investigation.

The Macrophage and Inflammation Resolution in Atherosclerosis

Inflammation and resolution

In response to injury or infection, the immune system generates a coordinated program of 

acute inflammation aimed at the eradication of pathogens and subsequent repair to allow the 

tissue to return to homeostasis (Figure 2). During the initiation phase of the acute response, a 

local release of soluble mediators occurs including cytokines (e.g., IL-1β, IL-6, TNF-α), 

complement, bioactive lipids (prostaglandins, leukotrienes), and vasoactive amines 

(histamine, bradykinin), leading to increased blood flow, microvasculature permeability and 

tissue edema (79). In response to these signals and the upregulation of endothelial adhesion 

molecules, neutrophils migrate to the injury where they target and engulf pathogens. Once 

the initial insult has been adequately neutralized, inflammation must be dampened, and 

cellular debris must be cleared to limit host collateral damage and allow tissue repair. This 

‘resolution’ phase was once thought to be the passive termination of the initial inflammatory 

response, however, we now understand that it is an active process characterized by the 

production of pro-resolving proteins (e.g., annexin A1 and IL-10), gases (e.g., carbon 

monoxide, hydrogen sulfide) and lipids (lipoxins, resolvins, protectins, and maresins) (79). 

In the first phase of resolution, pro-inflammatory mediator synthesis is downregulated, and 

these molecules are catabolized, preventing further leukocyte infiltration. Inflammatory cells 

are also cleared, either by rejoining the circulation or by undergoing apoptosis followed by 

efferocytosis, in order to prevent them from undergoing necrosis and generating an ongoing 

inflammatory stimulus. Macrophages, which polarize toward a pro-resolving phenotype, 

play an important role in apoptotic polymorphonuclear leukocyte efferocytosis and 

participate in tissue repair and extracellular matrix production. Finally, in the post-resolution 

phase, additional immune cells including T regulatory cells, memory T cells and memory B 

cells accumulate locally to prepare an appropriate adaptive immune response against any 
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future inflammatory insult. Additional macrophages also accumulate, including resident 

macrophages and Ly6chi monocyte-derived macrophages (80). In cases where the resolution 

program fails, e.g., because the inflammatory stimulus persists and/or some pathological 

process lowers resolving mediator levels or their effectiveness, the inflammatory response is 

sustained and the organism will be unable to develop an appropriate secondary response. 

Indeed, failure to resolve inflammation is part of the etiology of many chronic inflammatory 

diseases including rheumatoid arthritis, asthma, chronic obstructive pulmonary disease, 

inflammatory bowel disease, cancers, Alzheimer’s disease and advanced atherosclerosis 

(22,81).

Advanced atherosclerosis results from defective resolution of inflammation

Atherosclerosis is characterized by sustained inflammation and failed inflammation 

resolution. The persistent sub-endothelial retention of apolipoprotein B100-containing 

lipoproteins provides the continued inflammatory stimulus that drives ongoing leukocyte 

recruitment and production of pro-inflammatory cytokines and oxidative species (82). In the 

presence of high levels of pro-inflammatory cytokines and modified lipoproteins, recruited 

macrophages polarize toward a pro-inflammatory phenotype (83). These macrophages 

exhibit cross-talk with VSMCs, which amplify the inflammatory cycle by producing 

additional pro-inflammatory cytokines and also extracellular matrix that promotes further 

retention of lipoproteins (82,84,85). This hyper-inflammatory microenvironment impairs the 

ability of VSMCs to produce the collagen necessary to develop a protective cap that isolates 

the thrombogenic developing plaque from the bloodstream. In addition, this persistent 

inflammation drives apoptosis, generating apoptotic cells that must be cleared by lesional 

macrophages (86). As already discussed, efferocytosis may fail in advanced plaques, leading 

to accumulation of debris and dead cells, which then undergo secondary necrosis with 

release of immunogenic antigens, more inflammation and necrotic core formation (86-88). 

In addition, primary necroptosis further contributes to necrotic core development (66,67). 

Importantly, expansive necrotic cores and thinning collagen caps are hallmarks of advanced 

atherosclerotic disease and are associated with clinical cardiovascular events (89,90).

Low levels of specialized pro-resolving mediators (SPMs) correlate with atherosclerosis, and 

the presence of CAD or peripheral arterial disease (91), while regions of human and murine 

atherosclerotic plaques with advanced features are characterized by impaired SPM 

production (92,93). Using targeted mass spectrometry of human carotid artery specimens, 

the relative level of SPMs in relation to the pro-inflammatory mediator leukotriene B4 

(LTB4) was lower in histologically-defined areas of advanced atherosclerotic plaque 

compared to early areas of lesions (92). In addition, atheroprone Ldlr−/− mice had reduced 

levels of SPMs relative to LTB4 within the atherosclerotic aorta. When one of the most 

significantly reduced SPMs, resolvin D1 (RvD1), was administered to Ldlr−/− mice in levels 

sufficient to restore the balance of RvD1:LTB4 during plaque development, mice receiving 

RvD1 had smaller necrotic cores, increased lesional efferocytosis and thicker collagen caps 

(92). Similarly, in atherosclerotic lesions of ApoE−/− mice, high levels of the pro-

inflammatory lipid mediators LTB4 and prostaglandin E2 were found in advanced lesions 

compared with early lesions. Concomitantly, levels of the pro-resolving mediators RvD2 and 

maresin 1 (MaR1) were lower in advanced lesions compared with early lesions (93). 
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Together, these results demonstrate that the local imbalance of pro-resolving:pro-

inflammatory factors likely plays a pathogenic role in both murine and human disease.

Other studies have indirectly suggested an athero-protective role for SPMs. For example, 

variants in the genes encoding SPM biosynthesis enzymes have been associated with 

atherosclerosis, stroke, and myocardial infarction (94-98). The lipoxygenases, in particular, 

5-lipoxygenase (5-LOX) and 12/15-LOX, are important for the synthesis of SPMs and pro-

inflammatory lipid mediators. 5-LOX expression was found to be significantly higher in 

human carotid atherosclerotic lesions compared with healthy arteries and correlated with 

clinical ischemic symptoms, suggesting that 5-LOX is associated with more severe 

atherosclerotic disease (99). Consistent with this, the loss of 5-LOX from atheroprone ApoE
−/− mice led to a reduction in plaque size (100). The role of 12/15-LOX in atherogenesis has 

been somewhat more difficult to elucidate. First, humans express two forms of the enzyme, 

12-LOX and 15-LOX, while mice express only one form that displays both 12- and 15-LOX 

activity (commonly referred to as 12/15-LOX). In humans, polymorphism in the gene 

encoding 15-LOX (ALOX15) is associated with higher enzyme activity in heterozygotes and 

was enriched in controls as compared to CAD cases, suggesting that higher levels of 15-

LOX may confer atheroprotection (101). Consistent with this, hypercholesterolemic rabbits 

engineered to overexpress 15-LOX within macrophages were more resistant to early 

atherosclerosis than control rabbits (102,103). Transgenic mice overexpressing 12/15-LOX 

on an ApoE−/− background were found to have higher levels of pro-resolving mediator 

lipoxin A4 (LXA4) and reduced atherosclerotic lesion area compared to controls (104). 

However, if these mice received a Western diet, the protective effect of 12/15-LOX was not 

observed (105). When the converse studies using genetic deletion of 12/15-LOX were 

performed, the authors found similarly complex results. When fed a chow diet, the 

Alox15−/− ApoE−/− mice showed increased atherosclerotic lesion area compared to controls, 

however, if fed a high-fat (Western) diet for 10-14 weeks, Alox15−/− ApoE−/− mice 

demonstrated reduced lesion area, suggesting that diet significantly disrupts the mechanisms 

by which lipid mediators are atheroprotective (104,105). Although the mechanisms are not 

yet understood, population data suggests an interaction between dietary fatty acid precursor 

intake and gene variants in lipoxygenases (106). In the Los Angeles Atherosclerosis study, 

patients with variant 5-LOX genotypes (those lacking the common allele) exhibited 

increased carotid intima-media thickness. Further, the authors found an interaction between 

gene variation and diet which suggested that omega-6 polyunsaturated fats promote, while 

omega-3 fatty acids decrease, carotid intima-media thickness amongst patients carrying 

variant alleles (106). Finally, in addition to generating lipid mediators, 15-LOX likely plays 

a role in LDL cholesterol oxidation, which may partly explain its pro-atherogenic effects 

with a high-cholesterol Western diet (107).

Resolving mediators enhance atheroprotective mechanisms

A variety of atheroprotective mechanisms have been associated with the SPMs in vitro, 

including efferocytosis, reduction in inflammatory cells and oxidative stress, and repair of 

tissue damage. When delivered directly to atheroprone mice, SPMs have successfully 

ameliorated markers of plaque progression. For example, administration of aspirin-triggered 

lipoxin A4 (ATL), RvD1, RvD2, MaR1, IL-10 or the peptide Ac2-26 (which mimics 
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annexin A1) have all been shown to increase collagen deposition and/or fibrous cap 

thickness in mouse models (Online Table 1). RvD1, IL-10, and Ac2-26 decrease lesional 

reactive oxygen species, while ATL, RvD1, RvD2, MaR1 and Ac2-26 all shift the balance of 

pro-inflammatory vs. proresolving cytokines in macrophages and other cell types known to 

be important in atherogenesis, particularly T cells (Online Table 1). Annexin A1 was shown 

to limit myeloid cell recruitment to the arterial wall by decreasing leukocyte:endothelial 

interactions in response to chemotactic signals, including CCL2, CCL5, CXCL1, and LTB4. 

In addition, RvD1, RvD2, and MaR1 prevent the differentiation of naïve CD4 into Th1 cells 

and enhance their differentiation into classical Treg cells both in vitro and in vivo (Online 

Table 1).

Efferocytosis is also a key mediator of inflammation resolution. In general, dead cell 

clearance is crucial to the termination of inflammation since it prevents secondary necrosis 

of apoptotic cells and limits necrotic core development, which otherwise augment intra-

lesional inflammation (Figure 3). In addition, efferocytosis promotes several anti-

inflammatory and pro-resolving pathways. Macrophages performing efferocytosis 

upregulate the production of antiinflammatory cytokines including IL-10 and TGF-β, while 

downregulating production of pro-inflammatory cytokines including IL-8, IL-1β, and TNF-

α (108,109). Further, the uptake of apoptotic bodies increases macrophage synthesis of 

SPMs while concomitantly reducing the generation of leukotrienes (110,111). A recent 

paper demonstrated a link between the efferocytosis receptor, MerTK and SPM production. 

In response to MerTK signaling, 5-LOX translocates from the nucleus to the cytoplasm, 

where it drives the production of pro-resolving LXA4. When MerTK is genetically deleted 

from macrophages, 5-LOX is restricted to the nuclear membrane where it instead drives the 

production of pro-inflammatory LTB4, increasing the relative amount of LTB4:SPMs (110). 

Similar results were obtained when the MerTK receptor was cleaved and inactivated in 

response to inflammatory stimuli. In a complementary study using mice genetically 

engineered to express a cleavage-resistant form of MerTK on the Ldlr−/− background and 

fed a Western diet for 16 weeks, aortic root lesions demonstrated higher rates of 

efferocytosis, smaller necrotic cores and higher ratios of 5-LOX-derived SPMs:LTs (60). 

Interestingly, these mice also had thicker collagen caps, although the mechanism for this is 

not fully understood. Recent evidence suggests that alongside efferocytosis-driven SPM 

production, pro-resolving mediators themselves also enhance efferocytosis in a feedforward 

fashion. In in vitro or ex vivo models, LXA4, protectin D1 (PD1), RvD1, RvD3, and RvE1 

all increased the rate of efferocytosis (111-114). Further, administration of RvD1, RvD2 or 

MaR1 to atheroprone mice (ApoE−/− or Ldlr−/−) reduced necrotic core size and increased 

lesional efferocytosis (92,93). Similarly, nanoparticle-based delivery of Ac2-26 or the pro-

resolving cytokine IL-10 led to decreased necrotic core sizes, implying a likely effect on 

efferocytosis (115,116). Together, these studies suggest an intimate relationship between 

resolution and efferocytosis, which if disrupted can lead to amplification of inflammation 

and atheroprogression.

Therapeutic potential of targeting inflammation and resolution in atherosclerosis

Early, mostly pilot studies focused on eliminating pro-inflammatory signals, with promising 

results that support the targeting of inflammation and resolution as a therapeutic strategy. 
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Recently, the initial results of the landmark CANTOS study of canakinumab, a monoclonal 

antibody against IL-1β, were released. CANTOS showed that in high-risk subjects, most of 

whom were on statin therapy, treatment with canakinumab led to a reduction in the primary 

endpoint of nonfatal myocardial infarction, nonfatal stroke or cardiovascular death, without 

reducing lipids levels (117). There was, however, an increase in fatal infection with 

canakinumab, likely due to the associated immunosuppression. CANTOS marks the first 

clinical trial to show that explicitly targeting inflammation can reduce clinical cardiovascular 

events. Additional trials of anti-inflammatory targets are now underway, including the 

Cardiovascular Inflammation Reduction Trial (CIRT) utilizing low-dose methotrexate to 

determine if blocking general inflammation will lower vascular event rates (118).

On the other hand, the idea of targeting resolution is in its infancy. While the SPMs have 

shown promise in animal models, their clinical use is hampered by their lability and short 

half-lives. Despite this they make attractive candidates because, unlike therapies targeting 

inflammation, pro-resolving therapies are predicted to be less immunosuppressive and may, 

in fact, enhance host defense (119). One early approach to targeting resolution was 

atreleuton, a 5-LOX inhibitor. In phase II studies in patients with acute coronary syndromes, 

overall leukotriene production was decreased; however, vascular inflammation measured by 

FDG-PET imaging did not demonstrate any significant improvement (120,121). Given the 

dual role of 5-LOX in the generation of both leukotrienes and lipoxins, it is possible that this 

neutral effect was due to the loss of both the pro-inflammatory and pro-resolving 

downstream effects. The recent mechanistic work described above regarding the role of 

MerTK in the regulation of 5-LOX, and deeper mechanistic insights on SPMs in general, 

should provide additional rationale and therapeutic targets to move this work forward.

Another early focus of pro-resolving therapy has been dietary supplementation of omega-3 

polyunsaturated fatty acids, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), 

which are lipid mediator precursors. While in mice, supplementation of omega-3 fatty acids 

ameliorates atherosclerosis (122,123), human data are less clear. Population-based studies 

suggested that an omega-3 fatty acid rich diet may reduce the incidence of cardiovascular 

disease; however, randomized clinical trials in both primary and secondary prevention failed 

to show a benefit (124-127). These studies have been criticized for their small sample sizes, 

short treatment periods, low doses of supplementation (<1g/day) and overall high baseline 

omega-3 intake in the study populations. To address these criticisms, two new trials are 

currently underway. The first, REDUCE-IT, will examine the efficacy of high-dose (4g/day) 

EPA supplementation plus statin treatment versus statin alone in the reduction of 

cardiovascular events (128). A second, STRENGTH, will determine whether combined 

DHA/EPA supplementation plus statin therapy (versus placebo plus statin) leads to a 

reduction in cardiovascular events (128).
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Genetics and Networks of Macrophages in Atherosclerosis and Coronary 

Artery Disease

Genome-wide association studies of CAD and related risk factors

To date, GWAS for CAD have identified at least 98 genetic variants passing the stringent 

criteria for genome-wide significance (129,130). The ensuing interpretation of these CAD 

loci and their mechanism(s) of effect is, however, not straightforward. Even for high priority 

CAD loci such as 9p21, establishing the underlying mechanisms has proven difficult. 

Indeed, after intense research, the causative variant at the 9p21 locus was recently proposed 

to act through circular ANRIL, a non-coding RNA, by regulating ribosomal RNA maturation 

in VSMCs and macrophages, thereby modulating apoptosis and cell proliferation (131). 

Although other mechanisms have been proposed, the identification of macrophage-specific 

molecular mechanisms for this risk variant raises the possibility that other genetic risk 

variants with unknown mechanisms might modulate macrophage function to promote CAD. 

In summary, despite the discovery of many CAD risk loci, the disease-causing mechanisms 

and pathways for most of these variants remain unknown (130) and in particular, the role of 

macrophages in mediating the effects of these risk loci is critically understudied and remains 

to be defined.

CAD genetics and macrophage networks in atherosclerosis

The interconnectedness of biological networks has been proposed as a possible explanation 

for the diversity of identified GWAS risk loci, each of which exerts only a small effect in 

promoting CAD. To decipher biological networks acting in CAD, co-expression networks 

inferred from gene expression data using algorithms such as weighted co-expression gene 

analysis (132,133) provide an unbiased and complimentary tool to GWAS for analyzing and 

annotating CAD candidate genes, including those in atherosclerosis involving macrophages. 

Indeed, several co-expression analyses have already begun to dissect the role of 

macrophages in driving atherosclerosis. For example, a co-expression network analysis of 

atherosclerotic tissue from mice identified a macrophage pathway acting through the 

transcriptional regulation of CD44 (134), while in another study a differentially co-

expressed module from whole blood samples was associated with B-cell activation and 

inflammation (135). Yet another study used multi-tissue gene expression data from CAD 

patients including the atherosclerotic arterial wall and visceral fat to reveal two modules, one 

in each tissue, that are related to coronary stenosis (132). The modules were both enriched 

for genes associated with leukocyte transendothelial migration, and shared several genes, of 

which LIM domain-binding protein 2 (LDB2) was determined to control transcriptional 

regulation of a large fraction of the genes in these modules. Subsequent molecular 

characterization showed that the spatial distribution of LDB2 expression in arterial 

endothelial cells was disrupted by the development of atherosclerosis and that LDB2 was 

increasingly expressed in foam cells compared to macrophages and monocytes (132).

From the most extensive CAD network study to date, 171 network modules were identified 

acting within and across metabolic and arterial wall tissues of CAD patients (133). Several 

of these networks contained candidate genes previously suggested by GWAS for both CAD 

and also CAD risk factors. This study also applied probabilistic Bayesian algorithms using 
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expression quantitative trait loci (eQTLs) and transcription factors to identify network genes 

called “key drivers” that are more essential for disease development than non-driver network 

genes. Interestingly, several networks of this human study were also identified in 

corresponding mouse tissues (136).

An important pathway for linking CAD risk variants to disease-causal networks has been to 

correlate GWAS loci with loci that control expression levels, such as gene expression 

(eQTL), protein expression (pQTL), or chromatin accessibility (caQTL) in specific cell 

types and tissues (137,138). The eQTLs for CAD-associated variants in multi-tissue gene 

expression data (GTEx) suggest that the causal tissues in CAD are ranked according to: 

artery, liver, muscle, and adipose tissues (139). Therefore, a large proportion of the genetics 

of CAD can be expected to exert effects in vascular tissue directly, either by modifying 

vascular or immune cells such as monocytes and macrophages. In the STARNET study 

(138), from nearly 600 patients, we performed deep RNA-sequencing and identified eQTLs 

on primary blood monocytes that were differentiated into macrophages in vitro (STARNET: 

Stockholm-Tartu Atherosclerosis Reverse Network Engineering Task). While these data are 

unpublished, in a preliminary directed analysis for this review, we found strong evidence for 

macrophage genes down-stream of as many as 29 of the 98 validated CAD genetic risk loci 

(129,130,140) (Figure 4 and Online Appendix). Thus, these preliminary data suggest that 

~30% (29/98) of CAD GWAS risk loci may have macrophage-related mechanisms of action. 

Nevertheless these data remain hypothesis generating, and the full contribution of genetic/

genomic modulation of macrophage functionality to promoting atherosclerosis remains to be 

defined.

Complementary approaches providing genetic evidence for macrophages in 
atherosclerosis

By analyzing risk variants in the context of related traits, so-called phenome-wide 

association scanning, newly identified CAD risk loci at RP11-664H17.1, HNF1A, CDH13, 

and IRS3 have been linked to well-known risk factors, including hypertension, LDL 

cholesterol, and diabetes (130). In addition, several newly identified loci: FN1, LOX, 
ITGB5, and ARHGEF26 did not associate with any other GWAS traits, suggesting that these 

act through unknown pathways. Specifically, functional analyses showed that the 

ARHGEF26 disease variant causes the formation of an abnormal ARHGEF26 protein, 

which leads to increased endothelial adhesion and transendothelial leukocyte migration. 

Collectively, this points to a genetic contribution to the excessive monocyte recruitment that 

arises with atherosclerosis (130).

Pathway analysis of genes from initial CAD GWAS revealed a high complexity of 

biochemical and physiological processes with multiple important roles for VSMCs (141). 

Using novel methods, additional links to angiogenesis were recently confirmed among 

variants detected in the UK Biobank (140). Moreover, several links to macrophage biology 

were identified, including impaired macrophage phagocytosis, abnormal macrophage 

physiology, and increased leukocyte cell number (140). These results provide further 

evidence that a component of the genetics of atherosclerosis involves effects on 

macrophages.
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Concluding remarks on genetics and networks of macrophages in 

atherosclerosis

While we have learned a great deal about the genetic and genomic contributions to 

atherosclerosis and CAD, a vast amount remains to be understood. Specifically, we are just 

beginning our discovery of the role that genetics and biologic networks play in controlling 

the macrophage phenotype in atherosclerosis. Tantalizing evidence has now emerged to 

suggest that this role may be substantial, and that the targeting of newly identified genetic 

aspects of monocyte/macrophage network biology may be of clinical benefit. Novel 

technologies have also emerged that will assuredly facilitate this discovery such as single-

cell RNA-sequencing (see Part 1 article), however this technology remains to be intersected 

and leveraged using genome-wide data or systems genetics approaches in the cardiovascular 

system. Collectively, this will be an exciting area of research and clinical opportunity for the 

coming years.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ATL aspirin-triggered lipoxin A4

CCL chemokine (C-C motif) ligand

CCR C-C chemokine receptor

CXCL CXC-chemokine ligand

CX3CR CX3C chemokine receptor

DAMP damage-associated molecular pattern

DHA docosahexaenoic acid

EPA eicosapentaenoic acid

eQTL expression quantitative trait locus

ER endoplasmic reticulum

FDR false discovery rate
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GWAS genome-wide association studies

ICAM intercellular adhesion molecule

JAM-C junctional Adhesion Molecule C

LDB2 LIM domain-binding protein 2

LOX lipoxygenase

LTB4 leukotriene B4

LXA4 lipoxin A4

MaR1 maresin 1

MerTK Mer tyrosine kinase

PD1 protectin D1

RIP receptor-interacting protein

Rv resolvin

SNP single nucleotide polymorphism

SPM specialized pro-resolving mediators

SR scavenger receptor

STARNET Stockholm-Tartu Atherosclerosis Reverse Network Engineering Task

Tim T cell immunoglobulin and mucin domain

VCAM vascular cell adhesion molecule 1

VSMC vascular smooth muscle cell
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Figure 1: Macrophage dynamics during atherosclerotic plaque progression and regression.
Major kinetic processes dictating macrophage burden are recruitment of monocytes and the 

proliferation, retention, death, and egress of monocyte-derived macrophages. During 

hypercholesterolemia there is an increase in monocyte precursors in bone marrow and 

spleen, resulting in more circulating Ly6Chi monocytes. Some become patrolling Ly6Clow 

monocytes, but the majority of monocytes recruited to plaques are Ly6Chi, which 

transmigrate into the subendothelial space. In progression, these monocytes take up modified 

and retained lipoproteins transforming them into inflammatory macrophage foam cells. 

VSMCs can also become macrophage-appearing foam cells, but their properties and fates 

are largely undefined. In regression, recruited monocytes become M2, inflammation 

resolving, macrophages. In advanced plaques, macrophages can proliferate, and death by 

apoptosis and necroptosis can contribute to necrotic core formation, with falling levels of 

efferocytosis promoting core growth. In early plaques, reverse transmigration of 

macrophages may occur. This abates with progressing disease, but in regression, reverse 

macrophage transmigration can be restored by reduced retention and increased emigration 

factors.
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Figure 2. Inflammation and Resolution.
A generalized, healthy inflammatory response consists of three phases: inflammation, 

resolution and post-resolution. (A) The acute inflammatory response is characterized edema 

and a predominantly neutrophilic infiltrate in response to pro-inflammatory factors. These 

features typify the response to an acute inflammatory stimulus like trauma or infection, but 

are less relevant for chronic conditions like atherosclerosis. Nevertheless, this initial 

response activates the resolution program, which leads to lipid mediator class switching 

toward the production of pro-resolving factors and catabolism of pro-inflammatory factors. 

This response, along with increased production of additional mediators of resolution, leads 

to tissue repair by halting the influx of leukocytes, promoting their egress and clearing dead 

cells. A proper resolution response leads to post-resolution adaptive immunity, which 

prepares the organism for future insults. (B) If an inflammatory stimulus persists (e.g. 

atherosclerosis) or resolution fails, the initial inflammatory response may become chronic. 

This leads to a maladaptive post-resolution adaptive immune phase and impaired ability to 

respond to subsequent challenges. MDSC, myeloid-derived suppressor cell; Mφ, 

macrophage; TGF-β, transforming growth factor; TNF-α, tumor necrosis factor; Treg, T 

regulatory cell.
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Figure 3. Efferocytosis and apoptotic cell clearance drive pro-resolving macrophage functions.
In resolving macrophages (left), MerTK signaling drives 5-LOX translocation from the 

nuclear membrane to the cytoplasm, where it is brought into proximity with 12/15-LOX. 

The coordinated activity of these enzymes favors pro-resolving LXA4 synthesis. In addition, 

signaling through MerTK and other efferocytosis receptors upregulates pro-resolving 

cytokines including IL-10 and TGF-β while inhibiting pro-inflammatory cytokine 

production. In inflammatory macrophages (right), as in advanced atherosclerosis, 

efferocytosis becomes defective. With diminished MerTK signaling, 5-LOX is 

phosphorylated and confined to the nuclear membrane, bringing it into proximity with LTA4 

hydrolase and favoring the synthesis of the pro-inflammatory mediator LTB4. Further, in the 

absence of MerTK and other efferocytosis receptor signaling, there is a failure to suppress 

the production of pro-inflammatory cytokines or to upregulate pro-resolving cytokines. The 

overall effect of failed efferocytosis in advanced plaques is the accumulation of apoptotic 

cells that become secondarily necrotic; increased necrotic core size; increased inflammation 

and impaired resolution; and decreased collagen cap thickness.
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Figure 4. Macrophage-specific association between CAD risk loci and gene expression.
We leveraged the STARNET datasets to perform a pilot analysis on the associations between 

CAD risk loci (single nucleotide polymorphisms [SNPs]) and gene expression in 

macrophages and foam cells. Thus, we investigated the 98 CAD-associated GWAS SNPs 

(129,130), asking whether these SNPs predict macrophage or foam cell gene expression 

within 1Mb; so-called cis-eQTL. We required that the eQTL had the strongest effect in gene 

expression from macrophages (n=95) or foam cells (n=80) compared to other tissues in 

STARNET. This approach identified 29 SNPs that are associated with the expression levels 

of 52 genes (p<0.01). Thus, 29/98 (~30%) of CAD risk loci are most strongly associated 

with gene expression in macrophages and/or foam cells. In particular, association with IL6R, 
NME7, TRIP4, PROCR, and EIF6 was the most significant and detected in both 

macrophages and foam cells. Candidate genes are color-coded and organized based on Gene 

Ontology terms according to biological processes of potential relevance to macrophage 

biology. Further details are provided in the Online Appendix.
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Central Illustration: 
Macrophage trafficking, Role of resolution of inflammation and genetic/genomic factors in 

atherosclerosis.
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