

  biomedicines-09-01221




biomedicines-09-01221







Biomedicines 2021, 9(9), 1221; doi:10.3390/biomedicines9091221




Review



Macrophages and Foam Cells: Brief Overview of Their Role, Linkage, and Targeting Potential in Atherosclerosis



Anastasia V. Poznyak 1,*[image: Orcid], Nikita G. Nikiforov 2,3,4, Antonina V. Starodubova 5,6, Tatyana V. Popkova 7 and Alexander N. Orekhov 1,2,*[image: Orcid]





1



Skolkovo Innovative Center, Institute for Atherosclerosis Research, 121609 Moscow, Russia






2



Laboratory of Angiopathology, Institute of General Pathology and Pathophysiology, 125315 Moscow, Russia






3



National Medical Research Center of Cardiology, Institute of Experimental Cardiology, 121552 Moscow, Russia






4



Institute of Gene Biology, 119334 Moscow, Russia






5



Federal Research Centre for Nutrition, Biotechnology and Food Safety, 2/14 Ustinsky Passage, 109240 Moscow, Russia






6



Medical Faculty, Pirogov Russian National Research Medical University, 1 Ostrovitianov Street, 117997 Moscow, Russia






7



V.A. Nasonova Institute of Rheumatology, 34A Kashirskoye Shosse, 115522 Moscow, Russia









*



Correspondence: tehhy_85@mail.ru (A.V.P.); a.h.opexob@gmail.com (A.N.O.)







Academic Editor: Amedeo Amedei



Received: 1 August 2021 / Accepted: 9 September 2021 / Published: 14 September 2021



Abstract

:

Atherosclerosis is still one of the main causes of death around the globe. This condition leads to various life-threatening cardiovascular complications. However, no effective preventive measures are known apart from lifestyle corrections, and no cure has been developed. Despite numerous studies in the field of atherogenesis, there are still huge gaps in already poor understanding of mechanisms that underlie the disease. Inflammation and lipid metabolism violations are undoubtedly the key players, but many other factors, such as oxidative stress, endothelial dysfunction, contribute to the pathogenesis of atherosclerosis. This overview is focusing on the role of macrophages in atherogenesis, which are at the same time a part of the inflammatory response, and also tightly linked to the foam cell formation, thus taking part in both crucial for atherogenesis processes. Being essentially involved in atherosclerosis development, macrophages and foam cells have attracted attention as a promising target for therapeutic approaches.
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1. Atherosclerosis


Atherosclerosis implies the concentration of fatty and/or fibrous material within the intima. The definition of “atherosclerosis” originated from the Greek language and means “gruel” or “porridge” which literally illustrates the lipid material appearance that exists in the nucleus of a typical atherosclerotic plaque (or atheroma) [1]. After a while, the atherosclerotic plaque can become more fibrous and store calcium minerals [2]. Progressive atheroma is able to penetrate the lumen of the artery, which consequently disrupts the bloodstream and leads to tissue ischemia. At the same time, those atheromas that do not create a flow-limiting obstruction can destroy and cause a blood clot formation that may clog the lumen, which, as a result, can lead to more acute ischemia [3]. It is known that atherosclerotic cardiovascular diseases (CVD) are the main cause of vascular diseases spread globally. Affecting the heart’s own blood circulation can cause acute coronary syndromes: for example, a myocardial infarction or stable angina pectoris [4].



Ischemic strokes and transient cerebral ischemic attacks can occur as a consequence of atherosclerosis [5]. As a result, aneurysms may form, which can also form in the abdominal aorta. If the peripheral artery is affected, episodic lameness, ulceration, and gangrene may appear, which potentially threaten the viability of the limbs. As before, atherosclerosis remains the leading cause of death worldwide [6].



Despite the improvement of preventive measures, numerous patients still die from acute complications of atherosclerosis outside the hospital. However, when a patient with an acute atherosclerosis manifestation seeks help promptly, modern treatment strategies in most cases save lives [7]. Such progress in cardiovascular medicine is an important and remarkable example of how the clinical application of scientific discoveries can benefit patients. Regardless of the successes, there is still a lot of work to be done to apply more effectively and fairly what we already know in practice [8]. It is necessary to set a higher bar for ourselves to reduce the burden of residual risk, which, alas, is still quite high. Quite a large number of people experience acute coronary syndromes, however, this does not exclude such a consequence as a violation of cardiac function, which is the basis for heart failure [9].




2. Inflammatory Role of Monocytes


The first front line of body defense from pathogenic microorganisms or tissue harm is monocytes. Circulating monocytes comprise three subsets: classical CD14++CD16− monocytes, nonclassical CD14 + CD16++ and intermediate CD14 + CD16+ [10]. Monocytes differentiate into macrophages immediately after they are at the site of danger due to chemotaxis. Together with certain macrophage-residents of tissues that maintain their pool without the active participation of blood monocytes, macrophages derived from monocytes are involved in the inflammatory process. As a response to specifically occurring molecular patterns linked with pathogens and damage (PAMPs (pathogen-associated molecular patterns) and DAMPs (damage-associated molecular pattern), and host inherited signaling molecules, macrophages adopt a variety of functional phenotypes [11]. There are two opposite phenotypic states which are represented by the classical model of macrophage polarization: (1) the “classic” proinflammatory macrophage M1, generated by bacterial lipopolysaccharide (LPS) and/or gamma interferon (IFN-ɣ), (2) and the “alternative” anti-inflammatory macrophage M2, which may be stimulated by interleukin 4 (IL4) [12]. Nevertheless, recent development in functional characterization shows that macrophage phenotypes are not restricted to the extremes of M1 and M2, but more likely are a spectrum of phenotypes linked with differential cytokine development and functional parameters. This functional plasticity of macrophages is regulated by transcriptional reprogramming, which is reached by changing the availability of chromatin and the epigenetic landscape [13]. In the case of a disease, chronic inflammation is able to result in reverse remodeling of macrophage reactions and provoke a change in their phenotypes, which can lead to proinflammatory macrophages’ growth in diabetes or anti-inflammatory macrophages’ growth in cancer [14]. The basis of the pathogenesis of the disease in atherosclerosis is the dysregulation of macrophages. The generation of atypical states of macrophage activation, which include the characteristics of pro- and anti-inflammatory phenotypes, is due to the action of modified lipids, cholesterol crystals, and mediators on monocytes [15].



These changes are linked to transcriptional and epigenetic reprogramming and are modulated by transcription factors and epigenetic. The awareness of the basic regulatory mechanisms can make a contribution to the invention of the new treatment, e.g., by blocking an unnecessary pathway or reprogramming macrophages to a more suitable phenotype [12].




3. Inflammatory Role of M1 and M2 Macrophages


The polarization system of T-cells is found on the transcriptome, phenotype, and functions and is well-proven [16]. Along with this system, the affected macrophages are strongly impacted by microenvironment signals and are polarized into multiple classes with various phenotypes and functions. Because of the macrophages’ unsteadiness during the isolation process and the dissimilarities in animal and human phenotype models, accurate studies have become limited [17].



In a simpler dichotomy, immune-activated proinflammatory macrophages (M1) and immunomodulating alternatively triggered macrophages (M2) are the most traditional classification that illustrates 2 types of T helper cells—Th1 and Th2 [13]. This classification shows extreme phenotypes of complex activation states. As a rule, M1 macrophages are polarized by Th1 cytokines (for example, interferon (IFN-γ) and TNF) and molecular complexes linked with pathogens (PAMPs) consisting of lipopolysaccharides and lipoproteins [18]. Through the regulatory interferon factor 5 (IRF5), the granulocyte-macrophage colony-stimulating factor (GM-CSF) participates in the inflammatory process. M1 macrophages develop increased levels of proinflammatory cytokines (which are IL-6, IL-12, IL-23, TNF-α, and IL-1β) and chemokines associated with Th1 recruitment (CXCL-9, CXCL-10, and CXCL-11). In addition, levels of produced IL-10 are decreased. Regardless chronic activation, M1 macrophages are also able to trigger the NADPH oxidase system and, as result, produce reactive oxygen species (ROS) and nitric oxide (NO), leading to chronic tissue detriment and wound curing worsening [19].



At this stage, M2 macrophages play an important role in balancing the proinflammatory response, the function of modulating inflammation, eliminating apoptotic cells, boosting the process of formation of new blood vessels (angiogenesis) and scar formation (fibrosis), and stimulating tissue recovery. Meanwhile, M2 macrophages are usually triggered in response to Th2-related cytokines, including IL-4, IL-33, and IL-13 [20]. Activated M2 macrophages have immunomodulatory properties and have decreased levels of IL-12 along with increased levels of anti-inflammatory cytokines (IL-10 and TGF-β), as well as chemokines (CCL17, CCL22, and CCL24). Thus, taking into account the distinction between activation signals and gene expression profiles, M2 macrophages can be alternatively separated into four subgroups [21,22]:




	(1)

	
M2a—M2a macrophages are induced by IL4 and IL 13 and generate increased levels of CD206 and IL-1 receptor antagonist [23];




	(2)

	
M2b—M2b macrophages are extraordinary and trigger immune complexes, IL1β and PAMPs, and produce both the proinflammatory cytokines (IL-1, IL-6, and TNF-α) and the anti-inflammatory cytokine IL-10 [24];




	(3)

	
M2c—the most prominent anti-inflammatory subtype triggered by IL10, TGFß, and glucocorticoids and produce IL10, TGFß and pentraxin 3 (PTX3) [25];




	(4)

	
M2d—are triggered by diphtheria toxin receptor (DTR) signals and have angiogenic properties that play a role in both plaque growing and tumor development [26].









The key signal for M2 polarization is the activation of the γ receptor, which is triggered by the peroxisome proliferator (PPAR-γ), and the signal converter and a trigger of transcription pathways 6 (STAT6) [22,27]. Both M1 macrophages and M2 macrophages are staying in different areas of the plaque. Staining with M1 macrophage markers is mainly limited to the shoulder of plaques subject to break, one of the most unbalanced areas inside the plaque [13]. Meanwhile, M2 macrophages markers are usually present in the adventitia of vessels or the stable plaques areas. It is worth noting that M1 macrophages are also more common in lesions in patients with heart attack and coronary heart disease than M2 macrophages [18,22].




4. Inflammatory Role of Macrophages of Other Phenotypes


Along with a comprehension of the phenotypes and functions of affected macrophages, it was proved that the M1-M2 dichotomy ultimately does not demonstrate complex subsets of macrophages in atherosclerosis, which are highlighted in Figure 1. Stimuli change spatiotemporally and bring macrophages to a wide range of activation states, rather than to a stable analogous polarization, which may obstruct phenotype stability maintenance of isolated macrophages. A new method of macrophage classification is by stimuli: M (IFN-γ), M (IL-4), and M (IL-10) [13,28].



Not so long ago, Piccolo et al. triggered macrophages by double stimulation of IFN-γ and IL-4, which are suppressors of macrophages of the M1 and M2 phenotype, and established that co-stimulation with two contrary stimuli led macrophages to an intermediate state, which we are able to entitle M (IFN-γ-IL-4), and showed both transcriptomes of specific genes of the M1 and M2 type [29].



Apart from M1–M2, oxidized phospholipids are able to trigger the Mox phenotype in macrophages by activating the Nrf2 transcription factor in mouse models. In progressive plaque, Mox macrophages are nearly 30% of the aggregate number of macrophages [30]. These cells express proinflammatory markers, such as IL1β and cyclooxygenase 2, and show deficient phagocytic and chemotactic abilities. The destruction of microvessels in the lesion site lets out red blood cells, which are able to be phagocytized by macrophages, and then trigger them into the M(Hb) and Mhem phenotypes [31].



Macrophages of M(Hb) subtype can form hemoglobin-haptoglobin complexes in vitro and represent the CD206 + CD163 + phenotype. Macrophages M(Hb) are characterized by high activity of liver receptor X a (LXRa), which results in an elevation in cholesterol outflow and a decrease in lipid accumulation, as well as elevation in ferroportin expression, which, in turn, led to an intracellular iron storage decrease and greater secretion of anti-inflammatory factors (such as IL-10) [32]. The Mhem phenotype is polarized by heme and is characterized by cyclic AMP high expression—dependent transcription factor—(ATF-) 1 and heme oxygenase 1 (HO1) and inhibited oxidative stress or lipid storage, analogous in properties to M(Hb) macrophages [33].



M(Hb) cells and Heme cells are referred to phenotypes linked with hemorrhage. They are usually persistent to transformation into foam cells, inhibiting oxidative stress and potentially performing atheroprotective functions [34]. Chemokine 4 of the CXC motif (CXCL4) chemokine triggers macrophages of the M4 phenotype in human atherosclerotic plaques. In turn, M4 macrophage phenotype is CD163. It is differed by the expression of both MP-7 and the calcium-binding protein S100A8 and, in addition, the manifestation of proinflammatory and proatherogenic properties [35,36]. Remarkably, the M1, M2 phenotypes and bleeding-related phenotypes can shift with each other while the M4 macrophage phenotype appears to be permanent.




5. Macrophages in Atherosclerosis


During atherosclerosis development, five to eight macrophages in the mouse aorta, obtained mainly from circulating monocytes and local proliferation, grow up to 20-fold. There is proof that vascular smooth muscle cells are able to differentiate into a macrophage-like state [37]. In humans, the set of monocytes in the intimal space arise at a very early age. The initial stages are manifested in infants under the age of one year, and atherosclerotic plaques are common in teenagers and young adults [38]. Thus, atherosclerotic cardiovascular disease (ASCVD) is a chronic inflammatory process that develops during the life and, unfortunately, for many ends with a serious unfavorable and sometimes fatal outcome [39].



One of the important features of ASCVD is the ingress of lipoproteins in the body and their storage by arterial macrophages, which results in foam cells formation. Due to the accumulation of foam cells lipids also accumulate in the plaque, which contributes to the steady growth of plaque. Macrophages promote the upkeep of a local inflammatory response by releasing proinflammatory cytokines, chemokines and developing reactive oxygen and nitrogen forms [40]. Macrophages also interact with vascular smooth muscle cells, enhancing the inflammatory cycle by developing additional proinflammatory cytokines and extracellular matrix components, which additionally contribute to the retention of lipoproteins. The plaque macrophage’s capability to migrate is low, so they prevent the resolution of inflammation and contribute to the lesions’ development into complex, tear-prone plaques [41]. In addition, stable inflammation stimulates apoptosis of macrophages and, in the absence of effective efferocytosis, results in ruins and apoptotic cell storage, contributing to the establishment of a necrotic nucleus in an atherosclerotic plaque [42].



Plasticity is the defining distinguishing feature of macrophages. Plasticity allows macrophages to develop an individual response to local stimuli of the microenvironment. During the inflammatory process, macrophages can either stimulate inflammation or vice versa eliminate it during the recovery of wounds and tissues. The traditional model of macrophage activation describes both pro- and anti-inflammatory macrophages with different physiological purposes and triggers. At the widest possible level, macrophages should be categorized either as (1) M1-classically activated; or as (2) M2-alternatively activated [43,44].



In vitro, M1 macrophages are polarized in response to toll-like receptor ligands, interferons, molecular complexes linked with pathogens, lipopolysaccharides and lipoproteins fed by glycolysis, M1 macrophages stimulate tissue destruction and secrete proinflammatory factors, including increased IL (interleukin)-1β, IL-6 and TNF-α (tumor necrosis factor-α) levels [45]. Pursuing their inflammatory phenotype, they express proinflammatory transcription factors as nuclear factor-kB and STAT (signal transformer and transcription activator)-1. M2 macrophages exist at the other spectrums’ end with a phenotype hinged on the oxidation of the fatty acids, and anti-inflammatory properties [46]. M2 macrophages are polarized in response to the cytokines IL-4 and IL-13 and secrete anti-inflammatory factors including collagen and IL-1 receptor agonist, IL-10. M2 macrophages are characterized by the expression of CD163 (cluster of differentiation 163), mannose receptor 1, resistin-like β, and an increased level of arginase-1 [47].



Within the framework of plaques, macrophages belonging to traditionally included and alternatively activated subsets participate in both human and mouse lesions. Notably, the predominant subtype is M1 [48]. In human lesions, macrophages expressing proinflammatory markers are located in unstable areas predisposed to break, and M2-like macrophages are located in persistent areas and adventitia. However, recent data demonstrate that macrophages exist in the activation continuum, and that the M1/M2 classification system is a very strong simplification of the heterogeneity of macrophages and their various functions [49].



Several classifications are described in the context of murine ASCVD [37]. These alternative phenotypes involve Mhem macrophages, which are contained in hemorrhages and which phagocytize, as well as use red blood cell residues and hemoglobin deposits [25]. This subset is atheroprotective and resistant to the development of foam cells. It is shown with their increased expression of cholesterol transporters ABCA1 (ATP-binding cassette transporter A1) and ABCG1 (ATP-binding cassette transporter G1) and nuclear receptors, LXR-α and LXR-β [50]. Mox macrophages (proatherogenic subset) are triggered by modified phospholipids and defend against oxidative stress utilizing a 2-nuclear factor-related factor 2 linked with erythroid, mediated by the expression of the antioxidant enzymes such as heme oxygenase 1, thioredoxin reductase 1, and sulfiredoxin–1 [51,52]. It is reported that in mice with hypercholesterolemia, Mox macrophages make up 30% of plaque macrophages, with subsets M1 equals 40% and M2 equals 20% of the remaining cohort, accordingly [53]. Ultimately, M4 macrophages are a subset polarized by platelet factor 4. This population is found in human lesions that have increased expression of matrix metalloprotease 7 and S100A8. M4 macrophages are defined as atherogenic based on their development of proinflammatory cytokines (IL-6 and TNF-α) and defective phagocytic properties [13,54]. For the first time, the heterogeneity of macrophages in plaques was evaluated using immunohistochemistry and, at the molecular level, using laser capture microdissection. In response to technological advances, which also involve mass time-of-flight cytometry and single-cell RNA sequencing, it has become possible to further expand our knowledge about the heterogeneity of macrophages in progressive plaques. As a result, these technologies helped to characterize the heterogeneous nature of plaque macrophages and revealed a fresh, undetected earlier subset of identified ones [55].



Called the activated receptor expressed on myeloid cell macrophages 2 (TREM)hi, this subset expresses increased Trem2, Cd9, Ctsd, and Spp 1 genes levels and reduced expression of inflammatory cytokines with attributed biological functions of lipid metabolism and cholesterol outflow [56]. It is assumed that this extraordinary population is fulfilled with cholesterol and represents foam macrophages. Thus, the macrophages of the TREM)hi give an alternative hypothesis, which implies that subsets of macrophages are inflammatory in some places [57].



There are multiple models of macrophage activation. Taken together, they show that macrophages in plaques are able to have solely fractional similarity with the phenotypes of M1 and M2 macrophages [43]. In order to discover the gene expression profiles and transcription pathways that are the basis for the identity and diversity of macrophages in ASCVD, further research is needed. Moreover, it is also important to determine whether the results in mice can be translated into human plaques that have clear phenotypic differences (such as hemorrhage and rupture), in order to develop treatments aimed at reducing the risk of residual inflammation associated with macrophages [58].




6. Foam Cells


Following the joining of the ECs, monocytes get through the ECs into the subendothelial area and persist there due to the reduced aptitude to migrate, preventing the resolution of inflammation. Moved by pro-differentiation factors (e.g., macrophage colony-stimulating factor (M-CSF)) monocytes evoke phenotypes similar to macrophages or dendritic cells (DC) [59]. DC are intensively involved in lipoprotein particle purification and transformation into foam cells, which are cytoplasmic and membrane-bound splashes resulting in greater storage of modified LDL in the subendothelial space [4,41]. For this implementation course, several mechanisms have been offered. Some studies have shown that scavenger receptors expressed on macrophages (mainly the scavenger receptor type A (SR-A) and a part of the CD36 family type B) are key markers on affected macrophages that turn into foam cells [60,61]. Obstructed sera trigger the absorption of lipids and the foam cells generation, thus further blocking the local proliferation of macrophages in the lesion [62]. It is worth noting that in the triple knockout models of Apoe−/− CD36−/− Msr1−/− mice, there was no reduction in the foam cells transformation in contrast to Apoe−/− mice, which determines that additional mechanisms for monitoring this process have yet to be specified [63]. Lately, newer scavenger receptors have been established, such as protein 1 associated with the LDL receptor (LRP1) and the lectin-like VLDL receptor 1 (LOX1), which also promote the absorption of lipids. It has been proven that blocking LRP1 in affected macrophages reduces the cholesterol concentration in macrophages [64]. On the contrary, the liver X-receptor (LXR) enabled by oxLDL contributes to the outflow of cholesterol and lowers the expression of proinflammatory factors in macrophages, therefore having a beneficial influence on atherosclerosis [15]. In addition to modified LDL, it was established that the transformation of foam elements is also able to occur due to the receipt of native LDL, independent of receptors. This process is called fluid-phase endocytosis and is based on the activation of phorbol 12-myristate 13-acetate (PMA), a trigger of protein kinase C (PKC) [65].




7. Foam Cells Are Not Always Macrophage-Derived


The classical conception of the formation of atherosclerotic lesions focuses on the generation of foam cells from macrophages derived from monocytes, but a significant part of the foam cells actually originate from the cells of the intimal smooth muscle cells (SMCs), and, moreover, from endothelial cells (see Figure 2) [37]. It was described that under the influence of platelet-derived growth factor β (PDGF-β), SMCs are able to lose their contractile phenotype and transform into a more synthetic phenotype that produces an extracellular matrix and has a regenerating, wound-healing function, which restores and stabilizes the artery wall; and in the atherosclerotic lesions, thickens and stabilizes the fibrous membrane [66]. However, during lesion development, synthetic SMCs are one of the first cell types that remain lipoprotein contents.



Further impact to signals inside the plaque (e.g., TGF-β, oxidized lipids, and cytokines) are able to cause transdifferentiation of synthetic SMCs into foam cells. It is worth noting that cholesterol itself has been shown to trigger transdifferentiation of mouse SMCs and an elevation in the expression of CD68, Mac-2, and ABCA1 foam cell markers [67]. It is also believed that up to 50% of all foam cells in the field of human lesions have SMC- origin. This quantitative assessment is based on co-staining with markers specific to SMC and foam cells, which does not take into account the complete phenotype and the vector of transdifferentiation and may result in a re-evaluation of transdifferentiating cells [68]. However, mouse-based line-tracking tests have allowed us to identify and characterize these transitions in vivo and the underlying epigenetic mechanisms. For example, thus, the Kruppel-Like Factor 4 (KLF4) TF program was identified as an SMC transdifferentiation driver. Myeloid DTF Sp1 (PU 1) has been shown to bind to the KLF4 promoter in response to PDF-β signaling. Like STAT6, KLF4 triggers the anti-inflammatory state of macrophages by inducing a protein triggered by MCP-1 (encoded by the ZC3H12A gene), which inhibits the function of NF-kB and activates the C/EBPb and PPAR-ɣ programs [12].



Although the foam cells obtained from SMC acquire macrophage markers (for example, CD68 and Lgals3), as well as storing cholesterol and lipoproteins, they do not acquire phagocytic or efferocytic abilities and, accordingly, do not turn into real macrophages [53]. However, the simultaneous loss of SMC markers complicates the separation of foam cells obtained from SMS from their analogues obtained from monocytes. In macrophages obtained from monocytes, activation of the KLF4 program results in atheroprotective, anti-inflammatory phenotype [69]. Epigenetic expression of KLF4 is controlled by methylation of its promoter DNMT1. In inflammatory macrophages, KLF4 is hypermethylated, which results in the inhibition of its TF program. While KLF4 plays a neuroprotective role in macrophages, KLF4 in SMCS appears to be proatherogenic, and its loss results in the reduction of the lesion size and an elevation in the stability of plaques. In fact, in cultured SMCS, cholesterol-induced KLF4 expression resulted in KLF4-dependent activation of proinflammatory cytokines, thereby contributing to the formation of a proinflammatory atherogenic plaque [70].




8. Therapeutic Strategies Targeting Macrophages


Antiatherosclerotic biomarkers or lipid modulation strategies are nonspecific measures that inhibit macrophage functions and other cells in the plaque (for example smooth muscle cells (SMCs) and endothelial cells (ECs)). Nevertheless, treatment methods that expressly and peculiarly target macrophages are insufficient, and up to now the research has been a preclinical work, possibly due to the complex phenotypic and functional heterogeneity of the affected macrophages [71].



Now, new systems of drug supply (such as NPs, stents, liposomes, glucon shell microparticles, oligopeptide complexes, and monoclonal antibodies) allow the selective modification of macrophages. Macrophage surface markers (F4/80, CD11b, CD68, CD 206) and scavenger receptors enforce distinctive targets for all macrophages or different subsets [72]. In combination with surface coating receptors or depending on their chemical properties, these systems are able to provide drugs or RNA interference (RNAi) to local atherosclerotic plaques or specific subsets of macrophages, making changes with minimal nontargeted effects and toxicity [73]. Targeting macrophages, various approaches are able to be used to modulate their activity, including impelling cell apoptosis, cell proliferation suppression, and administering anti-inflammatory drugs.



Verheye et al. established that the rapamycin inhibitor everolimus, transferred to plaques in a rabbit found on a stent, resulted in autophagy in macrophages without influencing the number of SMCs [74]. In a mouse model with a high-fat diet, clodronate liposome injection effectively exhausts the microphone of visceral adipose tissue and blocks weight gain and metabolic disorders caused by a high-fat diet. Stoneman et al. found the effect of general ablation directed at macrophages and blood monocytes by creating a transgenic mouse model with the CD11b-DTR by introducing DT [26]. When DT was used at the beginning of atherogenesis, the plaques were significantly reduced. At the same time, the detected plaques were not touched by DT, even though macrophages were lowered to the same level, which demonstrates that the atherogenesis process is more susceptible to a decrease in monocytes/macrophages than stable plaques. Sadly, despite the high-potential results, all the proof has been obtained in vitro or animal models, and further research is required for the development of new drugs and clinical translation.



An alternative option for removing macrophages that affect the polarization of macrophages into an anti-inflammatory phenotype involves not the M1 macrophages, but those of M2 phenotype. Possible targets may be many factors affecting the M2 polarization signals [75]. For instance, it is assumed that dipeptidyl peptidase (DPP) inhibitors, such as gliptins and sitagliptin, can stimulate M2 polarization in vitro by transmitting SDF-1/CXCR4 signals. Thiazolidinediones or TZDs (rosiglitazone and pioglitazone, activators of PPAR-γ), are able to contribute to the polarization of monocytes into the M2 phenotype by changing the expression of M2 markers, such as the mannose receptor (MR) and CD163 [35].




9. Therapeutic Strategies Targeting Foam Cells


One of the most significant events in foam cell formation is cholesterol efflux. This process is mediated by ATP-binding cassette transporters ABCA1, ABCG1, as well as SR-B1, the function of which is to maintain cholesterol and phospholipid homeostasis in the cell [15]. The treatment of LDLR−/− mice with PPARα and PPARγ agonists was shown to increase the production of ABCG1 and ABCA1, which contributed to the inhibition of atherosclerosis progression [76]. However, there are other cholesterol-transporting mechanisms, so this approach is limited.



Another approach targeting foam cells is to slow the foam cell degradation, which can potentially have an atheroprotective effect [77]. Among such approaches are promoting efferocytosis of apoptotic macrophages by using LXR ligands or glucocorticoids, activating PPARγ pathways, knockdown of apoptosis inhibitor of macrophages, targeting apoptotic pathways, such as the genetic inhibition of BAX or Bcl-2 and other atherogenic proteins, targeting secondary necrosis pathways (e.g., the clearance of apoptotic cells).



Although, most of the therapeutic strategies involving foam cells were based on the hypothesis of only macrophage origin of foam cells, while today we know the heterogeneity of this kind of cells [78].




10. Conclusions


The wide involvement in atherogenesis makes macrophages an interesting target for potential therapeutic strategies. Various approaches can be used for macrophage activity modulation, such as impelling cell apoptosis, cell proliferation suppression, and administering anti-inflammatory drugs. However, treatment strategies that directly target macrophages are insufficient and may be more efficient in complexity with other measures. The same can be said about foam cells. It was long believed that macrophages are their only source, and this misconception severely limited understanding of the therapeutic potential of foam cells. However, over time, more and more new data on the heterogeneity of foam cells appear, which will allow more efficient targeting options for atherosclerosis treatment.







Author Contributions


Writing—original draft preparation, A.V.P.; writing—review and editing, A.N.O., N.G.N., A.V.S., T.V.P. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Russian Science Foundation (Grant # 20-65-46021).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, J.J.; Fang, C.H. Atheroscleritis is a more rational term for the pathological entity currently known as atherosclerosis. Med. Hypotheses 2004, 63, 100–102. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Gao, J.; Lv, Q.; Cai, H.; Wang, F.; Ye, R.; Liu, X. Calcification in Atherosclerotic Plaque Vulnerability: Friend or Foe? Front. Physiol. 2020, 11, 56. [Google Scholar] [CrossRef] [PubMed]

	



Simon, F.; Oberhuber, A.; Floros, N.; Busch, A.; Wagenhäuser, M.U.; Schelzig, H.; Duran, M. Acute Limb Ischemia-Much More Than Just a Lack of Oxygen. Int. J. Mol. Sci. 2018, 19, 374. [Google Scholar] [CrossRef]

	



Linton, M.R.F.; Yancey, P.G.; Davies, S.S.; Jerome, W.G.; Linton, E.F.; Song, W.L.; Doran, A.C.; Vickers, K.C. The Role of Lipids and Lipoproteins in Atherosclerosis. In Endotext; Feingold, K.R., Anawalt, B., Boyce, A., Chrousos, G., de Herder, W.W., Dhatariya, K., Dungan, K., Grossman, A., Hershman, J.M., Hofland, J., et al., Eds.; MDText.com, Inc.: South Dartmouth, MA, USA, 2000; Available online: https://www.ncbi.nlm.nih.gov/books/NBK343489/ (accessed on 3 January 2019).

	



Panuganti, K.K.; Tadi, P.; Lui, F. Transient Ischemic Attack. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021; Available online: https://www.ncbi.nlm.nih.gov/books/NBK459143/ (accessed on 27 July 2021).

	



Osawa, K.; Nakanishi, R.; McClelland, R.L.; Polak, J.F.; Bishop, W.; Sacco, R.L.; Ceponiene, I.; Nezarat, N.; Rahmani, S.; Qi, H.; et al. Ischemic stroke/transient ischemic attack events and carotid artery disease in the absence of or with minimal coronary artery calcification: Results from the Multi-Ethnic Study of Atherosclerosis. Atherosclerosis 2018, 275, 22–27. [Google Scholar] [CrossRef] [PubMed]

	



Rafieian-Kopaei, M.; Setorki, M.; Doudi, M.; Baradaran, A.; Nasri, H. Atherosclerosis: Process, indicators, risk factors and new hopes. Int. J. Prev. Med. 2014, 5, 927–946. [Google Scholar]

	



Mensah, G.A.; Wei, G.S.; Sorlie, P.D.; Fine, L.J.; Rosenberg, Y.; Kaufmann, P.G.; Mussolino, M.E.; Hsu, L.L.; Addou, E.; Engelgau, M.M.; et al. Decline in Cardiovascular Mortality: Possible Causes and Implications. Circ. Res. 2017, 120, 366–380. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.Y.; Zhang, F.; Zhang, C.; Zheng, L.R.; Yang, J. The Biomarkers for Acute Myocardial Infarction and Heart Failure. BioMed Res. Int. 2020, 17, 2018035. [Google Scholar] [CrossRef]

	



Kapellos, T.S.; Bonaguro, L.; Gemünd, I.; Reusch, N.; Saglam, A.; Hinkley, E.R.; Schultze, J.L. Human Monocyte Subsets and Phenotypes in Major Chronic Inflammatory Diseases. Front. Immunol. 2019, 30, 2035. [Google Scholar] [CrossRef]

	



Su, Y.; Gao, J.; Kaur, P.; Wang, Z. Neutrophils and Macrophages as Targets for Development of Nanotherapeutics in Inflammatory Diseases. Pharmaceutics 2020, 17, 1222. [Google Scholar] [CrossRef]

	



Kuznetsova, T.; Prange, K.H.M.; Glass, C.K.; de Winther, M.P.J. Transcriptional and epigenetic regulation of macrophages in atherosclerosis. Nat. Rev. Cardiol. 2020, 17, 216–228. [Google Scholar] [CrossRef]

	



Atri, C.; Guerfali, F.Z.; Laouini, D. Role of Human Macrophage Polarization in Inflammation during Infectious Diseases. Int. J. Mol. Sci. 2018, 19, 1801. [Google Scholar] [CrossRef]

	



Viola, A.; Munari, F.; Sánchez-Rodríguez, R.; Scolaro, T.; Castegna, A. The Metabolic Signature of Macrophage Responses. Front. Immunol. 2019, 3, 1462. [Google Scholar] [CrossRef] [PubMed]

	



Bobryshev, Y.V.; Ivanova, E.A.; Chistiakov, D.A.; Nikiforov, N.G.; Orekhov, A.N. Macrophages and Their Role in Atherosclerosis: Pathophysiology and Transcriptome Analysis. BioMed Res. Int. 2016, 2016, 9582430. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Rudra, D. Emerging Functions of Regulatory T Cells in Tissue Homeostasis. Front. Immunol. 2018, 9, 883. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Yung, M.M.H.; Ngan, H.Y.S.; Chan, K.K.L.; Chan, D.W. The Impact of the Tumor Microenvironment on Macrophage Polarization in Cancer Metastatic Progression. Int. J. Mol. Sci. 2021, 22, 6560. [Google Scholar] [CrossRef]

	



Orecchioni, M.; Ghosheh, Y.; Pramod, A.B.; Ley, K. Corrigendum: Macrophage Polarization: Different Gene Signatures in M1(LPS+) vs. Classically and M2(LPS-) vs. Alternatively Activated Macrophages. Front. Immunol. 2020, 11, 234, Erratum for: Front. Immunol. 2019, 10, 1084. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, A.; Weier, M.; Herderschee, J.; Perreau, M.; Calandra, T.; Roger, T.; Giannoni, E. IRF5 Is a Key Regulator of Macrophage Response to Lipopolysaccharide in Newborns. Front. Immunol. 2018, 9, 1597. [Google Scholar] [CrossRef]

	



Wynn, T.A.; Vannella, K.M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 2016, 44, 450–462. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Xu, X.H.; Jin, L. Macrophage Polarization in Physiological and Pathological Pregnancy. Front. Immunol. 2019, 10, 792. [Google Scholar] [CrossRef] [PubMed]

	



Arora, S.; Dev, K.; Agarwal, B.; Das, P.; Syed, M.A. Macrophages: Their role, activation and polarization in pulmonary diseases. Immunobiology 2018, 223, 383–396. [Google Scholar] [CrossRef]

	



Rőszer, T. Understanding the Mysterious M2 Macrophage through Activation Markers and Effector Mechanisms. Mediat. Inflamm. 2015, 2015, 816460. [Google Scholar] [CrossRef]

	



Raggi, F.; Pelassa, S.; Pierobon, D.; Penco, F.; Gattorno, M.; Novelli, F.; Eva, A.; Varesio, L.; Giovarelli, M.; Bosco, M.C. Regulation of Human Macrophage M1-M2 Polarization Balance by Hypoxia and the Triggering Receptor Expressed on Myeloid Cells-1. Front. Immunol. 2017, 8, 1097. [Google Scholar] [CrossRef]

	



Barrett, T.J. Macrophages in Atherosclerosis Regression. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 20–33. [Google Scholar] [CrossRef] [PubMed]

	



Stoneman, V.; Braganza, D.; Figg, N.; Mercer, J.; Lang, R.; Goddard, M.; Bennett, M. Monocyte/macrophage suppression in CD11b diphtheria toxin receptor transgenic mice differentially affects atherogenesis and established plaques. Circ. Res. 2007, 100, 884–893. [Google Scholar] [CrossRef] [PubMed]

	



Wang, N.; Liang, H.; Zen, K. Molecular mechanisms that influence the macrophage m1-m2 polarization balance. Front. Immunol. 2014, 5, 614. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, F.O.; Gordon, S. The M1 and M2 paradigm of macrophage activation: Time for reassessment. F1000Prime Rep. 2014, 6, 13. [Google Scholar] [CrossRef]

	



Piccolo, V.; Curina, A.; Genua, M.; Ghisletti, S.; Simonatto, M.; Sabò, A.; Amati, B.; Ostuni, R.; Natoli, G. Opposing macrophage polarization programs show extensive epigenomic and transcriptional cross-talk. Nat. Immunol. 2017, 18, 530–540. [Google Scholar] [CrossRef]

	



Vomund, S.; Schäfer, A.; Parnham, M.J.; Brüne, B.; von Knethen, A. Nrf2, the Master Regulator of Anti-Oxidative Responses. Int. J. Mol. Sci. 2017, 18, 2772. [Google Scholar] [CrossRef]

	



Hirayama, D.; Iida, T.; Nakase, H. The Phagocytic Function of Macrophage-Enforcing Innate Immunity and Tissue Homeostasis. Int. J. Mol. Sci. 2017, 19, 92. [Google Scholar] [CrossRef]

	



Finn, A.V.; Nakano, M.; Polavarapu, R.; Karmali, V.; Saeed, O.; Zhao, X.; Yazdani, S.; Otsuka, F.; Davis, T.; Habib, A.; et al. Hemoglobin directs macrophage differentiation and prevents foam cell formation in human atherosclerotic plaques. J. Am. Coll. Cardiol. 2012, 59, 166–177. [Google Scholar] [CrossRef]

	



Boyle, J.J. Heme and haemoglobin direct macrophage Mhem phenotype and counter foam cell formation in areas of intraplaque haemorrhage. Curr. Opin. Lipidol. 2012, 23, 453–461. [Google Scholar] [CrossRef] [PubMed]

	



Kishimoto, Y.; Kondo, K.; Momiyama, Y. The Protective Role of Heme Oxygenase-1 in Atherosclerotic Diseases. Int. J. Mol. Sci. 2019, 20, 3628. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Jiang, J.; Chen, W.; Li, W.; Chen, Z. Vascular Macrophages in Atherosclerosis. J. Immunol. Res. 2019, 2019, 4354786. [Google Scholar] [CrossRef] [PubMed]

	



De Sousa, J.R.; Da Costa Vasconcelos, P.F.; Quaresma, J.A.S. Functional aspects, phenotypic heterogeneity, and tissue immune response of macrophages in infectious diseases. Infect. Drug Resist. 2019, 12, 2589–2611. [Google Scholar] [CrossRef]

	



Bennett, M.R.; Sinha, S.; Owens, G.K. Vascular Smooth Muscle Cells in Atherosclerosis. Circ. Res. 2016, 118, 692–702. [Google Scholar] [CrossRef]

	



Wilson, D.P. Is Atherosclerosis a Pediatric Disease? In Endotext; Feingold, K.R., Anawalt, B., Boyce, A., Chrousos, G., de Herder, W.W., Dhatariya, K., Dungan, K., Grossman, A., Hershman, J.M., Hofland, J., et al., Eds.; MDText.com, Inc.: South Dartmouth, MA, USA, 2000; Available online: https://www.ncbi.nlm.nih.gov/books/NBK395576/ (accessed on 23 January 2020).

	



Hong, Y.M. Atherosclerotic cardiovascular disease beginning in childhood. Korean Circ. J. 2010, 40, 1–9. [Google Scholar] [CrossRef]

	



Moss, J.W.; Ramji, D.P. Cytokines: Roles in atherosclerosis disease progression and potential therapeutic targets. Future Med. Chem. 2016, 8, 1317–1330. [Google Scholar] [CrossRef]

	



Moore, K.J.; Sheedy, F.J.; Fisher, E.A. Macrophages in atherosclerosis: A dynamic balance. Nat. Rev. Immunol. 2013, 13, 709–721. [Google Scholar] [CrossRef]

	



Kavurma, M.M.; Rayner, K.J.; Karunakaran, D. The walking dead: Macrophage inflammation and death in atherosclerosis. Curr. Opin. Lipidol. 2017, 28, 91–98. [Google Scholar] [CrossRef]

	



Krzyszczyk, P.; Schloss, R.; Palmer, A.; Berthiaume, F. The Role of Macrophages in Acute and Chronic Wound Healing and Interventions to Promote Pro-wound Healing Phenotypes. Front. Physiol. 2018, 9, 419. [Google Scholar] [CrossRef]

	



Kim, S.Y.; Nair, M.G. Macrophages in wound healing: Activation and plasticity. Immunol. Cell Biol. 2019, 97, 258–267. [Google Scholar] [CrossRef]

	



Orliaguet, L.; Ejlalmanesh, T.; Alzaid, F. Metabolic and Molecular Mechanisms of Macrophage Polarisation and Adipose Tissue Insulin Resistance. Int. J. Mol. Sci. 2020, 21, 5731. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Jiang, T.; Li, M.Q.; Zheng, X.L.; Zhao, G.J. Transcriptional Regulation of Macrophages Polarization by MicroRNAs. Front. Immunol. 2018, 9, 1175. [Google Scholar] [CrossRef]

	



Bi, Y.; Chen, J.; Hu, F.; Liu, J.; Li, M.; Zhao, L. M2 Macrophages as a Potential Target for Antiatherosclerosis Treatment. Neural. Plast. 2019, 2019, 6724903. [Google Scholar] [CrossRef]

	



Murray, P.J.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol. 2011, 11, 723–737. [Google Scholar] [CrossRef]

	



Palma, A.; Jarrah, A.S.; Tieri, P.; Cesareni, G.; Castiglione, F. Gene Regulatory Network Modeling of Macrophage Differentiation Corroborates the Continuum Hypothesis of Polarization States. Front. Physiol. 2018, 9, 1659. [Google Scholar] [CrossRef]

	



He, P.; Gelissen, I.C.; Ammit, A.J. Regulation of ATP binding cassette transporter A1 (ABCA1) expression: Cholesterol-dependent and -independent signaling pathways with relevance to inflammatory lung disease. Respir. Res. 2020, 21, 250. [Google Scholar] [CrossRef]

	



Joo Choi, R.; Cheng, M.S.; Shik Kim, Y. Desoxyrhapontigenin up-regulates Nrf2-mediated heme oxygenase-1 expression in macrophages and inflammatory lung injury. Redox Biol. 2014, 2, 504–512. [Google Scholar] [CrossRef] [PubMed]

	



Araujo, J.A.; Zhang, M.; Yin, F. Heme oxygenase-1, oxidation, inflammation, and atherosclerosis. Front. Pharmacol. 2012, 3, 119. [Google Scholar] [CrossRef]

	



Lin, P.; Ji, H.H.; Li, Y.J.; Guo, S.D. Macrophage Plasticity and Atherosclerosis Therapy. Front. Mol. Biosci. 2021, 8, 679797. [Google Scholar] [CrossRef] [PubMed]

	



Chistiakov, D.A.; Bobryshev, Y.V.; Orekhov, A.N. Changes in transcriptome of macrophages in atherosclerosis. J. Cell. Mol. Med. 2015, 19, 1163–1173. [Google Scholar] [CrossRef]

	



Feig, J.E.; Fisher, E.A. Laser capture microdissection for analysis of macrophage gene expression from atherosclerotic lesions. Methods Mol. Biol. 2013, 1027, 123–135. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Yan, F.; Cui, J.; Wu, Y.; Luan, H.; Yin, M.; Zhao, Z.; Feng, J.; Zhang, J. Triggering Receptor Expressed on Myeloid Cells 2 Overexpression Inhibits Proinflammatory Cytokines in Lipopolysaccharide-Stimulated Microglia. Mediat. Inflamm. 2017, 2017, 9340610. [Google Scholar] [CrossRef]

	



Willemsen, L.; de Winther, M.P. Macrophage subsets in atherosclerosis as defined by single-cell technologies. J. Pathol. 2020, 250, 705–714. [Google Scholar] [CrossRef]

	



Gautier, E.L.; Shay, T.; Miller, J.; Greter, M.; Jakubzick, C.; Ivanov, S.; Helft, J.; Chow, A.; Elpek, K.G.; Gordonov, S.; et al. Immunological Genome Consortium. Gene-expression profiles and transcriptional regulatory pathways that underlie the identity and diversity of mouse tissue macrophages. Nat. Immunol. 2012, 13, 1118–1128. [Google Scholar] [CrossRef] [PubMed]

	



Italiani, P.; Boraschi, D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional Differentiation. Front. Immunol. 2014, 5, 514. [Google Scholar] [CrossRef]

	



Silverstein, R.L.; Febbraio, M. CD36, a scavenger receptor involved in immunity, metabolism, angiogenesis, and behavior. Sci. Signal. 2009, 2, re3. [Google Scholar] [CrossRef]

	



Zani, I.A.; Stephen, S.L.; Mughal, N.A.; Russell, D.; Homer-Vanniasinkam, S.; Wheatcroft, S.B.; Ponnambalam, S. Scavenger receptor structure and function in health and disease. Cells 2015, 4, 178–201. [Google Scholar] [CrossRef]

	



Remmerie, A.; Scott, C.L. Macrophages and lipid metabolism. Cell Immunol. 2018, 330, 27–42. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, C.R.; Stuart, L.M.; Wilkinson, K.; van Gils, J.M.; Deng, J.; Halle, A.; Rayner, K.J.; Boyer, L.; Zhong, R.; Frazier, W.A.; et al. CD36 ligands promote sterile inflammation through assembly of a Toll-like receptor 4 and 6 heterodimer. Nat. Immunol. 2010, 11, 155–161. [Google Scholar] [CrossRef] [PubMed]

	



Sukhorukov, V.N.; Khotina, V.A.; Chegodaev, Y.S.; Ivanova, E.; Sobenin, I.A.; Orekhov, A.N. Lipid Metabolism in Macrophages: Focus on Atherosclerosis. Biomedicines 2020, 8, 262. [Google Scholar] [CrossRef] [PubMed]

	



Orekhov, A.N. LDL and foam cell formation as the basis of atherogenesis. Curr. Opin. Lipidol. 2018, 29, 279–284. [Google Scholar] [CrossRef]

	



Martin-Garrido, A.; Williams, H.C.; Lee, M.; Seidel-Rogol, B.; Ci, X.; Dong, J.T.; Lassègue, B.; Martín, A.S.; Griendling, K.K. Transforming growth factor β inhibits platelet derived growth factor-induced vascular smooth muscle cell proliferation via Akt-independent, Smad-mediated cyclin D1 downregulation. PLoS ONE 2013, 8, e79657. [Google Scholar] [CrossRef]

	



Frismantiene, A.; Philippova, M.; Erne, P.; Resink, T.J. Smooth muscle cell-driven vascular diseases and molecular mechanisms of VSMC plasticity. Cell. Signal. 2018, 52, 48–64. [Google Scholar] [CrossRef] [PubMed]

	



Gomez, D.; Baylis, R.A.; Durgin, B.G.; Newman, A.A.C.; Alencar, G.F.; Mahan, S.; St Hilaire, C.; Müller, W.; Waisman, A.; Francis, S.E.; et al. Interleukin-1β has atheroprotective effects in advanced atherosclerotic lesions of mice. Nat. Med. 2018, 24, 1418–1429. [Google Scholar] [CrossRef]

	



Sorokin, V.; Vickneson, K.; Kofidis, T.; Woo, C.C.; Lin, X.Y.; Foo, R.; Shanahan, C.M. Role of Vascular Smooth Muscle Cell Plasticity and Interactions in Vessel Wall Inflammation. Front. Immunol. 2020, 11, 599415. [Google Scholar] [CrossRef]

	



Tang, R.Z.; Zhu, J.J.; Yang, F.F.; Zhang, Y.P.; Xie, S.A.; Liu, Y.F.; Yao, W.J.; Pang, W.; Han, L.L.; Kong, W.; et al. DNA methyltransferase 1 and Krüppel-like factor 4 axis regulates macrophage inflammation and atherosclerosis. J. Mol. Cell. Cardiol. 2019, 128, 11–24. [Google Scholar] [CrossRef] [PubMed]

	



Sukhovershin, R.A.; Toledano Furman, N.E.; Tasciotti, E.; Trachtenberg, B.H. Local Inhibition of Macrophage and Smooth Muscle Cell Proliferation to Suppress Plaque Progression. Methodist Debakey Cardiovasc. J. 2016, 12, 141–145. [Google Scholar] [CrossRef] [PubMed]

	



Etzerodt, A.; Maniecki, M.B.; Graversen, J.H.; Møller, H.J.; Torchilin, V.P.; Moestrup, S.K. Efficient intracellular drug-targeting of macrophages using stealth liposomes directed to the hemoglobin scavenger receptor CD163. J. Control. Release 2012, 160, 72–80. [Google Scholar] [CrossRef]

	



Peterson, K.R.; Cottam, M.A.; Kennedy, A.J.; Hasty, A.H. Macrophage-Targeted Therapeutics for Metabolic Disease. Trends Pharmacol. Sci. 2018, 39, 536–546. [Google Scholar] [CrossRef] [PubMed]

	



Verheye, S.; Martinet, W.; Kockx, M.M.; Knaapen, M.W.; Salu, K.; Timmermans, J.P.; Ellis, J.T.; Kilpatrick, D.L.; De Meyer, G.R. Selective clearance of macrophages in atherosclerotic plaques by autophagy. J. Am. Coll. Cardiol. 2007, 49, 706–715. [Google Scholar] [CrossRef] [PubMed]

	



Parisi, L.; Gini, E.; Baci, D.; Tremolati, M.; Fanuli, M.; Bassani, B.; Farronato, G.; Bruno, A.; Mortara, L. Macrophage Polarization in Chronic Inflammatory Diseases: Killers or Builders? J. Immunol. Res. 2018, 2018, 8917804. [Google Scholar] [CrossRef] [PubMed]

	



Silva, J.C.; César, F.A.; de Oliveira, E.M.; Turato, W.M.; Tripodi, G.L.; Castilho, G.; Machado-Lima, A.; de las Heras, B.; Boscá, L.; Rabello, M.M. New PPARγ partial agonist improves obesity-induced metabolic alterations and atherosclerosis in LDLr−/− mice. Pharmacol. Res. 2016, 104, 49–60. [Google Scholar] [CrossRef] [PubMed]

	



Javadifar, A.; Rastgoo, S.; Banach, M.; Jamialahmadi, T.; Johnston, T.P.; Sahebkar, A. Foam Cells as Therapeutic Targets in Atherosclerosis with a Focus on the Regulatory Roles of Non-Coding RNAs. Int. J. Mol. Sci. 2021, 22, 2529. [Google Scholar] [CrossRef] [PubMed]

	



Yu, B.; Wong, M.M.; Potter, C.M.; Simpson, R.M.; Karamariti, E.; Zhang, Z.; Zeng, L.; Warren, D.; Hu, Y.; Wang, W.; et al. Vascular Stem/Progenitor Cell Migration Induced by Smooth Muscle Cell-Derived Chemokine (C-C Motif) Ligand 2 and Chemokine (C-X-C motif) Ligand 1 Contributes to Neointima Formation. Stem Cells 2016, 34, 2368–2380. [Google Scholar] [CrossRef]








[image: Biomedicines 09 01221 g001 550] 





Figure 1. Variety of macrophage types. These types of macrophages can be observed in atherosclerosis. The stimuli triggering the respective transformation from the monocyte are noted near the arrow. 
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Figure 2. Modified LDL triggers foam cell formation from different cell types. 
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