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Introduction
Atherosclerosis, an enduring inflammatory condition affecting 

arteries [1], is characterized by the thickening of the arterial intima, 
proliferation of smooth muscle cells (SMCs), accumulation of lipids, 
and the formation of plaques. It primarily occurs in regions with 
disturbed non-laminar flow and damage to the endothelial cells [2]. 
A multitude of immune cells is believed to play a significant role in 
the initiation and progression of atherosclerosis, including monocytes, 
macrophages, dendritic cells, T cells, and B cells [3]. Among these 
immune cells, macrophages are crucial contributors to atherosclerosis 
and are the predominant cell type found within atherosclerotic 
plaques [4]. Macrophages exhibit distinct functional phenotypes; 
pro-inflammatory M1 macrophages are typically found near the lipid 
core, while anti-inflammatory M2 macrophages are more abundant in 
neo-angiogenic regions [5]. Research suggests that the phenotype of 
macrophages can influence the remodeling of atherosclerotic lesions 
[6]. Hence, targeting macrophages, regulating their phenotype, and 
utilizing them or their components as drug carriers hold great promise 
in the treatment of atherosclerosis. In this review, we delve into the 
functions and phenotypes of macrophages in atherosclerotic lesions, 
and we explore potential therapeutic approaches involving engineered 
macrophages and drug delivery systems.

Macrophages in atherosclerosis: Macrophages play a central 
role in the progression of atherosclerotic inflammation and are the 
predominant immune cell type found within atherosclerotic plaques. 
These macrophages originate from three main sources: (i) circulating 
monocytes, (ii) vascular smooth muscle cells (SMCs) that undergo 
transdifferentiation, and (iii) artery-resident macrophages. The primary 
source of macrophages in atherosclerosis is circulating monocytes, 
which are recruited by activated endothelial cells and differentiate 
into macrophages under the influence of macrophage colony-
stimulating factor (M-CSF) [7,8]. The content of macrophages within 
the plaques is directly correlated with the number of monocytes, and 
increased monocytosis has been shown to accelerate the progression 
of atherosclerosis [9,10]. Monocytes are primarily produced through 
medullary hematopoiesis, where hyperlipidemia stimulates the 
proliferation of hematopoietic stem and progenitor cells, leading to 
elevated monocyte levels in circulation. Additionally, extramedullary 
hematopoietic function, particularly in the spleen, has also been 
found to contribute to atherosclerosis by increasing the number of 
monocytes derived from the bone marrow and maturing in the spleen. 
Vascular smooth muscle cells (SMCs) are another significant cell type 
found throughout the stages of atherosclerotic plaque development. 
Studies have shown that SMCs, when exposed to cholesterol, can 
transdifferentiate into macrophage-like cells, with downregulation of 
SMC markers and upregulation of macrophage-like markers. These 
foam cells derived from SMCs have lower expression of ATP-binding 
cassette transporter A1 (ABCA1) and weaker cholesterol transport 
capacity compared to myeloid lineage cells. It has been demonstrated 
that over 50% of foam cells in human atherosclerotic plaques 
originate from SMCs. Recent research utilizing SMC-lineage tracing 
in ApoE/ mice suggests that the contribution of SMCs to total foam 

cells is comparable to leukocyte-derived foam cells. However, further 
investigations are needed to fully understand the mechanisms and 
contributions of SMC-derived macrophage-like cells to atherosclerosis 
progression. Apart from circulating monocytes and SMCs, artery-
resident macrophages represent another source of atherosclerotic 
macrophages. These macrophages originate embryonically from 
precursors expressing C-X3-C motif chemokine receptor 1 (CX3CR1) 
derived from bone marrow monocytes. These precursors migrate to 
the blood vessel wall and settle shortly after birth. The specific role of 
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translocation of NF-jB. The interaction between oxLDL and CD14-
TLR4-MD2 triggers cytoskeletal rearrangement and the production 
of TNF-a, IL-6, and IL-10. Additionally, cholesterol crystals within 
foam cells can activate the NACHT, LRR, and PYD domain-
containing protein 3 (NLRP3) inflammasome, leading to the release 
of IL-1b. Hence, targeting the macrophage response to lipids and pro-
inflammatory cytokines holds potential as a therapeutic approach for 
atherosclerosis treatment. Macrophage apoptosis is a crucial process 
contributing to the formation of the necrotic core, a key characteristic 
of vulnerable plaque lesions in atherosclerosis. The factors leading to 
macrophage death in atherosclerosis include oxidative stress, high levels 
of cytokines, oxidized low-density lipoprotein, apoptosis induced by 
Fas ligand, and endoplasmic reticulum stress. Endoplasmic reticulum 
stress is strongly associated with macrophage death and the formation 
of atherosclerotic necrotic cores, as it activates the unfolded protein 
response (UPR) and subsequently triggers the activation. Macrophages 
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