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Monocytes contribute critically to the initiation, progression, and thrombus formation stages 

of atherosclerosis and myocardial infarction.1 Early arterial injury triggers an innate immune 

response, which promotes the entry of bone-marrow derived monocytes into the intima 

(Figure 1A).2 Risk factors for atherosclerosis that boost this recruitment of mononuclear 

phagocytes include hypercholesterolemia and the newly identified clonal hematopoiesis of 

indeterminate potential (CHIP).3 Infiltrating monocytes in the intima progress to lesional 

macrophages, and can proliferate in the intima where they promote plaque progression 

(Figure 1B). Monocyte and macrophage subsets secrete mediators such as cytokines and 

chemokines within the plaque and can also respond to systemic stimuli such as circulating 

pathogen-associated molecular patterns or to remote trauma such as myocardial infarction.4 

At the same time, a class of resolving macrophages appear to promote plaque stabilization 

through efferocytosis, collagen production, and TGF-beta production.5 These disparate 

monocyte/macrophage roles suggest the presence of multiple subpopulations with distinct 

genetic markers and functions. Single-cell methods thus hold great promise for better 

understanding monocyte populations in the vasculature.

Single-cell analysis of inflammatory cells in the context of atherosclerosis has quickly 

accelerated with innovations in droplet-based technology and computational analysis.6 Prior 

efforts in defining cell populations relied on the use of fluorescence-conjugated antibodies in 

conjunction with microscopy and flow cytometry. Droplet-based single-cell analysis allows 

for the transcriptional analysis of thousands of cells, which elucidates function in a way that 

surface markers cannot capture. The application of this technology to vascular disease has 

identified distinct endothelial cell populations and activated vascular smooth muscle cells 

associated with atherosclerosis.7, 8 Single-cell proteomic methods can now complement 

transcriptional analysis. Though it lacks high-throughput capabilities, single-cell mass 

cytometry (CyTOF) can interrogate expression of up to 40 proteins simultaneously in single 

cells using isotope-conjugated antibodies for mass spectroscopy analysis.
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In this issue, Roberts et al. use multiple single-cell methods to demonstrate that deficiency in 

the Tyrosine-protein kinase Lyn (Lyn) skews monocytes towards the patrolling (pMos) 

phenotype in multiple tissues and limits atherosclerosis in mice (Figure 1C). Lyn is a 

member of the Src family of tyrosine kinases (SFK) and a well-established negative 

regulator of myeloid cell development and function.9 This study determined that loss of Lyn 
resulted in increased BM-derived monocyte survival in vitro and increased circulating pMos 

half-life in vivo. The expansion of pMos was age dependent, and seen in multiple tissues 

including blood, BM, spleen, and aorta. Though BM progenitors did not differ, cMos 

progenitors expanded in the spleen to suggest extramedullary hematopoiesis. With scRNA-

seq and CyTOF the authors identify a gene expression signature for pMos that increases in 

the absence of Lyn.

This study is one of many recent applications of single-cell technology to understand 

monocyte heterogeneity. Using the massively parallel single-cell RNA sequencing (MARS-

seq) technique, a recent study also identified Ly6C+ (cMos) and Ly6C- (pMos) monocytes 

in naïve mice.10 Roberts et al. could characterize better gene expression and heterogeneity 

within these populations because droplet-based single-cell RNA-seq allows analysis of a 

large number of cells compared with plate-based single cell that requires sorting for a 

population of interest. It would be of interest to expand this analysis to the monocytes that 

enter the plaque at the single cell level, as was recently done for monocyte-derived plaque 

macrophages defined by CX3CR1 expression.11 This latter study revealed that macrophages 

in plaque progression have more discernable subsets compared to macrophages involved in 

plaque regression. Whether the cellular heterogeneity within the cMos population reported 

by Roberts et al. persists in this Cx3CR1+ population or if the macrophages adopt new 

cellular identities after extravasation into the tissue’s inflammatory environment merits 

consideration in future studies.

In humans, circulating monocytes fall into similar subpopulations analogous to cMos 

(classical), pMos (non-classical), and intMos (intermediate) based on CD14 and CD16 

surface marker expression.12 Single cell RNA-seq and CyTOF analysis of these populations 

reveals different expression profiles compared with the mouse data—suggesting that human 

monocytes have functional differences from those of mice or exhibit as yet uncharacterized 

further heterogeneity. For example, a recent CyTOF analysis of human monocytes identified 

eight distinct monocyte populations: four classical, three non-classical, and one intermediate 

monocyte population in healthy human blood.13 Interestingly, one subset of CD9+ non-

classical monocytes appeared analogous to a pMos population in mice. When the patrolling 

properties of mouse Ly6C-/CD9+ monocytes were studied in a mouse femoral artery, only 

the CD9+ subset of monocytes could bind platelets. While the expanded population of pMos 

in the Roberts et al. study protected against atherosclerosis, these pMos did not display 

functional differences in oxLDL uptake or cell adhesion as seen in the earlier study. 

Functional assessment of pMos subsets will help to elucidate further their roles in 

atherosclerosis.

The human disease-relevance of the monocyte heterogeneity identified in mice is one avenue 

for further investigation.14 It remains unknown if the transcriptional signature of pMos in 

mice correlate with one or more monocyte subpopulation in humans. Identifying this 
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protective population in humans with single-cell technology will be much more difficult 

given the heterogeneity between samples. It also remains unclear if the expansion of pMos 

are the sole explanation for the protective effects of Lyn deficiency. Although the authors 

show expansion of the pMos population in Lyn−/− mice, their single-cell data also 

demonstrate extensive transcriptional differences Lyn−/− pMos compared to WT. The 

protective effects of Lyn deficiency may extend beyond pMos expansion, and could include 

multiple other mechanisms.

Despite these limitations, Roberts et al. demonstrate the power of single-cell analysis to 

identify subpopulation changes in health and disease. Evidence conflicts regarding the 

association of circulating monocyte numbers with CVD in epidemiologic studies.15 New 

data shows that CHIP mutations, which may drive monocyte heterogeneity, confer increased 

risk of atherosclerosis and may also modestly affect total circulating monocyte numbers. 

Studies that make use of scRNA-seq can advance characterization of the transcriptional and 

functional heterogeneity that operates during atherosclerosis. We already can glean that the 

current labels we use for cell populations merely scratch the surface of cellular diversity, and 

certainly monocytes will be no different. Studies such as this one advance the field by 

making use of high-dimensional data to identify a protective population of cells that may be 

harnessed for the prevention and treatment of cardiovascular disease.
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Figure 1. 
Monocyte and macrophage subsets contribute to the initiation, progression, and thrombus 

formation stages of atherosclerosis. (A) Bone marrow-derived monocytes in circulation are 

classified as conventional (cMos) and patrolling (pMos) monocytes. During atherogenesis, 

the Ly6C+ cMos subpopulation infiltrates the intima, whereas the Ly6C- pMos 

subpopulation secretes inflammatory cytokines while patrolling the endothelium. (B) In the 

intima, pro-inflammatory macrophages contribute to plaque progression, while anti-

inflammatory macrophages aid in plaque regression. (C) In the Roberts et al. study, genetic 

ablation of Lyn in mice leads to the expansion of pMos subpopulation only. The Lyn-

deficient pMos have increased expression of genes that play a role in heat shock protein 
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response, apoptosis inhibition, and innate immunity, compared to WT pMos. The Lyn-

deficient mice are also protected against atherosclerosis.

Gupta et al. Page 6

Circ Res. Author manuscript; available in PMC 2021 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	References
	Figure 1.

