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Abstract

Objective—To examine infiltration of blood foamy monocytes, containing intracellular lipid 

droplets, into early atherosclerotic lesions and its contribution to development of nascent 

atherosclerosis.

Approach and Results—In apoE−/− mice fed western high-fat diet (WD), >10% of circulating 

monocytes became foamy monocytes at 3 days on WD and >20% of monocytes at 1 week. Foamy 

monocytes also formed early in blood of Ldlr−/−Apobec1−/− (LDb) mice on WD. Based on CD11c 

and CD36, mouse monocytes were categorized as CD11c−CD36−, CD11c−CD36+ and 

CD11c+CD36+. The majority of foamy monocytes were CD11c+CD36+, whereas most nonfoamy 

monocytes were CD11c−CD36− or CD11c−CD36+ in apoE−/− mice on WD. In wild-type mice, 

CD11c+CD36+ and CD11c−CD36+, but few CD11c−CD36−, monocytes took up cholesteryl ester–

rich very-low-density lipoproteins (CE-VLDLs) isolated from apoE−/− mice on WD, and CE-

VLDL uptake accelerated CD11c−CD36+–to–CD11c+CD36+ monocyte differentiation. Ablation 

of CD36 decreased monocyte uptake of CE-VLDLs. Intravenous injection of DiI-CE-VLDLs in 

apoE−/− mice on WD specifically labeled CD11c+CD36+ foamy monocytes, which infiltrated into 

nascent atherosclerotic lesions and became CD11c+ cells that were selectively localized in 
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atherosclerotic lesions. CD11c deficiency reduced foamy monocyte infiltration into atherosclerotic 

lesions. Specific and consistent depletion of foamy monocytes (for 3 weeks) by daily intravenous 

injections of low-dose clodrosome reduced development of nascent atherosclerosis.

Conclusions—Foamy monocytes, which form early in blood of mice with 

hypercholesterolemia, infiltrate into early atherosclerotic lesions in a CD11c-dependent manner 

and play crucial roles in nascent atherosclerosis development.
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Atherosclerosis is a chronic inflammatory process characterized by accumulation of foam 

cells—macrophages/dendritic cells (DCs) with intracellular lipid deposition—in arterial 

walls.1–3 Infiltration of monocytes from blood into arterial walls, where monocytes 

differentiate into macrophages/DCs that take up modified lipoproteins and become foam 

cells, is an important step for atherogenesis.1, 3, 4 Although this process usually takes 

decades in humans, in genetic disorders that result in severe hypercholesterolemia, the 

process is dramatically accelerated, and morbidity in children can result from extensive 

atherosclerotic disease.5 This provides impetus to understand better the role of circulating 

lipoproteins in the initiation of the inflammatory axis of atherogenesis.

In our previous study, we reported that apoE−/− mice on western high-fat diet (WD), the 

commonly used mouse model of atherosclerosis,6, 7 had foamy monocytes—monocytes with 

intracellular lipid droplets—in blood.8 Foamy monocytes accounted for ~40–50% of total 

monocytes in blood of apoE−/− mice after WD for 12 weeks. The vast majority (≥80%) of 

foamy monocytes were positive for CD11c, a β2 integrin, whereas most nonfoamy 

monocytes in these mice were CD11c−.8 Existence of foamy monocytes in blood was 

confirmed by other studies in both mice and humans with hyperlipidemia.9–12 Nevertheless, 

it remains unknown when and how foamy monocytes are formed in blood of mice fed WD. 

Furthermore, the evidence for direct contributions of foamy monocytes to atherosclerosis, 

particularly nascent atherosclerosis in which recent studies showed that monocyte 

recruitment played a significant role,13, 14 is still lacking.

In the present study, we observed that foamy monocytes appeared in blood early after 

initiation of WD in apoE−/− mice and LDb mice15 and that CD36 played an important role in 

monocyte uptake of cholesteryl ester (CE)–rich very-low-density lipoproteins (CE-VLDLs), 

the most abundant lipoproteins from apoE−/− mice on WD. By intravenously injecting DiI-

conjugated CE-VLDLs (DiI-CE-VLDLs), we selectively labeled foamy monocytes in 

apoE−/− mice on WD and found that they infiltrated into nascent atherosclerotic lesions in a 

CD11c-dependent manner. By daily intravenous injection of low-dose clodrosome, we 

specifically depleted foamy monocytes in apoE−/− mice on WD and found that depletion 

over 3 weeks effectively reduced development of nascent atherosclerosis. These studies 

reveal that foamy monocytes formed early in the circulation contribute to the development 

of nascent atherosclerosis with severe hypercholesterolemia.
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Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

Early appearance of foamy monocytes in blood of apoE−/− mice and LDb mice fed WD

Employing flow cytometric analysis, we first examined foamy monocytes in blood of 

apoE−/− mice fed WD, a commonly used mouse model of atherosclerosis.6–8 Foamy 

monocytes were detected within the first week of WD and increased continuously through 

week 5 (Figure 1A). Foamy monocytes, which stained positive for Nile Red (Figure 1B) and 

also for oil red O,8 constituted >10% of total monocytes at 3 days, ~20% of monocytes at 1 

week and ~30% of monocytes at 3 weeks after WD (Figure 1A). Appearance of foamy 

monocytes was accompanied by an increase in blood cholesterol (Supplemental Figure I). 

Consistent with our previous report,8 CD11c+ monocytes accounted for the majority of 

foamy monoctyes in apoE−/− mice on WD (Figure 1C). A concomitant decrease in the 

percentage of nonfoamy CD11c+ monocytes was observed in apoE−/− mice on WD, and the 

fraction of blood monocytes that were CD11c+ was maintained at ~40% over 10 weeks in 

apoE−/− or WT mice, regardless of diet (Figure 1C).

It is well known that in WT mice, cholesterol is mainly transported by HDL while in 

apoE−/− mice on WD, cholesterol is mainly transported by VLDLs.16 We next examined 

monocytes in blood of LDb mice, which are deficient in Ldlr and Apobec1 and have 

lipoprotein profiles that mimic human hypercholesterolemia, with elevated LDL-

cholesterol.15 Similarly, LDb mice displayed early appearance of foamy monocytes, which 

constituted ~30% of total monocytes at 2 weeks after starting WD (Supplemental Figure II). 

In both models, foamy monocytes emerged early and expressed CD11c, whereas most 

nonfoamy monocytes were CD11c− (Supplemental Figure II).

As described previously,8 we defined and quantified “foamy monocytes” by markedly 

increased side scatter (SSC; up to the granulocyte region), which correlated with inclusion 

of numerous lipid droplets. Monocytes with fewer or no droplets excluded from the 

granulocyte region were defined as “nonfoamy” monocytes.8 Of note, although we did not 

observe dramatic increases in “foamy monocytes” by this definition in blood of apoE−/− 

mice on normal diet (ND) as compared to WT mice, the SSC value of monocytes was higher 

in 28-week-old apoE−/− mice than WT mice on ND (Supplemental Figure IIIA), suggesting 

that monocytes in blood of apoE−/− mice on ND may also include more lipid. Consistent 

with these observations, monocytes from humans after a high-fat high-cholesterol diet 

included lipid droplets positive for oil red O staining but exhibited a minor change in 

SSC.10–12

Foamy monocytes in blood of apoE−/− mice fed high-fat low-cholesterol diet (HFD) or low-
fat high-cholesterol diet (HCD)

WD, the most commonly used atherogenic diet, is high in saturated fat and cholesterol. To 

examine which constituent is predominant in early foamy monocyte formation, we fed 

apoE−/− mice 2 additional special diets, i.e., HFD or HCD (Supplemental Table I). As 
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shown in Supplemental Figure IIIB, at 2 weeks on HCD, high numbers of foamy monocytes 

were detected in blood of apoE−/− mice. In contrast, HFD feeding for 2 weeks tended to 

increase the proportion of foamy monocytes compared to ND. However, the proportion of 

foamy monocytes was much lower than that induced by WD or HCD. Compared to ND, 

HCD and WD, but not HFD, markedly increased plasma levels of cholesterol, and neither 

HCD nor HFD significantly increased triglyceride levels, while HCD, WD and HFD all 

tended to increase plasma TBARS values in these mice (Supplemental Figure IIIB). These 

data indicate that diet-induced increases in cholesterol levels, along with enhanced lipid 

oxidation (also see following data on TBARS in lipoproteins), may be the major cause of 

foamy monocyte formation in blood of apoE−/− mice at the early stage of dietary 

intervention.

Three major subsets of monocytes in mouse blood

Mouse monocytes are conventionally classified into 2 major subsets based on expression of 

Ly-6C.8, 17 Staining monocytes for CD11c and CD36 identified 3 major subsets in WT 

mice: CD11c−CD36−, CD11c−CD36+ and CD11c+CD36+ (Figure 2A). Staining for Ly-6C 

showed that CD11c−CD36− monocytes were mainly Ly-6Chigh and CD11c+CD36+ 

monocytes were mainly Ly-6Clow, while CD11c−CD36+ monocytes included both 

Ly-6Chigh and Ly-6Clow monocytes (Figure 2A).

To examine the dynamics among the 3 distinct monocyte subsets, we depleted circulating 

monocytes in WT mice by injecting a bolus of clodrosome at 0.3ml/mouse and tracked each 

subset in blood samples. Monocyte depletion was achieved within 22 hours following 

clodrosome injection (Figure 2B). At 42 hours, monocytes reappeared, presumably 

representing those released from bone marrow. Most monocytes sampled at 42 hours were 

CD11c−CD36−; CD11c−CD36+ monocytes were present at 66–90 hours, and 

CD11c+CD36+ were detected at ~90–114 hours (Figure 2B). These data indicated that 

CD11c−CD36− monocytes are those newly released from bone marrow. CD11c+CD36+ 

monocytes emerge over time as the most mature, while CD11c−CD36+ monocytes represent 

an intermediate stage that appear to dynamically convert in the circulation.

To confirm this, we injected WT mice with a bolus of EdU, which is incorporated into 

genomic DNA during cell division.18 This allowed us to pulse-label immature monocytes 

undergoing proliferation in bone marrow18, 19 and to track conversion of those labeled in 

blood as they emerged from bone marrow. At 3 hours following EdU injection, EdU+ 

monocytes were observed in bone marrow (Supplemental Figure IV) but not in blood 

(Figure 2C). At 24 hours after EdU injection, EdU+ monocytes were present in blood and 

represented those monocytes newly released from bone marrow. Staining the EdU+ 

monocytes in blood revealed that the majority at 24 hours were CD11c−CD36−. EdU+ 

CD11c−CD36+ monocytes emerged within 48 hours and abundant EdU+ CD11c+CD36+ 

monocytes appeared by 72 hours, indicating a rapid conversion of CD11c−CD36− and 

CD11c−CD36+ monocytes to CD11c+CD36+ monocytes. By 120 hours, most EdU+ 

monocytes were CD11c+CD36+ monocytes, which remained in circulation for at least 2–3 

more days (Figure 2C). These results were consistent with the depletion studies and with 

previous reports on the emergence of classical and nonclassical monocytes.20
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Characteristics of foamy monocytes in apoE−/− mice on WD

Similar to those in WT mice, 3 distinct subsets of monocytes were detected in blood of 

apoE−/− mice. In contrast to WT or apoE−/− mice on ND, however, apoE−/− mice on WD 

exhibited a gradual increase in the ratio of CD11c+CD36+ to CD11c−CD36+ subsets (Figure 

3A). In apoE−/− mice on WD, the vast majority of foamy monocytes were CD11c+CD36+, 

whereas most nonfoamy monocytes were either CD11c−CD36− or CD11c−CD36+ (Figure 

3B). CD36+CD11c+ monocytes also expressed elevated levels of CD36 and CD11c in 

foamy compared to nonfoamy monocytes (Figure 3C). In addition, CD11c+ (foamy) 

monocytes expressed higher levels of TNFα and IL-1β than did CD11c− (nonfoamy) 

monocytes from apoE−/− mice on WD (Figure 3D). Taken together, these data indicate that 

foamy monocytes upregulate surface expression of CD11c, CD36 and proinflammatory 

markers over days of maturation in the circulation of apoE−/− on WD.

Monocyte uptake of CE-VLDLs and differentiation of CD11c− to CD11c+ monocytes

To investigate the process by which uptake of atherogenic lipoproteins directs an 

inflammatory monocyte phenotype, we isolated CE-VLDLs from apoE−/− mice on WD and 

labeled them with DiI. CE-VLDLs are the most abundant atherogenic lipoproteins in these 

mice and are similar to human LDLs in lipid composition.16 The level of oxidation for the 

isolated CE-VLDLs was confirmed as12 ± 3 TBARS value, indicating low to medium 

oxidation. A bolus of DiI-CE-VLDLs was injected intravenously into WT mice on ND. At 3 

hours after injection, ~40% monocytes became DiI+, indicating CE-VLDL uptake (Figure 

4A). Notably, the majority of DiI+ monocytes were CD36+, whereas DiI+ monocytes 

included both CD11c+ and CD11c− monocytes (Figure 4A), indicating that CD11c+CD36+ 

and CD11c−CD36+, but few CD11c−CD36−, monocytes took up CE-VLDLs. At 24 hours 

after DiI-CE-VLDL injection, most DiI+ monocytes became CD11c+ (Figure 4A). Given 

that injection of human native LDL did not induce significant CD11c−-to-CD11c+ monocyte 

differentiation over this period of time,8 we conclude that uptake of CE-VLDLs accelerated 

CD11c−CD36+–to–CD11c+CD36+ monocyte differentiation. Consistently, repetitive daily 

injection of CE-VLDLs (3 times) increased CD11c+CD36+–to–CD11c−CD36+ monocyte 

ratios in WT mice (Figure 4B). In contrast to monocyte uptake of CE-VLDLs, few 

monocytes took up DiI-HDL following injection (Supplemental Figure V). Furthermore, 

injection of an equivalent amount of free DiI did not result in appearance of DiI+ cells in 

mouse blood (Supplemental Figure V), confirming that DiI+ monocytes after DiI-CE-VLDL 

injection were the result of monocyte uptake of DiI-CE-VLDLs rather than uptake of free 

DiI.

The observation that CD36+, but not CD36−, monocytes took up CE-VLDLs prompted us to 

examine the role of CD36 in CE-VLDL uptake. First, using THP1 monocytes (without 

induction to macrophages) in vitro, we found that treatment with CE-VLDLs caused lipid 

accumulation indicated by increased SSC (Supplemental Figure VI) and Nile red staining 

(data not shown). This treatment also increased CD36 levels on THP1 monocytes 

(Supplemental Figure VI), consistent with our in vivo data showing higher CD36 levels on 

foamy monocytes. Along with the increase in CD36, treatment of THP1 monocytes with 

(unlabeled) CE-VLDLs enhanced further uptake of DiI-CE-VLDLs, indicating a positive 

feedback between CD36 expression and lipid uptake, by these monocytes (Supplemental 
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Figure VI). Next, we used CD36−/− (CD36obl/obl) mice to examine a direct role of CD36 in 

monocyte uptake of CE-VLDLs. We injected a bolus of DiI-CE-VLDLs into CD36−/− mice 

and WT controls and found that CD36−/− mice exhibited ~30% reduction in the percentage 

of DiI(-CE-VLDL)+ monocytes and the levels of DiI at 3 and 24 hours (Figure 4C). In 

contrast to the reported role of TLR4 in macrophage uptake and inflammatory response to 

ox-LDL,21 TLR4−/− mice did not show reductions in monocyte uptake of DiI-CE-VLDLs 

following lipoprotein injection (Supplemental Figure VII). These data lead to the conclusion 

that CD36 on both CD11c−CD36+ and CD11c+CD36+ monocytes participates in CE-VLDL 

uptake. Further, foamy monocyte formation in apoE−/− mice on WD induced differentiation 

of monocytes from CD11c−CD36+ to CD11c+CD36+.

Early development of atherosclerosis in apoE−/− mice after WD

The observation of early appearance of foamy monocytes in blood of mice with 

hypercholesterolemia prompted us to examine whether foamy monocytes infiltrate into 

nascent plaque and contribute to nascent atherosclerosis. We focused on atherogenesis in 

apoE−/− mice fed WD for 3 weeks, the time when apoE−/− mice showed aortic 

atherosclerotic plaques (Supplemental Figure VIIIA). Flow cytometry showed that apoE−/− 

mice on WD had increased aortic macrophages/DCs, mainly CD11c+(CD11b+) cells 

(Supplemental Figure VIIIB), consistent with the reported changes in advanced 

atherosclerosis in apoE−/− mice, or in early atherosclerosis in Ldlr−/− mice.2,19 Also 

consistent with previous reports is the observation that CD11c+ cells selectively localized in 

atherosclerotic lesions (Supplemental Figure VIIIC).2, 6, 19, 22

Accompanying the increase in CD11c, IL-6, MCP-1, TNFα, IL-12 and IL-1β, but not IL-10, 

were increased in aortas of apoE−/− mice on WD (Supplemental Figure VIIID).

Infiltration of foamy monocytes into nascent atherosclerotic lesions

Next, we tested whether CD11c+(CD36+) foamy monocytes contributed to the early 

increases of CD11c+(CD11b+) cells in atherosclerotic lesions. In contrast to the response in 

WT mice (Figure 4A), injection of a bolus of DiI-CE-VLDLs in apoE−/− mice on WD 

resulted in exclusive lipoprotein uptake by CD11c+ foamy monocytes that became DiI+, and 

therefore specifically labeled CD11c+ foamy monocytes (Figure 5A). DiI+CD11c+ foamy 

monocytes were low in F4/80 (Figure 5A), which is highly expressed on macrophages 

(Supplemental Figure IX). At day 5 postinjection, DiI+F4/80low cells, most of which were 

also CD11c+, appeared in mouse aorta (Figure 5B). These data indicated that 

DiI+F4/80lowCD11c+ foamy monocytes infiltrated into atherosclerotic aortas and became 

CD11c+ cells in the lesions. Concurrently, we also observed DiI+F4/80high cells in mouse 

aorta (Figure 5B), which may represent lesional resident macrophages/DCs that took up DiI-

CE-VLDLs.

To confirm that foamy monocytes can in fact infiltrate into nascent atherosclerotic lesions, 

we coinjected apoE−/− mice on WD with a bolus of DiI-CE-VLDLs and/or fluorescent 

microbeads that are accessible only to circulating monocytes and not tissue macrophages.6, 9 

After injection, the vast majority of bead+ cells in blood were DiI+ foamy monocytes, 

whereas ~50% of DiI+ foamy monocytes remained bead− (Figure 5A). Histological 
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examination of aortic sinus sections revealed that DiI+bead+ cells accumulated in 

atherosclerotic lesions, with 12 ± 2 bead+ cells/lesion, and also expressed CD11c (Figure 

5C).

Taken together, these data indicated that CD11c+ foamy monocytes infiltrated into nascent 

atherosclerotic lesions and became CD11c+ cells within the lesions.

Effects of CD11c deficiency on foamy monocyte infiltration into nascent atherosclerotic 
lesions

Deficiency of CD11c in apoE−/− mice reduced atherosclerosis.8 We therefore examined the 

role of CD11c in foamy monocyte infiltration into nascent atherosclerotic lesions by using 

CD11c−/−/apoE−/− and CD11c+/+/apoE−/− mice on WD (for 3 weeks). CD11c deficiency in 

apoE−/− mice did not impair DiI-CE-VLDL– or fluorescent bead–labeling of foamy 

monocytes in blood (Supplemental Figure X). However, at 5 days after DiI-CE-VLDL 

injection, foamy monocytes derived from aortic suspensions and defined by DiI+F4/80low 

cells were significantly lower in CD11c−/−/apoE−/− mice than in CD11c+/+/apoE−/− mice 

(Figure 5D). After coinjection of DiI-CE-VLDLs and fluorescent microbeads, the frequency 

of DiI+bead+ cells in aortic sinus lesions was 50% lower in CD11c−/−/apoE−/− mice than in 

CD11c+/+/apoE−/− mice (Figure 5E). Therefore, we conclude that CD11c plays a key role in 

foamy monocyte infiltration into nascent atherosclerotic lesions. After WD for 3 weeks, 

CD11c−/−/apoE−/− mice had smaller atherosclerotic lesions and less macrophage content in 

the lesions than control mice (Supplemental Figure XI), indicating that CD11c also 

contributes to development of nascent atherosclerosis, likely by participating in foamy 

monocyte infiltration.

Contribution of foamy monocytes to the development of nascent atherosclerosis

In a final set of studies, we examined whether depletion of foamy monocytes would alter the 

development of nascent atherosclerosis. We intravenously injected a low dose of 

clodrosome into apoE−/− mice daily from day 3 on WD for an additional 3 weeks and 

examined development of atherosclerosis following the injection. Noteworthy is the 

observation that the low-dose clodrosome injection consistently and specifically depleted 

CD11c+ foamy monocytes, with no significant alteration of the proportions of CD11c− 

nonfoamy monocytes, compared to PBS injection (Figure 6A). We reasoned that foamy 

monocytes have enhanced capacity to phagocytose clodrosome and that this leads to specific 

depletion of foamy monocytes. To confirm this, we injected a bolus of DiI-clodrosome into 

apoE−/− mice on WD, and found that at 3 hours after injection of a low dose of DiI-

clodrosome, ~90% of foamy monocytes became DiI+, indicating uptake of DiI-clodrosome, 

whereas <10% of nonfoamy monocytes became DiI+. In contrast, injection of a larger dose 

(0.2 ml/mouse) of DiI-clodrosome caused ~50% of nonfoamy monocytes to take up DiI-

clodrosome and >90% of foamy monocytes to take up clodrosome (Supplemental Figure 

XII).

Notably, specific depletion of foamy monocytes (for 3 weeks) resulted in significantly lower 

proportions of aortic CD11b+/CD11c+ cells compared to controls (Figure 6B). Analysis of 

aortic sinus lesions showed that mice with foamy monocyte depletion had smaller lesions, as 
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assessed by oil red O staining (Figure 6C), and less CD11c (and CD11b), as assessed by 

immunofluorescent staining (Figure 6D).

To exclude the possibility that the clodrosome-induced changes in atherosclerosis were 

caused by direct depletion of lesional macrophages/DCs, we injected a larger bolus (0.2 ml/

mouse) of clodrosome into apoE−/− mice on WD (3 weeks). At 22 hours postinjection, most 

monocytes in blood were depleted. However, the proportions of CD11b+/CD11c+ cells in 

aortic cell suspensions did not change (Supplemental Figure XIII), indicating that 

clodrosome did not alter numbers of “resident” macrophages/DCs in aortas, consistent with 

previous studies.14, 23 Therefore, the lower proportions of aortic CD11b+/CD11c+ cells and 

smaller atherosclerotic lesions in mice treated repetitively with low-dose clodrosome 

injections were most likely caused by decreased infiltration of circulating foamy monocytes 

into atherosclerotic lesions.

Discussion

Infiltration of monocytes from the circulation into atherosclerosis-prone vessels is a crucial 

early step in atherogenesis.1, 3, 13, 14 Genetic disorders in humans with severe increases in 

apoB-containing lipoproteins in the blood, such as familial hypercholesterolemia with 

increased LDLs and type III hyperlipoproteinemia with increased VLDLs (remnants), lead 

to premature atherosclerosis and xanthoma at early ages.5, 24 Based on our previous report,8 

we postulate that uptake of apoB-containing CE-rich lipoproteins and foamy monocyte 

formation in blood plays a critical role in this process. Indeed, humans with familial 

hypercholesterolemia had foamy leukocytes in blood.25 In the current study, we report that 

foamy monocytes formed early in blood of both WD-fed apoE−/− mice, in which CE is 

transported by VLDLs, and LDb mice, in which CE is transported by LDLs.15 Further 

examination revealed upregulation of CD11c and CD36 on these monocytes and a direct 

correlation between monocyte uptake of CE-rich lipoproteins and upregulation of CD11c 

and CD36 with increased scavenger function of CD36. We also demonstrated that foamy 

monocytes trafficked to atherosclerotic aortas and became CD11c+ macrophages/DCs within 

nascent atherosclerotic lesions. The frequency of infiltrated foamy monocytes in these 

lesions was decreased by ~2-fold in the absence of CD11c. We conclude that CD11c may 

serve as a biomarker of monocyte inflammatory state in the circulation and function to 

enhance the capacity of monocytes to infiltrate nascent lesions and differentiate into CD11c+ 

macrophages/DCs.

Monocytes are a heterogeneous population in the circulation, and surface receptors are used 

to discriminate between several subsets.26, 27 Based on CD11c expression, we previously 

classified mouse monocytes into CD11c+ and CD11c− subsets.8 In the current study, 

detection of CD36 and CD11c expression provided discrimination of 3 distinct subsets. 

CD11c+CD36+ and CD11c−CD36+ monocytes took up CE-VLDLs isolated from WD-fed 

apoE−/− mice, and this resulted in upregulation of CD11c in the latter subset. This result is 

consistent with the observation that apoE−/− mice on WD, with elevated levels of CE-

VLDLs, registered a 2-fold increase in the ratio of CD11c+CD36+ to CD11c−CD36+ 

monocytes. Our further investigation was in part motivated by previous reports of a crucial 

role for CD36 in macrophage uptake of modified LDL, inflammasome activation and 
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atherogenesis.28 We now demonstrate an important role for CD36 in CE-VLDL uptake by 

circulating monocytes, supported by the observations that CE-VLDL uptake was prevalent 

in CD36+, but not CD36−, monocytes, and that the absence of CD36 reduced monocyte 

uptake of CE-VLDLs. The findings that CD36 levels on foamy monocytes exceeded those 

on nonfoamy monocytes and that treatment of THP1 monocytes with CE-VLDLs increased 

CD36 levels suggest that lipid accumulation itself signals a feedforward mechanism for 

CD36 upregulation that promotes foam cell formation. This may also explain why foamy 

monocytes, but few nonfoamy monocytes, in apoE−/− mice on WD took up DiI-CE-VLDLs. 

It is possible that elevated levels of endogenous CE-VLDLs in apoE−/− mice on WD 

predispose CD36+ monocytes to take up CE-VLDLs preferentially and become foamy. 

Consistently, CD36+ monocytes accounted for a minor portion of nonfoamy monocytes in 

these mice. Our current observations in mice are in agreement with previous human studies 

showing increased expression of CD36 and CD11c on CD16+ monocytes in patients with 

familial hypercholesterolemia compared with healthy controls, increased ox-LDL uptake via 

CD36 by CD16+ monocytes from hypercholesterolemic subjects,29 and high CD36 

expression, preferential lipid accumulation and avid ox-LDL uptake in CD14++/CD16+ 

monocytes of patients with chronic kidney disease.30

The role of monocyte heterogeneity in human versus mouse atherogenesis has been 

controversial. Human studies have shown increased CD16+ monocytes, particularly 

CD14++/CD16+ intermediate monocytes, in hyperlipidemia and association of CD16+ 

monocytes with atherosclerotic cardiovascular disease.27, 30, 31 In contrast, initial studies in 

mouse models of hypercholesterolemia have implicated a preferential increase of Ly-6Chigh 

monocytes, analogous to human CD16− monocytes, in blood, and the participation of 

Ly-6Chigh monocytes in atherosclerosis.6, 7 However, more recent studies revealed similar 

ratios of Ly-6Chigh and Ly-6Clow monocytes in hypercholesterolemic mice,9, 32 

contributions or infiltration of both subsets to atherosclerosis,9, 33 and higher correlation of 

Ly-6Clow monocyte number with lesion size.32 Furthermore, very recent studies indicated 

that reduced atherosclerosis was correlated with decreased recruitment of Ly-6Clow 

monocytes.34–36 These disparate results may be related to the fact that most previous studies 

focused on advanced atherosclerosis,6, 7, 34, 35 in which macrophage proliferation plays a 

dominant role.14 Monocyte recruitment plays a more important role in early 

atherogenesis.13, 14 Our data are consistent with early monocyte activation and 

differentiation in blood, which correlates with enhanced recruitment in early atherosclerosis. 

Indeed, our current study revealed early emergence of foamy monocytes in blood of mice 

with severe hypercholesterolemia and upregulation of CD11c on this population. Moreover, 

we report that CD11c+(CD36+) foamy monocytes infiltrated into early atherosclerotic 

lesions and maintained high expression of CD11c within the lesions. We have previously 

reported that CD11c represents a functional integrin on foamy monocytes in human and 

mouse circulation and is necessary for shear-resistant adhesion to VCAM-1 upregulated on 

inflamed arterial endothelium.8, 11 Induction of the high-affinity ligand-binding state of 

CD11c on monocytes correlates with lipid uptake and enhances monocyte recruitment to 

VCAM-1 through coalescence on the plasma membrane and subsequent activation of the 

α4β1-integrin (VLA-4).37 Significantly, we currently showed that deletion of CD11c 

reduced foamy monocyte infiltration into early atherosclerotic lesions, and the specific 
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depletion of foamy monocytes decreased CD11c+ cells in atherosclerotic aortas and reduced 

development of early atherosclerosis. These data support a crucial role of foamy monocytes 

and increased expression and function of CD11c on monocytes in activation of recruitment 

to sites of early atherosclerosis. Also noteworthy is the observation that CD16+ monocytes 

from humans with familial hypercholesterolemia, with elevated levels of CD11c, showed 

enhanced adhesion to activated endothelium.29

Studies from Cybulsky’s group indicated that macrophages/DCs also proliferated in early 

atherosclerosis and that Ly-6Chigh monocytes infiltrated into early atherosclerotic lesions. 

Notably, most of the cells they observed in early lesions expressed CD11c.19, 38 Our 

findings are consistent with these reports and another study2 showing preferential increases 

in CD11c+/CD11b+ cells in advanced atherosclerotic aortas. Furthermore, CD11c+ cells 

seem to be selectively localized in atherosclerotic lesions (but rarely in adventitia where 

there are CD11b+/CD11c− cells)2, 6, 8, 19, 22, 38 and are the major cell type undergoing 

proliferation in early atherosclerotic lesions.19 Cell proliferation may contribute to the 

increases in CD11c+ cells in atherosclerotic lesions.19, 38 Here we demonstrated that 

infiltration of CD11c+ foamy monocytes contributes to the increase in CD11c+ cells in the 

lesions and development of early atherosclerosis. Consistent with our findings is the report 

of Tacke et al showing that Ly-6Clow monocytes, most of which were CD11c+, were more 

prone to become CD11c+ cells in atherosclerotic lesions following infiltration.6

Finally, we need to point out that our current study focused on the role of “foamy 

monocytes,” but not specifically “Ly-6Clow” monocytes, in nascent atherosclerosis. 

Deficiency of NR4A1 in apoE−/− or Ldlr−/− mice decreased abundance of Ly-6Clow 

monocytes, but increased39 or did not change40 the development of atherosclerosis. 

However, loss of NR4A1 increased lipid accumulation in circulating monocytes, also 

supporting a role of lipid accumulation within monocytes in atherosclerosis.39

A limitation of our current study is that we used apoE−/− mice on WD as the animal model 

of atherosclerosis. Although this mouse model has been widely used,2, 6, 7 these mice have 

severe hypercholesterolemia. Foamy monocytes in these mice may have higher lipid content 

than foamy monocytes in human subjects after high-fat high cholesterol diet.10–12 

Nevertheless, because of the prevalence of foamy monocytes and easier identification of the 

early stage of atherogenesis in these mice, we believe that the data presented with this 

mouse model are relevant to human studies showing the presence of foamy monocyes in the 

circulation after high-fat high-cholesterol diet or with severe hypercholesterolemia.10–12, 25

In summary, we reveal the dynamics of inflammatory changes in monocytes in apoE−/− 

mice fed a WD, an established model of hypercholesterolemia and atherosclerosis. Blood 

monocytes take up CE-VLDLs and become foamy, and this elicits subsequent phenotypic 

changes including upregulation of CD11c, CD36 and proinflammatory cytokines. Foamy 

monocytes infiltrate into early atherosclerotic lesions and become CD11c+ cells. We show 

that CD11c specifically expressed on foamy monocytes supports their selective trafficking 

to atherosclerosis-prone lesions in aorta and differentiation into CD11c+ macrophages/DCs. 

Evidence from other reports19, 38 supports their proliferation within the lesions. These 

processes may represent the earliest events and play a major role in nascent atherosclerosis.
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Significance

Hypercholesterolemia is a major risk factor for atherosclerosis. Monocyte infiltration 

from the circulation into the arterial wall is a crucial early step in atherogenesis. 

However, effects of atherogenic lipoproteins on circulating monocytes and their 

consequences on early atherogenesis remain largely unknown. We previously reported 

foamy monocytes, containing intracellular lipid droplets, in the circulation of mice with 

hypercholesterolemia. We now report early emergence of foamy monocytes, with 

upregulation of CD11c and CD36, in blood of mice with severe hypercholesterolemia, 

and revealed an important role of CD36 in monocyte uptake of atherogenic lipoproteins. 

Specific labeling or depletion of circulating foamy monocytes demonstrated that foamy 

monocytes infiltrated into nascent atherosclerotic lesions in a CD11c-dependent manner 

and contributed to early atherogenesis. Therefore, our current studies add novel 

information to the current concept of development of early atherosclerosis with severe 

hypercholesterolemia.
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Figure 1. Early appearance of foamy monocytes in blood of apoE−/− mice on western high-fat 
diet (WD)
A, Percentages of foamy monocytes in total monocytes in blood of apoE−/− mice at various 

time points (from 3 days to 10 weeks) after starting WD analyzed by flow cytometry. n=6–7 

mice/group. B, Representative flow cytometric examples of monocytes in WT or apoE−/− 

mice on WD (for 3 days) from more than 5 independent experiments with 3–7 samples/

group in each experiment. C, Percentages of CD11c+ monocytes in foamy, nonfoamy and 

total monocytes in blood of apoE−/− and WT mice on WD or normal diet (ND). n=6–7 mice/

group. *P<0.05 versus WT WD and P<0.01 versus WT ND and apoE−/− ND; **P<0.01, 

***P<0.001 versus WT ND, WT WD and apoE−/− ND; #P<0.05 versus WT ND and WT 

WD.
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Figure 2. Three major monocyte subsets in mouse blood
A, A representative sample of monocyte subsets in blood of a WT mouse showing three 

major subsets based on CD11c and CD36, and their relationship to Ly-6C expression, from 

3 independent experiments with 3 or 4 samples in each experiment. B, A representative 

example of monocyte reappearance and subset conversion in blood of WT mice after 

monocyte depletion by intravenous injection of clodrosome (0.3 ml/mouse), from 2 

independent experiments with 4 samples in each experiment. C, A representative example of 

subset conversion of EdU-labeled monocytes in blood of WT mice after injection with EdU, 

from 2 independent experiments with 3 samples in each experiment.
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Figure 3. Some characteristics of foamy monocytes in apoE−/− mice on WD
A, Representative examples of monocyte subsets (left panel) and relative ratios of 

CD11c+CD36+ to CD11c−CD36+ monocytes (right panel) in apoE−/− mice on ND or WD. 

n=4–6 mice/group. B, Representative staining for CD11c and CD36 of foamy and nonfoamy 

monocytes in apoE−/− mice on WD (4 weeks) from more than 5 independent experiments 

with at least 4 samples in each experiment. C, Comparisons of CD11c and CD36 mean 

fluorescence intensity (MFI) levels on foamy and nonfoamy CD11c+CD36+ monocytes in 

apoE−/− mice on WD or ND. n=5–9 mice/group. D, mRNA levels of TNFα and IL-1β in 

foamy and nonfoamy monocytes from apoE−/− mice on WD. n=3 samples, each of which 

were pooled blood from 5 mice. *P<0.05, ***P<0.001 versus ND group (in panel A) or 

nonfoamy monocytes (in panels C and D); #P<0.05, ##P<0.01 versus ND group (in panel C).
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Figure 4. Monocyte uptake of CE-VLDLs and subset conversion in WT and CD36−/− mice
A, Representative flow cytometric analyses of monocytes that took up DiI-CE-VLDLs 

(becoming DiI+), from more than 5 independent experiments with at least 3 samples in each 

experiment. A bolus of DiI-CE-VLDLs was intravenously injected into WT mice on ND. At 

3 and 24 hours, blood was taken for flow cytometric analysis. Gated total leukocytes (for 

CD204) or DiI+ monocytes (for CD36 and CD11c) are presented. B, Relative ratios of 

CD11c+CD36+ to CD11c−CD36+ monocytes in WT mice on ND after receiving repetitive 

daily injection of CE-VLDLs or PBS (control) for 3 days. n=4 mice/group. C, 

Representative flow cytometric analysis of monocyte uptake of DiI-CE-VLDLs, and 

quantification of DiI+ monocytes in total monocytes and DiI MFI levels on DiI+ monocytes, 

in WT and CD36−/− mice after receiving intravenous injection of a bolus of DiI-CE-VLDLs. 

n=11–12 mice/group. *P<0.05 versus preinjection (in panel B) or WT controls (in panel C).
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Figure 5. Labeling of foamy monocytes and infiltration of foamy monocytes into nascent 
atherosclerotic lesions
A, Representative flow cytometric analysis samples showing specific labeling of foamy 

monocytes and phenotypes of labeled foamy monocytes in apoE−/− mice on WD (3 weeks) 

after intravenous injection of DiI-CE-VLDLs with or without fluorescent microbeads, from 

more than 5 independent experiments with at least 3 samples in each experiment. B, 

Representative flow cytometric analysis samples showing foamy monocytes (DiI+F4/80low) 

in atherosclerotic aortas with sustained expression of CD11c, from 4 independent 

experiments with at least 3 samples in each experiment. C, Representative histology of 

aortic sinus showing accumulation of microbead+ (green) cells, which were also DiI+ (red, 

left panel) and CD11c+ (red, right panel), in atherosclerotic lesions of apoE−/− mice on WD 

(3 weeks) after intravenous injection of fluorescent microbeads with (left panel) or without 

(right panel) DiI-CE-VLDLs. D, Normalized frequency of infiltrated foamy monocytes in 

aortas of CD11c−/−/apoE−/− and CD11c+/+/apoE−/− mice on WD (3 weeks). n=5–7 samples/

group. E, Representative histology and quantification of foamy monocyte infiltration in 

aortic sinus lesions of CD11c−/−/apoE−/− and CD11c+/+/apoE−/− mice on WD (3 weeks). 

n=15 samples/group.
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Figure 6. Effects of foamy monocyte depletion on development of nascent atherosclerosis
A, Specific depletion of foamy monocytes in apoE−/− mice on WD with daily injection of 

low-dose clodrosome (3 weeks). n=7 samples/group. B, CD11b+/CD11c+ cells in aortas of 

apoE−/− mice on WD with or without foamy monocyte depletion. n=5–7 samples/group. C, 

Quantification of atherosclerotic lesions, as indicated by oil red O staining, in aortic sinus of 

apoE−/− mice on WD with or without foamy monocyte depletion. n=5 mice/group. D, 

Representative staining for CD11c (red) and CD11b (green), and quantitation of CD11c 

staining in aortic sinus lesions of apoE−/− mice on WD with or without foamy monocyte 

depletion. n=5 mice/group.
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