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 To determine whether GM-CSF-differentiated mac-
rophages become cholesterol-enriched foam cells when 
incubated with native LDL, we incubated macrophages 
with 0–4 mg/ml of LDL (  Fig. 3A  ).  Macrophages showed 
massive, progressive accumulation of cholesterol when in-
cubated with LDL concentrations up to 4 mg/ml. Assess-
ment of macrophage-neutral lipid by Oil Red O staining 
revealed intense staining of macrophages incubated with 
LDL ( Fig. 3C ), whereas macrophages incubated without 
LDL showed no staining ( Fig. 3B ). This result shows that 
GM-CSF-differentiated murine macrophages become lipid-
enriched foam cells when incubated with native LDL. 

 We next examined the possibility that macrophages may 
increase the production of infl ammatory cytokines when 
incubated with LDL. To examine this, macrophages were 
incubated without or with 1 mg/ml LDL, and extracellular 
cytokine levels were assayed (supplementary Fig. II). Sur-
prisingly, macrophages incubated with LDL showed no 
signifi cant difference in cytokine levels compared with 
macrophages incubated without LDL. 

 To determine whether macrophages incubated with 
LDL downregulate cholesterol accumulation with time, 
we incubated macrophages with 1 mg/ml LDL for 0–24 h 
and assessed cholesterol accumulation (  Fig. 4  ).  Macrophages 
continued to accumulate LDL-derived cholesterol for the 
24 h incubation, showing that downregulation of choles-
terol accumulation does not occur within the incubation 
period examined. 

 We also determined whether removal of GM-CSF from 
the culture medium affects macrophage accumulation of 
LDL-derived cholesterol, as previous studies have shown 
that fl uid-phase pinocytosis of solute by M-CSF-differenti-
ated, mouse bone marrow-derived macrophages can be 
stimulated by M-CSF ( 29 ). Macrophages were incubated 
with LDL in the presence or absence of GM-CSF for 6 h, 
and cholesterol accumulation was assessed. Removal of 

generated from wild-type mice were morphologically simi-
lar to macrophages generated from LDL receptor-null 
mice. 

 GM-CSF is present in atherosclerotic plaques of mice 
( 15 ) and humans ( 14 ) and is known to stimulate prolifera-
tion of CD11c + CD68 +  cells in atherosclerotic lesions of 
mice ( 24 ). CD68 is commonly utilized as a marker of mac-
rophages, whereas CD11c +  is usually considered a specifi c 
marker of dendritic cells. However, previous studies have 
demonstrated that CD11c is expressed by some types of 
macrophages ( 25–27 ). The cells we generated from mouse 
bone marrow with GM-CSF resembled macrophages as 
described previously by Inaba et al. ( 28 ). The round mac-
rophages also resembled the round foam cells that abun-
dantly accumulate in mouse atherosclerotic lesions that 
show CD11c staining ( 24 ). Therefore, we determined 
whether our cultured GM-CSF-differentiated macrophages 
expressed CD11c. Because different macrophage pheno-
types result from differentiation of macrophage precursors 
with either with GM-CSF or M-CSF ( 12 ), we also assessed 
CD11c expression by LDL receptor-null bone marrow-
derived macrophages that were differentiated with either 
GM-CSF or M-CSF. In contrast to GM-CSF-differentiated 
macrophages, M-CSF-differentiated macrophages have an 
elongated morphology similar to human M-CSF-differenti-
ated macrophages ( 11 ). As expected, both macrophage 
phenotypes expressed the macrophage marker CD68 
(  Fig. 2C , F ).  However, CD11c was expressed only by GM-CSF-
differentiated macrophages; it was not expressed by M-CSF-
differentiated macrophages ( Fig. 2B, E ). Identical results 
were obtained for macrophages differentiated from wild-type 
mice (supplementary Fig. I). These results identify a differen-
tial marker for murine GM-CSF- and M-CSF-differentiated 
macrophages and provide evidence that GM-CSF-differ-
entiated macrophages are present within atherosclerotic 
lesions of mice. 

  Fig.   2.  GM-CSF-differentiated macrophages express CD11c. LDL receptor-null bone marrow cells were 
differentiated into macrophages with (A–C) GM-CSF or (D–F) M-CSF. Macrophages were immunostained 
for (B and E) CD11c or (C and F) CD68 and counterstained with DAPI. (A and D) Phase-contrast images of 
GM-CSF- or M-CSF-differentiated macrophages. Scale bar = 50 µm (applies to all micrographs).   
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for human macrophages,  125 I-LDL uptake by the mouse 
macrophages was linearly related to the concentration of 
 125 I-LDL added to cells and did not show saturation, indi-
cating that uptake occurred through fl uid-phase pinocyto-
sis and not by receptor-mediated endocytosis. Greater 
than 90% of  125 I-LDL taken up by macrophages was de-
graded.  125 I-LDL degradation could not be explained by 
extracellular degradation of  125 I-LDL because conditioned 
media from macrophages incubated with 200 µg/ml unla-
beled LDL did not produce degradation of  125 I-LDL added 
to the conditioned medium (data not shown). In contrast 
to macrophage nonsaturable uptake of  125 I-LDL, mac-
rophages incubated with increasing concentrations of  125 I-
acetylated LDL ( 125 I-AcLDL) showed saturation of  125 I-AcLDL 
uptake, indicating the expected receptor-mediated uptake 
of  125 I-AcLDL ( Fig. 5B ). These data show that macrophage 
uptake of  125 I-AcLDL occurs by binding to receptors, 
whereas native  125 I-LDL uptake occurs by fl uid-phase pino-
cytosis independently of receptors. 

 We next sought to determine whether the LDL receptor 
contributes to any signifi cant amount of macrophage uptake 
of native LDL by mouse bone marrow-derived, GM-CSF-dif-
ferentiated wild-type macrophages. To test for this possibil-
ity, we incubated wild-type macrophages with increasing 
doses of  125 I-LDL ( Fig. 5C ). Similar to LDL receptor-null 
macrophages, uptake of  125 I-LDL by wild-type macrophages 
did not saturate, and it was linearly related to the concentra-
tion of  125 I-LDL added to cells, indicating that the LDL re-
ceptor did not contribute to macrophage uptake of  125 I-LDL. 
To confi rm that macrophage uptake of LDL occurs inde-
pendently of receptors, we incubated wild-type macrophages 
with  125 I-LDL alone or  125 I-LDL and a 20-fold excess of unla-
beled LDL (supplementary Fig. IV). Macrophage uptake of 
 125 I-LDL was not signifi cantly different between groups. In 
contrast, when macrophages were incubated with  125 I-AcLDL 
and a 20-fold excess of unlabeled AcLDL,  125 I-AcLDL uptake 
levels were signifi cantly reduced compared with mac-
rophages incubated with  125 I-AcLDL only. This result con-
fi rms that macrophage uptake of unmodifi ed LDL occurs by 
fl uid-phase pinocytosis independently of receptors. 

GM-CSF from the macrophage culture medium did not 
decrease the amount of cholesterol accumulated (supple-
mentary Fig. III), indicating that macrophage LDL-derived 
cholesterol accumulation is constitutive. 

 Because the GM-CSF-differentiated macrophages showed 
morphologic evidence of macropinosomes and because 
we previously showed that human monocyte-derived mac-
rophages show fl uid-phase pinocytosis of LDL mediated 
by macropinocytosis ( 6, 7, 10 ), we anticipated that LDL 
uptake was mediated by fl uid-phase pinocytosis rather 
than receptor-mediated endocytosis, given that the LDL 
receptor could not explain the accumulation of choles-
terol. To test this idea, GM-CSF-differentiated macro-
phages were incubated with increasing concentrations 
of  125 I-LDL to assess whether receptors mediate uptake of 
 125 I-LDL (  Fig. 5A  ).  Similar to what we previously showed 

  Fig.   3.  Macrophage incubation with LDL leads to massive accu-
mulation of cholesterol and lipid droplets. (A) LDL receptor-null 
macrophages were incubated with increasing concentrations of 
LDL for 24 h and assessed for cholesterol accumulation. (B and C) 
LDL receptor-null macrophages were incubated (B) without or 
(C) with 4 mg/ml LDL and stained with Oil Red O to identify neu-
tral lipid. Scale bars = 40 µm.   

  Fig.   4.  Accumulation of LDL-derived cholesterol by macrophages 
is progressive with time. LDL receptor-null macrophages were in-
cubated with 1 mg/ml LDL for 0–24 h and assessed for cholesterol 
accumulation.   
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LDL. To assess this,  125 I-LDL was incubated with wild-type 
macrophages in the presence or absence of AS605240, or 
with macrophages derived from PI3K � -null mice ( Fig. 6B ). 
Macrophage uptake of  125 I-LDL was inhibited 44% by 
AS605240 compared with untreated macrophages, sug-
gesting that AS605240 inhibition of PI3K �  was responsible 
for the reduced uptake of  125 I-LDL. Incubation of PI3K � -
null macrophages with  125 I-LDL showed a 49% reduction 
in LDL uptake compared with wild-type macrophages, con-
fi rming that PI3K �  is a mediator of LDL uptake and foam-
cell formation in GM-CSF-differentiated macrophages. 

 Because macropinocytosis requires actin polymeriza-
tion, we also determined the effect of the actin polymer-
ization inhibitor cytochalasin D on LDL-derived cholesterol 
accumulation (supplementary Fig. V). Net LDL-derived 
cholesterol accumulation was inhibited by 93% in the pres-
ence of cytochalasin D, whereas no effect of cytochalasin D 
was observed for net AcLDL-derived cholesterol accumula-
tion. This result shows that macrophage actin polymeriza-
tion is required for LDL-derived cholesterol accumulation 
but not AcLDL-derived cholesterol accumulation, and 

 Murine macrophage fl uid-phase pinocytosis previously 
has been shown to be dependent on PI3K signaling path-
ways ( 13 ), and an earlier study showed that inhibition of 
PI3K �  with the PI3K � -specifi c inhibitor AS605240 resulted 
in an approximate 50% reduction in atherosclerosis ( 30 ). 
We therefore tested the effect of AS605240 on macrophage 
LDL-derived cholesterol accumulation. Wild-type mac-
rophages were incubated without LDL, with 1 mg/ml 
LDL, or with 1 mg/ml LDL and AS605240 (  Fig. 6A  ). 
Macrophage net cholesterol accumulation was inhibited 
51% by AS605240, suggesting that PI3K �  is a mediator of 
LDL-derived cholesterol accumulation. We assessed LDL-
derived cholesterol accumulation for GM-CSF-differenti-
ated macrophages from PI3K � -null mice to confi rm that 
PI3K �  mediates LDL-derived cholesterol accumulation 
( Fig. 6A ). PI3K � -null macrophages accumulated 60% less 
cholesterol compared with wild-type macrophages, con-
fi rming our result with the PI3K �  inhibitor. We next 
sought to determine whether the reduced cholesterol ac-
cumulation for AS605240-treated and PI3K � -null mac-
rophages was due to reduced fl uid-phase pinocytosis of 

  Fig.   5.  Macrophage uptake of LDL is mediated by fl uid-phase pinocytosis. LDL receptor-null macrophages were incubated 24 h with in-
creasing concentrations of (A)  125 I-LDL or (B)  125 I-AcLDL for 24 h, and total  125 I-LDL uptake was assessed. (C) Wild-type macrophages were 
incubated 24 h with increasing concentrations of  125 I-LDL, and total  125 I-LDL uptake was assessed. Macrophage uptake of  125 I-LDL or 
 125 I-AcLDL represents the sum of cell-associated and degraded  125 I-lipoprotein.   

  Fig.   6.  PI3K �  mediates LDL-derived cholesterol 
accumulation and LDL uptake by macrophages. 
(A) Wild-type macrophages were incubated for 
24 h with 1 mg/ml LDL without or with 1 µM 
AS605240, PI3K � -null macrophages were incu-
bated for 24 h with 1 mg/ml LDL, and then choles-
terol accumulation was assessed. (B) Wild-type 
macrophages were incubated 24 h with 200 µg/ml 
 125 I-LDL without or with1 µM AS605240, PI3K � -
null macrophages were incubated 24 h with 200 
µg/ml  125 I-LDL, and then total  125 I-LDL uptake was 
assessed (i.e., sum of cell-associated and degraded 
 125 I-LDL). The percentage inhibition is indicated 
in parentheses. The basal cholesterol level was 83 
nmol/mg cell protein for untreated wild-type mac-
rophages and 78 nmol/mg cell protein for un-
treated PI3K � -null macrophages. ** P  < 0.01.   
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 In this study, murine bone marrow cells were differenti-
ated into macrophages with GM-CSF. Because differentia-
tion of murine bone marrow with GM-CSF can also 
generate dendritic cells, it is important to note that 
GM-CSF-differentiated macrophages are clearly distinguish-
able from dendritic cells. In contrast to GM-CSF-differentiated 
dendritic cells that are weakly adherent to tissue culture 
plastic, GM-CSF-differentiated macrophages are strongly 
adherent ( 28 ). During macrophage differentiation, we ob-
served a small number of nonadherent dendritic cells with 
characteristic dendrites. These cells were removed by thor-
ough washing upon changing the culture medium. The 
resulting strongly adherent GM-CSF-differentiated mac-
rophages lacked the dendrite processes of the nonadher-
ent dendritic cells and, in contrast to bone marrow-derived 
dendritic cells, were heavily vacuolated ( 28 ). Thus, we 
show that our culture conditions produce macrophages, 
not dendritic cells. 

 CD11c +  cells are present within nascent ( 24 ) and ad-
vanced ( 15 ) atherosclerotic plaques. These cells are 
thought to be dendritic cells due to the expression of 
CD11c, a marker regarded as specifi c for dendritic cells 
( 25 ). However, CD11c is also expressed on some types of 
macrophages ( 25–27 ), including as we have shown, the 
bone marrow-derived, GM-CSF-differentiated macrophages 
described in this study. Most CD11c +  cells within early le-
sions have a rounded morphology and lack dendrites simi-
lar to the GM-CSF-differentiated macrophage phenotype 
we observed in this study, suggesting that many of these 
lesion cells are macrophages ( 24 ). 

 Inhibition of PI3K �  signaling by AS605240 treatment or 
genetic deletion of PI3K �  was recently found to prevent 
the development of atherosclerosis in ApoE  � / �   and 
LDLr  � / �   mice ( 30 ). AS605240 is a potent and selective in-
hibitor of PI3K �  ( 32, 33 ). We show that AS605240 inhibits 
macrophage uptake of LDL and cholesterol accumulation 
 � 50% compared with untreated cells. As a similar reduc-
tion in LDL uptake and cholesterol accumulation was ob-
served when comparing PI3K � -null with wild-type 
macrophages, this provides further evidence that AS605240 
targets PI3K � -mediated fl uid-phase uptake of LDL. Our 
fi ndings suggest that the reduction of atherosclerosis by 
AS605240 treatment or defi ciency of PI3K �  may be con-
tributed to by inhibition of macrophage uptake of LDL. 

suggests that almost all LDL uptake occurs by macropino-
cytosis. To confi rm that most macrophage uptake of LDL 
is mediated by macropinocytosis, we incubated mac-
rophages with 4 mg/ml LDL for 10 min and quantifi ed 
immunogold-labeled LDL in macropinosomes (>0.2 µm) 
and micropinosomes ( � 0.2 µm) by transmission electron 
microscopy (  Table 1  ).  Greater than 97% of LDL particles 
were found within macropinosomes (supplementary Fig. 
VI), and thus, essentially all LDL particles were internal-
ized within macropinosomes. Macrophages incubated 
without LDL showed no anti-LDL immunogold labeling 
(supplementary Fig. VI), consistent with most LDL being 
taken up by macropinocytosis. AS605240 treatment of 
macrophages reduced the number of LDL-containing 
macropinosomes by 38% compared with vehicle-treated 
macrophages. This resulted in a similar 41% decrease in 
the LDL particles internalized by macropinosomes. 

 DISCUSSION 

 It was previously thought that LDL uptake by murine 
macrophages occurs only by receptor-mediated uptake of 
modifi ed LDL. In this study, we report that murine GM-
CSF-differentiated macrophages take up native LDL by 
fl uid-phase pinocytosis and become lipid-rich foam cells 
independently of receptors. Macrophage uptake of LDL 
could not be attributed to receptors because uptake of 
LDL was linearly related to the concentration of LDL 
added to macrophages. Furthermore, the LDL receptor 
did not mediate macrophage uptake of LDL because wild-
type macrophages showed linear uptake of LDL, similar to 
macrophages lacking the LDL receptor. In contrast to 
macrophage fl uid-phase pinocytosis of native LDL, uptake 
of acetylated LDL showed curvilinear kinetics with respect 
to the acetylated LDL concentration added to mac-
rophages, indicating saturation of receptors. As acetylated 
LDL binds to scavenger receptors ( 31 ), native LDL uptake 
by scavenger receptors would be expected to show recep-
tor saturation similar to acetylated LDL. We found no 
evidence of receptor saturation, indicating that scaven-
ger receptors do not mediate native LDL uptake. Our 
results show that modifi cation of plasma LDL is not 
necessary for foam-cell formation in murine GM-CSF-
differentiated macrophages. 

 TABLE 1. AS605240 inhibits macrophage macropinocytosis of LDL 

Pinosome Size

Number of 
Pinosomes Containing 
Immunogold-labeled 

LDL Particles per 
Cell Section

Number of Immunogold 
LDL Particles in Pinosomes 

per Cell Section

Percentage of Immunogold-
labeled LDL Particles in 

Macro- and Micropinosomes

 AS605240  AS605240  AS605240 

 � +  � +  � +
ma cro pinosomes 15.2 9.4 88 52 99 97
mi cro pinosomes 0.7 0.9 1 1 1 3

GM-CSF-differentiated macrophages were incubated 10 min with 4 mg/ml LDL with or without AS605240. 
LDL particles were identifi ed by anti-LDL immunogold labeling and counted. The immunogold-labeled particles 
in pinosomes were counted in 30 random cells for each condition (i.e., ±AS605240). Macropinosomes are >0.2 µm. 
Micropinosomes are �0.2 µm.
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differences exist because the macrophage yield of murine 
monocytes differentiated with GM-CSF was too low to as-
sess LDL uptake and cholesterol accumulation. 

 Murine bone marrow-derived M-CSF-differentiated 
macrophages are dependent on the presence of M-CSF for 
macropinocytosis ( 40 ). In contrast, murine bone marrow-
derived GM-CSF-differentiated macrophages showed macro-
pinocytosis of LDL independently of the presence of 
GM-CSF, as cholesterol accumulation was not decreased 
by removal of GM-CSF. Thus, macropinocytosis of LDL is 
constitutive for murine GM-CSF-differentiated macrophages. 
We did not observe downregulation of macrophage LDL-
derived cholesterol accumulation, showing that choles-
terol is able to continually accumulate within these 
macrophages during the 24 h of incubation with LDL. 

 Murine macrophage uptake of LDL by fl uid-phase pino-
cytosis is consistent with reports showing that genetic 
knockout of the scavenger receptors SRA and/or CD36, 
which mediate uptake of oxidized LDL, does not affect 
lipid accumulation and foam-cell formation in murine 
atherosclerotic plaques ( 41, 42 ). Our results help explain 
how cholesteryl ester and lipid droplets accumulate within 
arterial plaque macrophages, as macrophages incubated 
with native LDL showed massive accumulation of choles-
teryl ester and lipid droplets. Furthermore, we have identi-
fi ed PI3K �  as a signaling intermediate to target for limiting 
macrophage cholesterol accumulation in atherosclerotic 
plaques.  

 The authors thank the Electron Microscopy Core Facility, 
National Heart, Lung, and Blood Institute, National Institutes 
of Health, for the use of its electron microscope. 
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