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Atherosclerosis is a chronic inflammatory disease of the vasculature that is initiated by cholesterol deposition into the
arterial wall, which triggers the infiltration of immune and inflammatory cells, including monocytes and macrophages. As
atherosclerotic plaques progress, localized hypoxia promotes compensatory angiogenesis from the vasa vasorum.
Immature neovessels are prone to leakage, thus destabilizing the plaque and leading to intraplaque hemorrhage.
Macrophages with different phenotypes, ranging from classical inflammatory subtypes to alternatively activated
antiinflammatory macrophages, have been identified in atherosclerotic lesions. Antiinflammatory hemoglobin-scavenging
CD163+ macrophages are present in neovessel- and hemorrhage-rich areas; however, the role of these macrophages in
atherogenesis has been unclear. In this issue of the JCI, Guo, Akahori, and colleagues show that CD163+ macrophages
promote angiogenesis, vessel permeability, and leucocyte infiltration in human and mouse atherosclerotic lesions through
a mechanism involving hemoglobin:haptoglobin/CD163/HIF1α-mediated VEGF induction. This study thus identifies
proatherogenic properties of CD163+ macrophages, which previously were thought to be beneficial.
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Macrophages contribute to 
intraplaque neovascularization
Atherosclerosis is a chronic, progressive 
disease of the large arteries that over 
decades culminates in acute cardiovascular 
events, such as myocardial infarction and 
stroke. Early lipid deposition, endothelial 
cell activation, and leucocyte recruitment 
in the vascular intima result in progression 
to complex atherosclerotic lesions, the sta-
bility of which determines the incidence of 
cardiovascular events due to plaque rupture 
or erosion and thrombus formation. Cur-
rent therapeutic strategies aim to stabilize 
existing plaques, for instance, by decreas-
ing inflammation (1). Plaque angiogenesis 
and intraplaque hemorrhage, which occur 
when plaques increase in size, are import-
ant contributors to plaque progression 

and instability (Figure 1 and ref. 2). Plaque 
neovascularization is thought to be mainly 
driven by local hypoxia (3) that is provoked 
by progressive thickening of the neointimal 
layer and overconsumption of O2 by plaque 
macrophages (4). The hypoxia stabilizes 
HIF1α protein, which subsequently induces 
the expression and secretion of proangio-
genic factors such as VEGF (3). Neovessel 
formation includes a construction phase 
(tubulogenesis), which consists of proteo-
lytic degradation of the extracellular matrix 
(ECM) and proliferation and migration of 
endothelial cells, and a stabilization phase 
(maturation), during which the integrity 
of the vessel is established by reconstruc-
tion of ECM around the neovessel (5). In 
advancing atherosclerosis, angiogenesis is 
frequently incomplete, resulting in vascular 

leakage and hemorrhage and subsequent 
uptake of RBC, hemoglobin (Hb), and 
iron by surrounding macrophages (6–8), 
ultimately leading to destabilization (2). 
Therefore, apart from being involved in 
cholesterol uptake and foam cell formation, 
macrophages are involved in numerous 
processes during atherogenesis.

While the Manichean concept that 
macrophages can be divided into proin-
flammatory M1 and antiinflammatory M2 
subsets has mainly been described in vitro 
(9), this framework has allowed the identi-
fication of heterogeneous macrophages in 
atherosclerosis. Subsequent studies have 
identified a wide spectrum of intermediary 
macrophage phenotypes within the plaque 
(10). Indeed, macrophage polarization 
depends on the microenvironment, where 
different pro- and antiinflammatory signals 
coexist with complex lipids, senescent cells, 
hypoxia, and accumulated Hb and iron. 
Depending on the stimuli, macrophages 
can skew toward an oxidized LDL–activat-
ed proinflammatory M1 subset, an IL-4–
induced antiinflammatory M2 subset, a 
Hb-associated subset referred to as M(Hb) 
or Mhem, an oxidized phospholipid–stim-
ulated Mox subset, or a CXCL4-activated 
M4 subtype (10). Macrophage behavior is 
therefore a highly dynamic process during 
which macrophage activity dynamical-
ly adapts to the microenvironment, thus 
allowing macrophage subsets to participate 
in almost every step of atherosclerosis (10). 
Cholesterol accumulation into the artery 
wall results in M1 polarization, thereby 
enhancing the inflammatory response. M2 
macrophages are thought to contribute to 
tissue repair, inflammation resolution, and 
efficient efferocytosis by scavenging apop-
totic cells. In addition, macrophages may 
contribute to intraplaque neoangiogenesis. 
Indeed, IL-4– and IL-13–activated mac-
rophages facilitate capillary sprouting by 
remodeling ECM through the secretion of 
matrix metalloproteinases (MMP2, MMP7, 
MMP9, and MMP12) and tip cell guidance 
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is initiated by cholesterol deposition into the arterial wall, which triggers 
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promotes compensatory angiogenesis from the vasa vasorum. Immature 
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promote angiogenesis, vessel permeability, and leucocyte infiltration in 
human and mouse atherosclerotic lesions through a mechanism involving 
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progression (Figure 1 and ref. 12), suggest-
ing a role for this macrophage population 
in plaque angiogenesis and vascular per-
meability (Figure 1, i and ii). Whether these 
CD163+ macrophages are derived from 
cells newly recruited through the leaky 
vessel, or whether they are derived from 
preexisting macrophages that have been 
skewed toward M(Hb) is unclear. Never-
theless, these CD163+ cells were mostly 
present in areas of high microvessel per-
meability. In mice, Cd163 gene deletion in 
the proatherogenic Apoe–/– genetic back-
ground impaired plaque progression (12). 
Finally, genetic analysis of cardiovascular 
disease patient cohorts revealed an associ-
ation between the rs7136716 GG polymor-
phism of CD163, which increases CD163 
expression, and coronary plaque rupture 

such as TNF-α, and more antiinflammatory 
cytokines, such as IL-10. Along with a not-
ed decrease of cholesterol accumulation, 
CD163+ macrophages have been suggested 
to serve an atheroprotective role (11). How-
ever, the study from Guo, Akahori, and col-
leagues in this issue challenges this simple 
concept (Figure 1 and ref. 12).

Alternative macrophages may 
exert proatherogenic activities
Guo, Akahori, and coworkers show that 
Hb-activated CD163+ macrophages are 
abundantly present in atherosclerotic 
plaques (12). Analysis of human endar-
terectomy samples revealed that CD163+ 
macrophages are mainly present in neo-
vascularized, VEGF-positive hemorrhagic 
areas and correlate with markers of plaque 

by secreting semaphorins (5). Moreover, 
these macrophages produce angiogenic 
factors, including TGF-β, VEGF, and EGF 
(5). However, incomplete neovasculariza-
tion results in intraplaque hemorrhage, and 
erythrocyte lysis releases high amounts 
of Hb, which, after binding to haptoglo-
bin (Hp), is internalized by macrophages 
through the scavenger receptor CD163. 
Exposure to Hb:Hp skews macrophages 
toward an alternatively activated M(Hb) 
phenotype (11). Intracellular accumulation 
of Hb and iron enhances the activity of the 
oxysterol-activated nuclear receptor liver X 
receptor α (LXRα), thereby inducing cho-
lesterol efflux and preventing foam cell for-
mation (6, 8). Additionally, compared with 
M1-polarized macrophages, CD163+ cells 
produce fewer proinflammatory cytokines, 

Figure 1. Alternative CD163+ macrophages associate with atherosclerotic plaque hemorrhage and leakage. CD163+ M(Hb) macrophages are abundant in 
hemorrhage areas, in which erythrolysis provides high amounts of Hb (i). In complex with Hp, Hb is scavenged by CD163 and induces the expression of FPN, 
which promotes intracellular Fe2+ depletion (i). Ferrous iron efflux leads to decreased prolyl hydroxylase 2 (PHD2) activity and subsequent stabilization 
of HIF1α, which enhances VEGF expression (i) and intraplaque neovascularization. VEGF promotes VEGFR2-dependent VE-cadherin internalization (ii) 
and neovessel leakage (ii). VEGF also enhances VCAM expression and macrophage infiltration (iii), therby increasing plaque progression and erosion. ECs, 
endothelial cells; SMCs, smooth muscle cells.
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occur in the M(Hb) in hemorrhagic areas 
remains to be determined.

Conclusions
Guo, Akahori, and colleagues have shown 
that alternatively polarized CD163+ 
mac rophages may contribute to plaque 
destabilization. Dysfunctional activity of 
alternative macrophages has also been 
observed in mannose receptor–positive 
macrophages, which are located adjacent 
to areas of calcification and display an 
impaired or so-called “lazy” osteoclast 
phenotype because of defective cathep-
sin K expression (15). These findings 
indicate that even though the pathways 
established upon alternative activation 
of macrophage polarization may appear 
to be mainly antiatherogenic, under spe-
cific conditions, alternatively polarized 
macrophages can also promote athero-
sclerosis progression. Strategies targeting 
the recruitment, differentiation, and/or 
activity of CD163+ macrophages may be 
an interesting approach to combat athero-
sclerosis. Guo, Akahori, and colleagues 
propose reducing CD163 activity and/or 
expression to inhibit intraplaque neovas-
cularization and plaque progression by 
using CD163 antagonists or by inhibiting 
expression. Although data analysis from 
RNA sequencing and microarray exper-
iments performed on different subsets 
of sorted immune cells (https://www.
immgen.org/) indicates that CD163 is 
mainly expressed in macrophages, it 
is also present to a lesser extent in γδT 
cells. While γδT cells do not appear to 
be involved in early atherosclerosis (16), 
these cells accumulate in atheroma and 
may also play a role in advanced lesions. 
Although the overall effect of CD163 may 
thus involve other cell types, targeting 
CD163 may represent a new innovative 
therapeutic approach; however, addition-
al studies are needed to ensure the feasi-
bility and selectivity of such an approach.
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and plaque angiogenesis. Moreover, the 
association between CD163 rs7136716 
GG and adverse plaque features was inde-
pendent of traditional cardiovascular risk 
factors. Together, these observations by 
Guo, Akahori, and colleagues suggest that 
CD163+ macrophages exert deleterious 
effects on atherogenesis, despite their 
antiinflammatory profile (12).

Furthermore, Guo, Akahori, and 
coworkers demonstrated that CD163+ mac-
rophages probably contribute to plaque 
instability through a pathway involving 
CD163-mediated Hb:Hp macrophage 
polarization, iron-mediated HIF1α protein 
stabilization, and subsequently increased 
VEGF production (Figure 1i and ref. 12). In 
turn, VEGF stimulates VEGFR2- dependent 
VE-cadherin internalization and degrada-
tion in endothelial cells (Figure 1ii), pro-
voking a loss of endothelial barrier func-
tion and increased vascular permeability 
(Figure 1ii). In addition, VEGF enhances 
VCAM expression through a mechanism 
involving NF-κB pathway activation (Fig-
ure 1iii), hence promoting inflammato-
ry cell recruitment into the vascular wall 
(Figure 1iii and ref. 12). Intriguingly, even 
though iron-handling genes are induced in 
CD163+ macrophages upon Hb exposure, 
Guo, Akahori, and colleagues found that 
Hb:Hp-polarized macrophages have rela-
tively low levels of intracellular ferrous Fe2+, 
an observation that may explain the stabili-
zation of HIF1α (Figure 1i and ref. 8). These 
results highlight a mechanism of HIF1α- 
dependent angiogenesis that is dependent 
on iron metabolism and CD163 rather 
than on hypoxia. Indeed, accumulation of 
intracellular iron increases the expression 
of ferroportin (FPN), which promotes iron 
efflux and HIF1α-dependent activation of 
VEGF expression (Figure 1i). Interestingly, 
LXRα also induces FPN expression, inhibits 
expression of the FPN inhibitor hepcidin, 
and may therefore be an interesting target 
to prevent the dysfunction of these macro-
phages (6). Other potential mechanisms of 
interest include the energy sensor AMPK, 
which enhances VEGF, FGF2, PDGFB, 
and TGF-β expression and promotes 
intraplaque neoangiogenesis (13). In differ-
ent tissues, iron depletion enhances AMPK 
activation (14). Whether AMPK regulates 
VEGF expression in Fe2+-depleted M(Hb) 
macrophages and/or whether changes in 
intracellular pO2 and a metabolic switch 
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