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Abstract
Chronic inflammation drives atherosclerosis, the leading cause of cardiovascular disease. Over the
past two decades, data have emerged showing that immune cells are involved in the pathogenesis
of atherosclerotic plaques. The accumulation and continued recruitment of leukocytes are
associated with the development of ‘vulnerable’ plaques. These plaques are prone to rupture,
leading to thrombosis, myocardial infarction or stroke, all of which are frequent causes of death.
Plaque macrophages account for the majority of leukocytes in plaques, and are believed to
differentiate from monocytes recruited from circulating blood. However, monocytes represent a
heterogenous circulating population of cells. Experiments are needed to address whether
monocyte recruitment to plaques and effector functions, such as the formation of foam cells, the
production of nitric oxide and reactive oxygen species, and proteolysis are critical for the
development and rupture of plaques, and thus for the pathophysiology of atherosclerosis, as well
as elucidate the precise mechanisms involved.

Introduction
Atherosclerosis is a multifaceted, progressive, inflammatory disease that affects mainly
large and mediumsized arteries. It is characterized by the formation and build-up of
atherosclerotic plaques that consist of a well-defined structure of lipids, necrotic cores,
calcified regions, inflamed smooth muscle cells, endothelial cells, immune cells and foam
cells; consequently, atherosclerosis is associated with cardiovascular disease.1 In the 1970s,
details of a comprehensive scheme of ‘response-to-injury’ began to emerge,1 in which
endothelial activation is initiated by various triggers, such as altered blood rheology,
modified LDL, increased homocysteine levels, and inflammation induced by bacterial
antigens and membrane components. The presence of leukocytes within atherosclerotic
arteries was characterized in the early 1980s.2 Initially, macrophages were reported as the
predominant cell type present within atherosclerotic vessels, but T cells, B cells, neutrophils,
mast cells, dendritic cells (DCs) and monocytes have all been observed in both mouse and
human aortas.3-5

Transgenic mouse models have allowed researchers to directly investigate the molecular
mechanisms that underlie the development of atherosclerosis.6 The roles of cell adhesion
molecules, chemokines, cellular mediators and signaling molecules involved in lymphocyte
and monocyte/macrophage activation, and the progression of atherosclerosis, have been
described elsewhere.3-7 This Review focuses on monocyte biology in relation to
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atherosclerosis, and specifically discusses the recruitment of blood monocytes to plaques
and their relationship with plaque macrophages. Whether and how distinct functional
subsets of monocyte might have different roles in the pathogenesis of atherosclerosis is also
discussed.

Monocytes and plaque growth
During homeostasis and inflammation

Monocytes circulate in the blood, bone marrow and spleen of mice in homeostasis.8,9 These
cells are short-lived, and do not proliferate in the blood;10 their functions under homeostatic
conditions remain unresolved. They might be involved in scavenging dead cells and toxic
molecules,8 and/or have a potential role in the renewal of ‘resident’ tissue macrophages and
DCs.11

During inflammation, blood monocytes migrate from blood to lymphoid and nonlymphoid
tissues in response to tissue-derived signals caused, for example, by infection or tissue
damage (Figure 1).11 They phagocytose other cells and toxic molecules (such as oxidized
LDL [oxLDL]), produce inflammatory cytokines, and can differentiate into inflammatory
DCs, macrophages or foam cells.12,13

During atherosclerosis
During the pathogenesis of atherosclerosis, blood monocytes are recruited into intima and
subintima (Figure 2a).14,15 Through their scavenger receptors, these cells can take up
oxLDL and other lipids;16 consequently, it is thought that, when they encounter fatty
deposits, they are induced to undergo activation and accumulate in the forming lesion. At an
early stage of the process, monocytes differentiate into foam cells to form early plaques,
termed fatty streaks, in the intima.17 Interestingly, this process occurs in atherosclerosis-
prone areas of the arterial tree, such as artery branches, and is very likely to involve cellular
responses to changes in fluid dynamics (discussed below).18

Key points

■ Atherosclerosis has long been associated with chronic inflammation

■ The accumulation of macrophages correlates with atherosclerotic plaque
progression and plaque rupture

■ Monocytes accumulate at sites of inflammation and have been reported to enter
atherosclerotic plaques

■ Macrophages and foam cell are present in plaques and might derive from
monocytes or from resident macrophages

■ Monocytes represent a heterogeneous population of cells with differences in
phenotype, function and locomotion

The initial vascular fatty deposits mature into atherosclerotic plaques following the
accumulation of inflammatory cells and extracellular lipids to form a core region, which is
surrounded by a cap of smooth muscle cells and a layer of collagen-rich matrix (Figure 2b).
The secretion of cytokines and growth factors by plaque cells and the further deposition of
extracellular matrix components contribute to the progression of plaques and, thus, the
thickening of the vessel wall and the progressive stenosis of the artery. The central core of
the mature plaque can become necrotic. This triggers neovascularization through the release
of proangiogenic factors from inflammatory cells or by a tissue hypoxia stimulus—the exact
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mechanism remains to be defined.19 This neovascularization can further contribute to
cellular trafficking and recruitment through the vaso vasorum.20,21

Over time, the secretion of matrix-degrading proteases and cytokines by macrophages can
cause the fibrous cap that prevents contact between the blood and prothrombotic material in
the plaque to thin.22 Ultimately, the cap can disintegrate and the ensuing discharge or
plaque debris can release tissue factor into the blood, triggering the coagulation cascade and
thrombosis.23 Thrombosis can result in acute stenosis of the artery, such as occurs in
coronary syndromes, myocardial infarction and stroke, which are leading causes of death in
the western world.24 Unsurprisingly, therefore, vulnerable plaques have received a great
deal of attention. The generation of this specific rupture-prone plaque phenotype has been
associated with increased content of inflammatory cells.25

Although monocytes are recruited into the plaque during its growth, they might also
emigrate from the plaque, at least under some experimental conditions that are associated
with a decrease in plaque size and, consequently, regression of atherosclerosis.26,27
Monocytes might enter lymphatic vessels and then travel to the draining lymph node, or they
might migrate across the arterial endothelium towards the artery lumen to directly enter the
circulating bloodstream.28

Monocytes and other leukocytes have been shown to be important in atherogenesis and
atherothrombosis,5 but many basic questions still remain unanswered: Are all monocytes
recruited, or do subsets with specific functions exist, and does recruitment depend on the
stage of the lesions? Are distinct functions mediated by the same cells, depending on their
differentiation or activation stage (plasticity), or by distinct subsets of cells (heterogeneity);
in other words, are there good and bad monocytes? Do monocytes proliferate or survive
once inside the plaque or do they need to be continuously replaced with blood cells? What
are the mechanisms that control monocyte traffic into and out of the plaques?

Many studies have used histology to identify the cellular components of plaques,29 but
adoptive transfer and fate-mapping strategies to study leukocyte recruitment and egress from
plaques,30 and laser micro dissection to directly investigate the functions of plaque macro
phages,31 are becoming more popular. However, the relationship between blood monocytes
and plaque macrophages is an outstanding and important issue that is difficult to address,
mainly owing to technical limitations.

Monocyte plasticity and heterogeneity
Monocyte migration to tissues and differentiation into various cell types, such as
inflammatory DCs or macrophages, seems to be determined in part by the inflammatory
milieu, which underlies the plasticity of this cell type. Cytokines are important in this
phenomenon and exposure in vitro to cytokines, such as granulocyte macrophage colony-
stimulating factor or macrophage colony-stimulating factor, induces monocytes to
differentiate into DCs and macrophages, respectively.10 The current concept is that
monocytes are phenotypically polarized by their microenvironment to undergo specific
functional programs. In addition, it has become clear that monocytes are a relatively
heterogeneous population, and subsets might exert different functions.10,32-34

Monocyte subsets with distinct functions can be distinguished in the circulatory system of
mice by microscopy and flow cytometry, based on the differential expression of many
surface markers (Figure 3a). The biological rele vance of the existence of monocyte subsets
has been unclear, as monocytes as a population are highly plastic cells, as mentioned above,
that can respond rapidly to their environment, at least in vitro, by differentiating into a
variety of macrophages and DC-like cells.8,35
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A series of in vivo experiments in mice have pushed forward the concept that, in addition to
plasticity, the heterogeneity of blood monocytes is a major determinant of their effector
functions.8,36 Circulating through lymphoid and nonlymphoid organs under homeostatic
conditions, Gr1+/Ly6Chigh CCR2+ CX3CR1low monocytes are frequently referred to as
‘inflammatory monocytes’ (Figure 3b) as they give rise to inflammatory macrophages and
DCs in a variety of infectious models and noninfectious models. A second subset of
monocytes, Gr1−/Ly6Clow CCR2− CX3CR1high, ‘patrol’ the luminal side of the endothelium
of small blood vessels under homeostatic and inflammatory conditions. This phenomenon
has been observed in small veins and arteries in the dermis, mesentery and brain.36,37 Gr1−/
Ly6Clow monocytes crawl with an average velocity of 12 μm/min. Crawling requires firm
binding to the endothelium mediated by the β2-integrin LFA1 (comprising CD11a–CD18,
also known as αLβ2) and by the chemokine receptor CX3CR1 (see below). Patrolling
monocytes are ideally located to survey endothelial cells and surrounding tissues. However,
it is not yet known whether Gr1−/Ly6Clow monocytes patrol the endothelium of larger
vessels, and whether patrolling monocytes have a role in scavenging vascular endothelium
perhaps of lipids, dead or dying cells and/or immune complexes. It will be important to
investigate whether Gr1−/Ly6Clow patrolling monocytes might contribute to the
pathogenesis of inflammatory disorders and could represent a target for their treatment.

Taken together, the results from a series of experiments (reviewed elsewhere38) support a
model in which—in addition to monocyte plasticity controlled by the external milieu,
including cytokines—an intrinsic dichotomy in the differentiation potential of the two main
blood monocyte subsets might have a crucial role in the setting, and potentially the
resolution, of inflammation.

Heterogeneity in atherosclerosis
So monocyte/macrophage heterogeneity exists, but which subset(s) are present in the plaque
and responsible for atherosclerosis?

Monocytes and macrophages were the first inflammatory cells to be associated with
atherosclerosis. Gerrity et al.2 identified monocytes as the main cellular component of
atherosclerotic plaques in porcine specimens. Monocytes are already present in fatty streaks,
the earliest visible lesion in human and experimental sclerosis.39 Depletion of monocytes
from the circulation using clodronate (dichloromethylene bisphosphonate) was associated
with considerably reduced plaque formation in rabbits, suggesting the importance of
monocytes in atherosclerosis.40 Stoneman et al.41 showed that CD11b+ cells are critical to
atherogenesis, but that, once formed, the plaque mass was not reduced by depleting CD11b+

cells. As CD11b is broadly expressed, and because clodronate also kills several
macrophages subsets, these experiments do not formally prove the role(s) of monocytes in
atherosclerosis. In addition, if different monocyte subsets have opposing functions, depleting
all monocytes will not be sufficient to understand their roles.

Apolipoprotein E−/− mice lack the glycoprotein apolipoprotein E (apoE), which is essential
for the transport and metabolism of lipids.42 The mice, which are healthy when born,
provide a model for studying atherosclerosis, as they have a markedly altered plasma lipid
profile compared with normal mice, and develop leukocytosis, including monocytosis, and
athero sclerotic lesions when placed on a chow or high-fat diet.43-45 In these mice, Gr1+/
Ly6Chi monocytosis occurs; the Gr1+/Ly6Chi monocytes were observed to adhere to
activated endothelium, infiltrate lesions and become athero-sclerotic macro phages.46 Little,
however, is known about how the lack of apoE affects the Gr1−/Ly6Clow population, with
the numbers remaining unaffected in some studies46,47 and increasing in others.43 Of note,

Woollard and Geissmann Page 4

Nat Rev Cardiol. Author manuscript; available in PMC 2010 February 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



the cellular origin of foam cells has not been described and these cells may arise from either
differentiated Gr1+/Ly6Chi or Gr1−/Ly6Clow cells.

Monocyte recruitment
Although a cholesterol-rich diet promotes murine atherogenesis at least in part through the
development of monocytosis, the role of each monocyte subset in recruitment at early stages
of atherogenesis and the development of the vulnerable plaque is yet to be established.
Recruitment of leukocytes to sites of inflammation requires a well-orchestrated arrangement
of selectins, cell adhesion molecules and chemokines (reviewed elsewhere15,48,49).
However, little has been described about the mechanisms of recruitment of the Gr1−/
Ly6Clow monocyte population, compared with the putative mechanisms of the Gr1+/
Ly6Chigh cells (Figure 4).

Chemokine receptors
Chemokines and their receptors have been shown to be important for leukocyte trafficking
and migration related to atherosclerosis.50,51 The chemokine receptors CX3CR1, CCR2
and CCR5 are involved in Gr1+/Ly6Chigh monocyte recruitment in atherosclerosis. Both
monocytosis and atherosclerosis are dramatically reduced in CX3CL1−/−CCR2−/−ApoE−/−

or CX3CR1−/−CCL2−/−ApoE−/− triple knockout mice compared with controls and single
knockout mice.43,52,53 However Gr1−/Ly6Clow monocyte recruitment may also be
important, as CCR5 was also shown to be critical for the migration of Gr1−/Ly6Clow

monocytes to aortas in hypercholesterolemic mice and the number of circulating Gr1−/
Ly6Clow cells correlated with lesion size.43,47 CX3CR1 has also been shown to be
important for adhesion to the endothelium, and survival, of murine Gr1−/Ly6Clow

monocytes and human CD16+ monocytes.36,54,55 Chemokine receptors, in particular
CCR2, are also important for the release of monocytes from the bone marrow;56 CCR2−/−

mice showed a strong reduction in overall blood monocyte counts, as well as a recruitment
defect.52,56

Selectins
The selectin family of adhesion molecule has been shown to mediate atherosclerosis.57 L-
selectin expressed by leukocytes (such as T cells, natural killer cells and Gr1+/Ly6Chigh

monocytes) is important for mediating leuko cyte rolling on the endothelium, in particular
towards high endothelial venules in lymph nodes.58 Notably, Gr1−/Ly6Clow monocytes do
not express L-selectin, and are not recruited to lymph nodes.32 Specific roles have been
identified for P-selectin and E-selectin, which are expressed by platelets and endothelial
cells in atherosclerosis. Endothelial P-selectin is rapidly upregulated in mice on an
atherosclerotic diet.59 P-selectin interacts with its ligand P-selectin glycoprotein ligand-1
(PSGL-1), which is expressed by monocytes, neutrophils and lymphocytes.57 Mice deficient
in P-selectin exhibit lower macrophage numbers in plaques and develop smaller fatty streaks
than wild-type mice.60

E-selectin also interacts with PSGL-1 and with CD44 in mice,61 and mice lacking E-
selectin show smaller plaques.62 However, a combined deficiency of E-selectin and P-
selectin significantly inhibits atherosclerosis in mice, showing 80% and 40% protection in
the early and late stages of disease, respectively.63 The notion that a straightforward P-
selectin–PSGL-1 interaction mediates recruitment is, however, complicated by the presence
of circulating soluble form of P-selectin (sP-selectin). sP-selectin dimers arise from
alternatively spliced or cleaved P-selectin, and lack the cytoplasmic and trans-membrane
domains; these forms have been shown to be proinflammatory, through a mechanism
involving integrin activation and increased leukocyte adhesion to the endothelium.64-66
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However, although raised levels of plasma sP-selectin are evident in vascular disease
patients and have been shown to confer increased risk for a procoagulant phenotype in
stroke models,66,67 the exact mechanism of the proinflammatory effects of sP-selectin and
its role in atherosclerosis or vulnerable plaque progression remain to be established.

An et al.68 have described that Gr1+/Ly6Chigh monocytes preferentially accumulate at sites
of endothelial activation and thrombosis. The authors reported that PSGL-1 expression
correlates with Ly6C expression, so P-selectin (or E-selectin) might preferentially recruit
this subset of inflammatory monocytes to sites of endothelial dysfunction or inflammation
associated with atherothrombosis.

Integrins
Monocytic integrins and the endothelial cell family of adhesion molecules are critically
involved with firm adhesion.15 VLA4 (α4-integrin) and LFA1 (β2-integrin) bind to
endothelial vascular cell-adhesion molecule (VCAM)-1 and intercellular adhesion molecule
(ICAM)-1 respectively. Both of these integrins are abundantly expressed on circulating
monocytes,69 but Gr1−/Ly6Clow monocytes express higher levels of LFA1 than do Gr1+/
Ly6Chigh monocytes.10 The expression of CD11c (also known as αx-integrin) is not
detectable at the cell surface on mouse monocytes, in contrast to human monocytes.10
Notably, LFA1 is crucial for mediating crawling of Gr1−/Ly6Clow monocytes on the
endothelium.36

Evidence exists of an involvement of these integrins and adhesion molecules in
atherosclerosis. ICAM-1 and VCAM-1 are upregulated at sites of disturbed oscillatory blood
flow.70 Moreover, the levels of both adhesion molecules are increased by proinflammatory
cytokines, as well as by oxLDL.70 Pretreatment of atherosclerotic mice with antibodies
against ICAM-1 reduced short-term macrophage infiltration into atherosclerotic lesions.71
The absence of ICAM-1 or CD18 (or both) resulted in a partial reduction in the aortic lesion
size.72 Similarly, blockade of the VLA4–VCAM-1 interaction significantly lowered the
recruitment of monocytes to the atherosclerotic plaque, as well as lesion size.73 Overall,
these studies suggest that ICAM-1 or VCAM-1, in conjunction with their corresponding
ligands, participate in the regulation of monocyte recruitment to plaques.

Biorheology and arterial recruitment
Atherosclerosis occurs within arterial vasculatures predominantly at sites of disturbed flow
or localized changes in blood rheology, such as at the site of vessel bifurcation.74 Much
conjecture exists about how monocytes are recruited specifically to these sites. Leukocyte–
endothelial cell interactions in postcapillary venules are induced by a wide range of stimuli,
15 but leukocyte interactions with the arterial endothelium are only thought to be induced by
certain proatherosclerotic stimuli, such as the cytokines interleukin (IL)-1β and tumor
necrosis factor (TNF), cigarette smoke, oxLDL or angiotensin II.75,76

Leukocyte recruitment to the venule microvasculature is optimized through a low shear
environment;77 however, arterial walls can be subjected to almost ~100-fold greater shear
stress. In arterial atherosclerosis, perhaps turbulent or oscillatory flow can induce significant
decreases in shear that might facilitate monocyte recruitment; it is well documented that
plaques develop at sites of low shear, although these arterial shear sizes would still be larger
than venous wall shear sizes. Moreover, monocytes continue to be recruited to plaques
despite high shear environments caused by luminal narrowing arising from plaque growth.
Mechanisms for arterial monocyte tether ing under high shear environments must, therefore,
exist. Activated endothelial cells might express ultra-large von Willebrand factor (ULVWF),
which forms extremely long string-like structures to which platelets can tether.78 Formation
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of these strings has been reported to arise from impaired cleavage of ULVWF multimers by
a disintegrin-like and metalloprotease with thrombospondin type I repeats-13
(ADAMTS13).78 Leukocytes can tether and roll on these ULVWF strings in high shear
environ ments of up to 40 dyn/cm2.79 These specific stimuli and/or mechanisms, along with
endothelial activation, might initiate atherogenesis; however, the mechanism(s) through
which these signals are transduced to activate specific leukocyte subsets and affect their
corresponding function remain to be elucidated.

As mentioned above, the Gr1−/Ly6Clow monocyte subset in the mouse can patrol, by long-
range crawling, both within the venous microcirculation and arterioles in the mesenteric
circulation.36 Interestingly, there seem to be no obvious differences in the main
characteristics of patrolling in these vessels. By contrast, but not unexpectedly, rolling of
‘inflammatory’ monocytes (Gr1+/Ly6Chigh) under a steady state was not observed in
arterioles, which, as discussed above, are thought to only tether and roll within low venous
shear environments.

The patrolling paths of Gr1−/Ly6Clow monocytes in arteri oles can be described as loops,
hairpins, waves and mixed patterns, which, as in venules seemed to be independent of the
direction of blood flow.36 The Gr1−/Ly6Clow patrolling subset of monocytes might,
therefore, be involved in the early stages of arterial atherogenesis, through mechanisms that
have yet to be explored but that would most likely include CX3CR1 and β2-integrin. It
remains unknown whether this subset patrols the entire vascular tree, and whether human
monocytes patrol human vessels. Of note, human CX3CR1high (CD16+) monocytes were
shown to bind to endothelial cells in vitro with increased avidity than CD14+ monocytes, in
part through CX3CR1-dependent adhesion.54

Some evidence suggests that granulocytes, such as neutrophils, can contribute to monocyte
recruitment. Pathologies associated with neutrophil defects have been proposed to be
responsible for impaired monocyte chemotaxis and lower numbers of monocytes and
macrophages in humans.80 However, more data are needed to confirm and validate these
observations.

Scavenger receptors
Macrophages are equipped with a wide array of pattern recognition receptors, including
scavenger receptors, which connect innate and adaptive immune responses during
atherosclerosis. These pattern recognition receptors allow for the uptake of modified LDLs
and contribute to the formation of foam cells.16 The data imply the existence of several
macrophage phenotypes with distinct patterns of expression of pattern recognition receptors
and metalloproteinase, which contribute to mechanisms of plaque rupture.22,81 Among the
array of macrophage scavenger receptors, scavenger receptor AI (SR-AI) and CD36 (a class
B scavenger receptor) are regarded as the most important in the uptake of oxLDL.82 Early
studies showed that scavenger receptors are proatherogenic, on the basis that
CD36−/−apoE−/− mice were protected from atherosclerosis.83 Moreover, apoE−/− mice with
a combined deficiency of CD36 and SR-AI/II showed no further reduction of atherosclerosis
compared with CD36−/−apoE−/− mice, providing evidence for the importance of CD36 in
disease.84 In another report, however, apoE−/− mice lacking SR-A and CD36 showed an
increase in aortic sinus lesions with an abundance of foam cells, which potentially indicates
an alternative pathway for lipid uptake in atherogenesis.85

The relationship between scavenger receptors and monocyte or macrophage function might
be further complicated by reports describing that CD36 signaling in response to oxLDL
enhances macrophage spreading, inhibiting their migration and ‘trapping’ these cells in the
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arterial intima.86 A great deal more work is needed to elucidate the function of scavenger
receptors in monocyte and macrophage subsets, in relation to their role in atherogenesis.

Neovascularization
The obvious path for continued recruitment of leuko cytes to the growing plaque is through
the lumen. However, alternative mechanisms of recruitment exist, including trafficking
through the vasa vasorum and neovessels that form within the plaque.87 Studies have
demonstrated that neovascularisation of vasa vasorum are associated with advanced plaques
in ApoE−/− mice and humans. Compounds that inhibit angiogenesis, such as TNP-470 or
endostatin, can significantly reduce both plaque neovascularization and growth.88
Conversely, stimu lators of angiogenesis, such as vascular endo thelial cell growth factor or
nicotine, have been shown to enhance lesion progression.89 Although these positive and
negative regulators of endothelial cell function might alter plaque growth through several
mechanisms, the results support the hypothesis that increased angiogenesis promotes the
progression of atherosclerosis. Vasa vasorum might facilitate leukocyte entry into lesions,
perfuse the vessel wall beyond the diffusion limits from the artery lumen, or cause
intraplaque hemorrhage.87 How the plaque vasa vasorum contributes to monocyte
trafficking remains to be fully described, and whether resident monocytes patrol the vasa
vasorum also requires investigation.

Plaque survival
The continual recruitment of cells to the plaque is believed to be important for its growth.
Increased cellu larity can also be obtained through proliferation of resident or differentiated
macrophages, and studies using labeled monocytes or radioactive tracers have shown that
the monocyte content in the aorta correlates with the surface area of the plaque.90
Monocytes might accumulate continuously during plaque formation; accumulation is
proportional to atherosclerotic mass, and survival is dependent on CX3CR1 expression.
55,90 However, little is known about intraplaque cell proliferation, whether recruited plaque
monocytes differentiate into macrophages or foam cells in vivo, or whether resident aortic
macrophages contribute to the development and, ultimately, continuation of the vulnerable
plaque phenotype.

There is some evidence to indicate that an increase in apoptosis in early lesions seems to
attenuate atherosclerosis; by contrast, impairment of apoptotic cell clearance in the late stage
of plaque formation might contribute to secondary necrosis, leading to increased
proinflammatory responses and further apoptotic signals for endo thelial cells, smooth
muscle cells and leukocytes within atherosclerotic plaques.91

Human monocytes
Whereas some of the studies described above have investigated monocyte subsets in
experimental studies in mice, atherogenesis in human is less well understood, mainly
because of restrictions on experimentation in humans. In addition, translational studies have
fallen behind because of the limited knowledge of human monocyte subsets, making it
difficult to interpret results from mouse models.

However, human peripheral blood monocytes do show heterogeneity in terms of size,
granularity, nuclear morphology and phenotype, similar to the existence of subsets in mice.
38 Human monocytes were initially identified by their expression of large amounts of CD14
(which contributes to the lipopolysaccharide receptor). Subsequent identification of
differentially expressed antigenic markers further identified CD16 (also known as FcyRIII-
CD32). Two major subsets can therefore be defined: CD14hiCD16lo monocytes typically
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represent ~85–95% of the monocytes in healthy individuals; CD14loCD16hi monocytes
comprise the remainder.92 These subsets, like those in mice, differ in many respects,
including their expression of adhesion molecules and chemokine receptors.8,93,94
CD14hiCD16lo monocytes express CCR2, CD62L and CD64, and have consequently been
associated with the inflammatory subset in the mouse. Conversely, CD14loCD16hi

monocytes lack CCR2 and have higher levels of major histo-compatibility complex II and
CD32. Both subsets express the fractalkine receptor, CX3CR1, but CD14loCD16hi

monocytes express higher levels and, as such, have been associated with the resident subset
in the mouse. It is, however, important to note that there is considerable hetero geneity in the
CD16+ population.8

The role of each subset in human atherosclerosis remains unknown, although there are some
clues. In vivo, human coronary artery lesions contain macro phage sub-populations with
different gene-expression patterns,95 which points to the existence of hetero geneity.
Patients with coronary artery disease have higher numbers of CD14+CD16+ monocytes than
healthy cohorts.96 Furthermore, CD14+CD16+ counts correlate negatively with the
concentration of HDL and positively with levels of atherogenic lipids.97 Peak levels of
CD14hiCD16lo monocytes after acute myocardial infarction were found to correlate
negatively with the recovery of left ventricular function.98 Finally, functional differences
between subsets, for example in phagocytic activity, have been described and can be used to
develop noninvasive imaging technologies, including MRI, to follow and quantify sub
populations of monocytes in patients.99 These technologies might be useful for exploring
the kinetics of monocyte recruitment into tissues, and might represent a prognostic tool.

Conclusions
Our understanding of the role of monocytes in atherosclerosis has progressed remarkably
over past decades. We know that these cells are important for all stages of atherosclerosis,
but the heterogeneous nature of blood monocytes has meant that there are many unresolved
issues—most importantly, the role of each subset in various stages of disease, the
mechanisms of their recruitment and migration, their expression profiles and their
interaction with other immune cells within the plaque.

To understand the circuits that transform extra cellular signals into cellular responses such as
monocyte recruitment, activation and differentiation in the atherosclerotic plaque, it will be
necessary to investigate signal transduction, metabolic and transcriptional pathways at the
cellular level, or at least the level of cellular subsets. Such a strategy will benefit from the
fast-moving develop ment of molecular imaging, multiplex analysis and fate- mapping
strategies.

The development of atherosclerotic models using reporter mice in which monocyte subsets
can be readily detected, together with high-resolution imaging techniques (such as intravital
or noninvasive imaging), is needed to investigate the role of individual monocyte subsets in
recruitment, proliferation and survival, at the various stages of disease, from early
atherogenesis to the generation of a vulnerable plaque through to plaque rupture and
thrombosis. Indeed these studies will hopefully be translatable to human biology and
perhaps generate novel therapeutic agents for the clinic.

Review criteria

We searched for articles in PubMed and MEDLINE using the following keywords:
“atherosclerosis and monocytes”, “monocyte heterogeneity”, “atherosclerosis and cell

Woollard and Geissmann Page 9

Nat Rev Cardiol. Author manuscript; available in PMC 2010 February 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



trafficking” and “monocyte recruitment”. Articles published in English-language journals
were selected, but were not restricted by publication date, length or journal type.
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Figure 1.
Inflammation and the role of blood monocytes. Two distinct subsets are evident in the blood
circulation of mice. Gr1+/Ly6Chigh monocytes that can extravasate into tissue, differentiate
into Tip-DC, M1-type or classically activated macrophages, and phagocytose pathogens,
produce antibacterial products, mediate inflammation and proteolysis. Gr1−/Ly6Clow

monocytes can crawl or patrol the vasculature under the steady state, but in response to
inflammation, extravasate into tissue, differentiate into M2-type or alternatively activated
macrophages and phagoctose pathogens and are involved in wound repair, tissue remodeling
and expression of chemokines. Whether Gr1− or Gr1+ differentiated monocytes mediate
foam cell formation in response to lipids requires further investigation. Abbreviations:
CXCL, chemokine (C-X-C motif) ligand; iNOS, inducible nitric oxide synthase; ROS,
reactive oxygen species; Tip-DC, TNF and iNOS producing dendritic cells; TNF, tumor
necrosis factor; VEGF, vascular endothelial growth factor.
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Figure 2.
Blood monocytes in atherosclerosis. a | Atherogenesis and the formation of fatty streaks.
Monocytes are recruited (influx) into the intima and may differentiate into macrophages that
accumulate lipids and cholesterol derivatives, form foam cells in the subintima, and make up
fatty streaks. However, little is known as to which monocyte subset differentiates into a
specific macrophage phenotype mediating foam cell formation. Monocytes (mainly Gr1+/
Ly-6Chigh) may also give rise to dendritic cells in the plaque.47 The role of Gr1−/Ly-6Clow

monocytes in this process has not been described. Gr1−/Ly-6Clow monocytes may be
involved in scavenging the endothelium of lipid derivatives, dead and/or dying cells. There
is evidence to suggest that interplaque cells may efflux back into the luminal blood flow. b |
Maturation into atherosclerotic plaques and rupture. Continued monocyte influx is
reportedly due to Gr1+/Ly-6Chigh monocytes.30 Macrophages and dendritic cells
accumulate. Whether they differentiate into a specific phenotype from recruited monocytes
and/or proliferate from local precursors is unknown. The role and influx of Gr1−/Ly-6Clow

have not been characterized. Vasa vasorum, and neovascularization within the plaque lead to
increased trafficking of leukocytes. Deposition of matrix components and recruitment of
smooth muscle cells give rise to the fibroproliferative progression of the plaques. Apoptosis
of macrophages and/or foam cells creates a necrotic core. Thinning and erosion of the
fibrous cap in unstable plaques, through matrix degradation by proteases, ultimately results
in plaque rupture and thrombosis of the artery. Egress of these monocyte/macrophages or
dendritic cells from plaques has been described.28
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Figure 3.
Heterogeneity of mouse monocyte subsets. a | Flow cytometry assessment of mouse whole
blood shows the heterogeneity of mouse monocyte subsets. A diverse pattern of Ly6C
expression can be seen on Lin− (CD3, NK1.1, CD19) CD115+ CD11b+ cells in mouse
whole blood (gate 3; monocytes). These populations have been color back gated as Gr1+/
Ly-6Chigh (inflammatory; red) and Gr1−/Ly-6Clow subsets (patrolling; blue). Note the close
CD11b and Ly6C expression profile of both NK cells (gate 1) and neutrophils (gate 4;
green), which without an appropriate gating strategy can easily be interpreted as monocytes.
b | Differentiation of monocyte subsets. Monocytes differentiate from HSCs through a
common proliferating MDP that gives rise to CD115+ CD11b+ Gr1+/Ly-6Chigh and CD115+

CD11b+ Gr1−/Ly-6Clow subsets in the bone marrow.8,10 These subsets then exit into the
blood circulation as mature CD115+ CD11b+ monocytes. Gr1+/Ly-6Chigh population can
shuttle between the bone marrow and blood circulation. The developmental relationship
between Gr1+/Ly-6Chigh and Gr1−/Ly-6Clow monocytes (putative CD14+ and CD16+

homolog in humans respectively) is not yet established. Abbreviations: HSC, hematopoietic
stem cell; MDP, macrophage and dendritic cell precursor; NK, natural killer.
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Figure 4.
Monocyte recruitment. a | Gr1+/Ly6Chigh monocytes tether and roll on the endothelium
through the classic adhesion cascade, involving endothelial AMs and their ligands expressed
by monocytes (examples provided). After activation they can extravasate into the tissue,
through slow rolling, chemokine activation (firm adhesion) and emigration. The kinetics of
this movement is rapid (μm/min). b | Little is known about Gr1−/Ly6Clow monocytes.
Crawling (patrolling) occurs in a random behavior and involves LFA1, CX3CR1 and the
chemokine fractalkine; however, in response to inflammation, these cells can also
extravasate through uncharacterized mechanisms. The kinetics of crawling in these cells is
relatively slow (mm/h). Note the difference in scale for rolling versus crawling on the
endothelium, describing increased distance of slow crawling (patrolling). Abbreviations:
AMs, adhesion molecules; CX3CR1, CX3C chemokine receptor 1; ICAM, intercellular
adhesion molecule; JAMs, junctional adhesion molecules; LFA1, Leukocyte function-
associated molecule 1 (also known as β2-integrin); PECAM-1, platelet endothelial cell
adhesion molecule 1; PSGL-1, P-selectin glycoprotein ligand-1; VCAM, vascular cell-
adhesion molecule; VLA4, very late antigen-4 (also known as α4-integrin).
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