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Abstract

Purpose of review—Atherosclerosis is chronic disease, whose progression is orchestrated by
the balance between proinflammatory and anti-inflammatory mechanisms. Various myeloid cells,
including monocytes, macrophages, dendritic cells and neutrophils can be found in normal and
atherosclerotic aortas, in which they regulate inflammation and progression of atherosclerosis. The
lineage relationship between blood monocyte subsets and the various phenotypes and functions of
myeloid cells in diseased aortas is under active investigation.

Recent findings—Various subsets of myeloid cells play diverse roles in atherosclerosis. This
review discusses new findings in phenotypic and functional characterization of different subsets of
macrophages, in part determined by the transcription factors IRF5 and Trib1, and dendritic cells,
characterized by the transcription factor Zbtb46, in atherosclerosis.

Summary—Improved understanding proinflammatory and anti-inflammatory mechanisms of
macrophages and dendritic cell functions is needed for better preventive and therapeutic measures
in atherosclerosis.
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INTRODUCTION

Macrophages and dendritic cells (DC) are principal components of the immune system.
Dendritic cells are required for host defense against pathogens, for self-tolerance and
prevention of autoimmunity [1]. Macrophages and dendritic cells play prominent roles in
many pathological conditions, such as cancer and autoimmune disorders, which, like
atherosclerosis, have an inflammatory component [2-5]. Dendritic cells and macrophages
are major regulators of inflammation and atherosclerosis progression [6,7], but are also
present in normal arteries [8,9], in which their homeostatic functions are unknown. Dendritic
cell and macrophage populations are significantly expanded during atherosclerosis
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development [9]. Neutrophils are also found early in atherosclerotic lesions and play a role
in atherosclerosis [10]. The role of myeloid cells in atherosclerosis has been covered in
many excellent reviews [11-20] underlining their predominant important roles in promoting
vascular inflammation and disease progression as well as in suppression of inflammation
and atherosclerosis [21,22,23™]. In this review, we focus on new findings to characterize
functional roles of different subsets of myeloid cells present in healthy and atherosclerotic
aortas.

MACROPHAGES OR DENDRITIC CELLS?

Historically, the differentiation between macrophages and dendritic cells was based on
microscopic studies of their shape and functional characteristics: macrophages are active
phagocytes [24] and dendritic cells are specialized for antigen presentation [1]. Surface
marker expression is widely used to distinguish dendritic cells from macrophages [25].
Although CD11c is used as a ‘bona fide’ dendritic cell marker [1], recent studies have
demonstrated that its not dendritic cell-specific [25,26]. Monocytes in hypercholesterolemia
and mature macrophages in atheroscleratic lesions can express CD11c [27,28%]. In addition,
most macrophages and some dendritic cells express CD11b, whereas CD68 and F4/80
expression is mostly restricted to macrophages [3]. Thus, macrophages and dendritic cells
express many of the same surface markers, making unequivocal distinction between them
difficult [3,29]. CD64 (FcyR1) and MERTK (Mer tyrosine kinase receptor) have recently
been proposed as macrophage-specific markers [25], but their use for vascular macrophage
characterization is not yet established.

KEY POINTS

. Macrophages and dendritic cells could perform different functions even
though they express similar surface markers.

. The type of macrophage activation (M1/M2) is determined by
environmental cues including cytokines.

. The transcription factors IRF5 and Tribl regulate M1/M2 macrophage
differentiation.

. Zbtb46 is a master regulator transcription factor for cDC.

. Desmosterol accumulation in foam cells decreases their inflammatory
properties.

Atheroscleratic lesions contain CD11b* CD11c™, CD11b*CD11c* and CD11b~CD11c*
myeloid cells [28"]. About half of CD11b*CD11c¢™ and CD11b*CD11c* cells express F4/80
and therefore can be classified as macrophages, according to the current nomenclature,
whereas F4/80"CD11b*CD11c*cells could be conventional (c)DC. Indeed, in lymph nodes,
CD11b*CD11c* cDC were functionally defined as potent antigen presenting cells [30].
Another type of CD11b*CD11c* DC called ‘inflammatory DC’ or “TNF and iNOS
producing’ (TIP)-DC appears in highly inflammatory environments, like during bacterial
infection [31]. They derive from Gr1/Ly6C" inflammatory monocytes [31], which also can
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give rise to inflammatory macrophages with the same CD11b*CD11c* surface phenotype
[32]. Whether CD11b*CD11c* inflammatory DC and inflammatory macrophages is a
mixture of distinct dendritic cells and macrophages, or whether they are the same cell
population is unclear.

Both macrophages and dendritic cells can present antigens to CD4, CD8 and NK T cells in
the context of MHC-I1, MHC-I and CD1d, respectively. It is generally assumed that only
dendritic cells are able to initiate activation of naive T cells, whereas macrophages typically
can only restimulate previously activated T cells. The antigen-presenting function of
dendritic cells during atherosclerosis development recently received considerable attention
[33]. In an imaging study, antigen-presenting cells (APCs) marked by CD11c driven YFP
expression were shown to interact with activated CD4 T cells in the arterial wall, resulting in
production of T cell-derived inflammatory cytokines [28"].

MACROPHAGES IN ATHEROSCLEROSIS: PRO-INFLAMMATORY AND
ANTI-INFLAMMATORY FUNCTIONS

Atherosclerosis is a disease with metabolic, inflammatory and autoimmune elements.
Immune cells accumulate in the wall of arteries and in plaque (Fig. 1a—c). Myeloid cells are
key players in regulating inflammation and plaque growth in the vessel wall [5,14]. Similar
to other tissues, healthy artery walls contain tissue-resident macrophages, which as in other
tissues appear during embryonic development from yolk sac cells [34™]. Most tissue
macrophages persist in the body independently of hematopoietic stem cell progenitors
(HSC) and develop independently of the transcription factor Myb [34™,35"].

Under normal conditions, immune cells migrate to the vessel wall (where they can be
detected under steady state conditions) and leave in a few days, returning to the circulation
[9]. In the early stages of atherosclerosis, high concentrations of lipoproteins in the plasma,
and high blood pressure lead to activation of endothelium, upregulation of adhesion
molecules, and influx of bone marrow-derived monocytes and other immune cells into the
arterial wall [36]. These cells become activated and produce inflammatory mediators and
further enhance the recruitment of inflammatory cells, which contributes to plaque growth
[18,37].

Monocytes

Monocytes originate from monocyte-dendritic cell precursors (MDP) [38] in the bone
marrow and circulate in the blood. In mice, two subsets of monocytes with different
functions were distinguished based on the surface expression of CD11b, CD115, and
variable levels of Ly6C, CX3CR1 and CCR2: Ly6CN “inflammatory” and Ly6C!°
‘patrolling’ monocytes [39]. Ly6CM monocytes express high levels of CCR2 [17] and are
functionally similar to CD14*CD16™ cells, the most abundant monocyte population in
humans. Ly6C'° patrolling’ monocytes do not express CCR2 and are similar to
CD1449imCD16* “patrolling” monocytes in humans in their ability to scan the vessel walls
under normal conditions [40,41]. Patrolling monocytes sense nucleic acids and viruses via
Toll-like receptor (TLR)7 and TLR8 [42], and thus serve an unique ‘housekeeping’ function:
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they control neutrophil recruitment and focal necrosis of endothelial cells, thereby convey
anti-inflammatory and endothelium-protective functions [41]. The lack of patrolling
monocytes in Nur77-deficient Ar4az~/~ mice might underlie the observed acceleration of
atherosclerosis [43,44]. Ly6c!® monocytes do not need to extravasate to fulfill their
endothelium and athero-protective functions [41].

Under hypercholesterolemic conditions, the expression of CD11c is upregulated on Ly6C'°
patrolling monocytes [27,45,46]. Whether Ly6C" monocytes also upregulate CD11c
expression remains to be investigated.

The Ly6Ch subpopulation of monocytes is the first population recruited to the arterial wall
upon atherosclerosis initiation [47,48]. These cells give rise to CD11b*CD11c*
inflammatory macrophages and dendritic cells /n situ [49] [26], which produce
proinflammatory cytokines such as TNF, IL-12, IL-6 and also iNOS. Almost all
CD11b*CD11c*cells express high levels of MHC-11, CD80 and CD86, suggesting a strong
antigen-presenting capacity. CD11b*CD11c* cells promote inflammation via cytokine
production and activation of T-helper responses [287]. It is possible that environmental cues
characteristic for atherosclerosis, such as hypercholesterolemia and necrotic cell death,
regulate the appearance of these cells in the tissue and their ability to differentiate into either
macrophages or dendritic cells under inflammatory conditions.

At the late stages of development, atherosclerosis is characterized by nonresolving
inflammation (Fig. 1c), fueled by various factors, including high plasma levels of LDLs and
elevated blood pressure [18,50,51]. Within the atherosclerotic aortas, macrophages, which
represent the largest population of CD45* immune cells, ingest excessive lipids and become
foam cells [52]. Lipid accumulation in macrophages, coupled with their inability to leave the
plaque, leads to /n situ macrophage necrosis. The “necrotic core’ destabilizes plaque and
promotes plaque rupture, which leads to adverse cardiovascular events (Fig. 2) [6].

Pattern-recognition receptors (such as TLRs) together with scavenger receptors regulate

lipid accumulation and macrophage activation [53,54]. Activated plaque macrophages /1 situ
have been reported to produce elevated levels of inflammatory cytokines and chemokines
[55], but it is not clear whether this is a cell autonomous effect [23™].

Macrophages: the M1/M2 hypothesis

In the presence of the growth factors M-CSF or GM-CSF, macrophages can be grown /n
vitro [56,57]. Upon stimulation with proinflammatory or anti-inflammatory cytokines,
macrophages possess a large degree of plasticity and can acquire different gene transcription
profiles and functional characteristics [2,58]. The presence of the Th-1 cytokine IFNy,
especially together with bacterial lipopolysaccharide (LPS), leads to the appearance of
‘classically’ activated, macrophages (M1-like). M1 macrophages are characterized by a
proinflammatory expression profile, including the production of TNF, iNOS and IL-12, each
of them with known proatherogenic functions [59-64], as well as elevated expression of
MHC-II and co-stimulatory molecules important for the induction of T-cell responses [65].
On the contrary, Th-2 cytokines, such as IL-4 and IL-13, drive ‘alternative’ or ‘M2-like’
macrophages activation [66]. ‘M2-like’ macrophages express high levels of
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immunosuppressive arginase | and anti-inflammatory 1L-10 as well as low levels of MHC-II
and co-stimulatory molecules, suggesting their potential physiological role in resolving of
inflammation, tissue repair and wound healing. /n1 vitro, phenotypically different M2
macrophages can be observed when naive macrophages are activated by IL-4 and IL-13
(M2a subtype), IL-10 (M2b) or glucocorticoids or immune complexes (M2c) [66]. The
chemokine CXCL4 induces an additional M4 macrophage phenotype with potential
implications for atherosclerosis [67]. Oxidized lipids induce yet another phenotype of
macrophages that has been termed ‘Mox’ [68].

Certain markers have been proposed to be indicative of macrophage polarization. However,
M1 and M2 markers are not the same for mouse and human macrophages and M4 have only
been studied in humans and Mox only in mice. In atherosclerosis, macrophages with both
M1 and M2 markers were found in the same lesions side-by-side, and mixed phenotypes
were also seen [68]. In a laser capture microdissection study, CD68" cells from regressing
plaque were enriched for expression of genes associated with an M2 macrophage phenotype
[69], resulting in hypothesis that M2 macrophage polarization may be anti-atherogenic and
M1 polarization drives atherosclerosis [19]. However, M1 and M2 phenotypes were defined
in vitro and probably do not exist in the same form /n vivo. Mouse studies suggest that both
M1-like and M2-like macrophages can be derived from Ly-6CN monocytes [46].

Likely, macrophage heterogeneity /n vivois explained by their plasticity rather than by their
ability to form terminally differentiated subsets [49]. Thus, macrophage populations in
atherosclerosis represent a wide spectrum of different activation states, which depend on in-
situ environmental cues and the timing of exposure to these cues [70",71]. In-vivo
inflammatory macrophages (similar to ‘M1’ macrophages /n vitro) could switch gene
expression toward an anti-inflammatory profile in response to IL-4 [707]. Early
atherosclerotic lesions are populated with ‘M2-like’ macrophages, whose original functions
may be homeostatic phagocytosis and repair of tissue injury [72]. Upon atherosclerosis
development, these ‘M2-like’ macrophages are gradually substituted by ‘M1-like’
inflammatory macrophages [71]. Recent studies suggest that not only newly recruited
Ly6CN inflammatory monocytes give rise to ‘M1’ macrophages [47], which then
overpopulate the aorta, but resident ‘M2-like’ macrophages actually convert into ‘M1’ /n situ
[71]. Likely, the proinflammatory environment of the vessel wall regulates changes in
macrophage gene expression, leading to a switch of their gene expression program from
anti-inflammatory to proinflammatory. In addition, macrophage phenotype is influenced by
inflammatory cytokines from the cells of the adaptive immune system during plaque
formation [28"].

Toll-like and scavenger receptor ligands

Macrophages in atherosclerotic lesions express TLRs and scavenger receptors [12]. TLR
ligands (such as LPS for TLR4) induce an inflammatory gene expression program, which
later is succeeded by ‘LPS tolerance’ and production of various negative feedback regulatory
molecules [73,74]. Therefore, the ability of macrophages to produce proinflammatory or
anti-inflammatory mediators /n7 situ may be explained by the timing of their recent exposure
to TLR ligands. Possibly, high fat high cholesterol diet driving atherosclerosis development
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can induce changes in the intestinal microbiome and increase translocation of LPS into the
circulation [75]. There is good evidence for the functional involvement of TLR and NLR
ligands in atherosclerosis progression [53,54,76]. Oxidized LDL (oxLDL), a ligand for
scavenger receptor CD36, can trigger a switch in the macrophage gene expression profile
from ‘M2-like’ to ‘“M1-like’ /n vitro[77]. Furthermore, obesity progression results in a
switch from ‘M2-like’ to ‘M1-like’ cells, with the NLRP3 inflammasome serving as a sensor
of obesity—associated danger signals [78]. A proinflammatory role of cholesterol crystals,
which activate inflammasomes [79,80], suggests that similar mechanisms of macrophage
activation could operate in atherosclerosis.

The developmental origin of different subsets of macrophages and dendritic cells in the
arterial wall is not known. Recently, lineage-defining transcription factors that control
macrophage terminal differentiation /n7 vivo have been described. IRF5 has been proposed to
regulate ‘M1-like’ macrophage differentiation in humans. High IRF5 expression correlated
with induction of 1L12p35, 1L12p40 and IL23p19, but downregulation of 1L-10 in
macrophages [81]. Trib1 was shown to regulate ‘M2-like’ differentiation [82*]. Mice
lacking Tribl display decreased adipose tissue mass and increased lipolysis when fed a
normal chow diet, whereas high-fat diet drives insulin resistance, hypertriglyceridemia and
inflammatory cytokine production [82™]. The transcription factor IRF4 is also implicated in
M2 differentiation, however its role /n vivois still unclear [83,84].

Mice lacking the orphan transcription factor Nur77 (Nr4al) show an almost complete
absence of Ly6C!° ("patrolling’) monocytes, thereby establishing Nur77 as a critical
regulator of the Ly6c!® subset differentiation [85]. Interestingly, in the absence of Nur77, the
remaining macrophages exhibited enhanced inflammatory properties resulting in aggravated
inflammation and atherosclerosis [43,44].

DENDRITIC CELLS IN ATHEROSCLEROSIS: ORIGIN,
PROINFLAMMATORY AND ANTI-INFLAMMATORY FUNCTION

The adaptive immune system exerts both pro-inflammatory and anti-atherogenic effects
(reviewed in [37]). Since the immune response is largely shaped by dendritic cells, their role
in atherosclerosis was proposed, but not directly assessed until recently. Mice deficient in
chemokine receptors involved in dendritic cell migration, including CX3CR1, CCR2 and
CCR5, demonstrated significant reduction of atherosclerosis correlating with decreased
dendritic cell accumulation [86-88]. However, these same chemokine receptors are also
expressed on monocytes and regulate monocyte recruitment. Moreover, CX3CR1 deficiency
also affects survival of Ly-6C!° blood monocytes, which also could explain the decrease in
macrophage and dendritic cell content in the atherosclerotic aortas [89].

Despite extensive progress made recently, the origin of dendritic cells in normal and
atherosclerotic aortas /n vivois still unclear. The current paradigm suggests that both
monocytes and dendritic cells derive from a common monocyte dendritic cell precursor
(MDP) cell. A common dendritic cell precursor (CDP) has been identified that no longer
produces monocytes and differentiates to cDC via a precDC stage [90], in which FIt3L
serves as a main regulator of cDC development [91]. The lineage of cDC has been well
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defined in peripheral lymphoid organs [26,92]. The search for master regulators of specific
dendritic cell subsets yielded several transcription factors, which are essential to control the
development of various types of dendritic cells. Batf3 was shown to regulate the
development of CD8a*CD11c* ¢cDC [93], while E2-2 is a crucial regulator of pDC
development [94]. Moreover, Batf3, IRF8 and 1d2 were shown to regulate CD8a/*
CD11b"CD11c™ cells in lymphoid tissue and their functional analogs in nonlymphoid tissue
CD103*CD11bCD11c* cells [29,95,96]. The transcription factor Ztbt46 was recently found
to be highly upregulated in cDC [97*,98] and plays a crucial role in their maintenance
[99™]. Therefore, Ztbt46 may be a master regulator of cDC differentiation and can serve as a
definitive marker of cDC lineage. It remains to be investigated whether Zbtb46 levels are
increased in atherosclerotic aortas and whether Zbtb46-driven dendritic cells are found there
and fulfill distinct functions.

Early studies described the presence of dendritic cells in healthy nonatherosclerotic aortas
[8], but these cells were not phenotyped beyond morphologic description. Healthy vessels
contain some CD11b*CD11c* cells and a small population of CD11bCD11c* dendritic
cells [28"]. In atherosclerosis, several populations of dendritic cells were described in the
arterial wall [21,28",100], with rapid accumulation of CD11b*CD11c* cells. As discussed
above, these CD11b*CD11c" cells likely originate from monocytes and represent a
heterogeneous population comprising both inflammatory macrophages and dendritic cells.
The number of CD11b"CD11c* cells is also increased in aortas and in the plagues during
atherosclerosis. Several populations of classical dendritic cells including
CD11bCD103*CD11c* [21], CD11b"CD8a*CD11c* + (E. K. and K.L. unpublished) and
plasmacytoid dendritic cells (pDC) [101,102] were also found.

Functionally, dendritic cells serve as a bridge to connect innate and adaptive immune
responses in atherosclerosis. Previous reports demonstrated that deletion of molecules
involved in antigen presentation, such as co-stimulatory molecules B7.1-B7.2 and CD74,
required for dendritic cell migration, decreases atherosclerosis [33,103]. Recently, we
demonstrated that APC expressing YFP under the CD11c promoter can present antigensto T
cells and promote IFN-y production [28"]. However, not all dendritic cell subsets function
uniformly in atherosclerosis (Fig. 2). CD103*CD11c* dendritic cells were shown to play an
immunosuppressive role by sustaining Treg homeostasis [21], very similar to their already
known role in the gut [104,105]. The differentiation of CD103*CD11c* dendritic cells is
driven by FIt3L, and therefore mice deficient in FLT3L lack (among other dendritic cell
subsets) CD103*CD11c* cells, which aggravated atherosclerosis [21]. As other subsets of
cDCs including CD8a*CD11c* cells are also FLT3L dependent [106], it is possible that
more than one subset of immunosuppressive dendritic cells is absent or deregulated in the
absence of FLT3L. Signaling through the adapter molecule MyD88 (involved in TLR and
IL-1 receptor signaling) in CD11c+ dendritic cells is crucial for Treg priming and monocyte
accumulation in atherosclerosis [22]. Further studies will illuminate the mechanisms by
which dendritic cells curb monocyte recruitment to inflamed aortas during atherosclerosis.

Several studies tried to address the role of dendritic cells in atherosclerosis by their depletion
in vivo using diphtheria toxin receptor (DTR) expressed under the CD11c promoter
(CD11cPTR mice) [107]. Transient (24 h) depletion of CD11c+ cells resulted in
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hypercholesterolemia, suggesting a possible role of dendritic cells in regulation of
cholesterol homeostasis; however the study did not report atherosclerotic lesion sizes [108].
In another study, a single injection of diphtheria toxin (DT) resulted in significant reduction
of CD11c+ cells (likely both dendritic cells and CD11c+ monocyte-derived cells), with their
numbers returning to 75% of baseline by day 21 after depletion. However no changes in
atherosclerotic lesion size were observed [100]. When CD11c+ cells were depleted for 2
weeks by multiple DT injection in mice after bone marrow transplantation, a very modest
decrease of overall lesion size was found. This was accompanied by a significant decrease of
CD11b"CD11c™* cell numbers (with highest expression of CD11c) and a rather modest
depletion of CD11b*CD11c* cells (a mixed cell population perhaps with different levels of
CD11c expression) [28"]. Since CD11c is not a definitive and specific dendritic cell marker,
the interpretation of results obtained with CD11cPTR mice where some but not other CD11c
+ cells are depleted, is complicated. Perhaps, specific depletion of cDC using zDCPTR mice
[99™] can serve as a better model for determination of the role of cDC in atherosclerosis.

Accumulation of lipids and foam cell formation

Accumulation of foam cells inside the atherosclerotic plaque is a hallmark of atherogenesis
[11,109]. The origin of foam cells is not completely understood. Historically, macrophages
were thought to accumulate lipid droplets and thus become foam cells. However, foam cells
generated from human blood monocytes /n vitro show gene expression patterns similar to
dendritic cells [110]. Gene expression profiling of CD68+ cells harvested from
atherosclerotic lesions by laser capture microdis-section were not analyzed for macrophage
and dendritic cell markers [69], so the cellular identity of foam cells remains unclear.
Existence of various macrophage subpopulations, which differ by gene expression profile,
suggests that recruited monocyte-derived cells may preferentially take up lipids to become
foam cells. It is not clear whether bona fide dendritic cell can become foam cells and if so,
which dendritic cell subsets are responsible for lipid accumulation. CD68*CD11c* cells in
the subendothelial space of the aorta were reported to accumulate lipids and potentially
become foam cells, contributing to plague growth [100]. While the expression of CD11b,
F4/80 or other macrophage markers like CD64 was not analyzed, expression of 33D1 and
the presence of dendrites suggest that these cells could be dendritic cells. However, the
lineage and origin of this cell population remains to be defined. It is also possible that foam
cells can derive from CD11b*CD11c* cells of monocyte origin [28].

Foam cells are characterized by the presence of large amounts of cholesterol and cholesterol
esters in lipid droplets in the cytoplasm. Inability to export lipids from the cell eventually
leads to cell death [111]. Dead foam cells are normally taken up by other macrophages, but
impaired efferocytosis in atherosclerosis promotes the growth of the necrotic area in the
plaque, leading to plaque rupture and clinically relevant adverse events [112]. A large
necrotic area is known to contribute to increased inflammation, since stress proteins are
released that trigger innate immunity [112].

On the contrary, foam cells generated in the peritoneal cavity of La///~ mice on atherogenic
diet show reduced expression of many inflammatory genes [23™]. The cholesterol metabolite
desmosterol accumulates in peritoneal macrophage-derived foam cells and downregulates
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(by acting as an LXR ligand) several clusters of genes, including inflammatory genes and
genes responsible for lipid metabolism [23™]. Therefore, it seems that foam cells have an
intrinsic lipid-dependent mechanism to decrease their inflammatory properties [23"]. These
findings seem at odds with the observation that foam cells appear to be proinflammatory in
the context of atherosclerosis (Fig. 2).

Previously, foam cells in the plaque were implicated as a direct source of cytokines and
inflammatory signals [113] (Fig. 2). However, their ability to die by necrosis may be even
more important to activate neighboring freshly recruited myeloid cells, which have not yet
been exposed to inflammatory stimuli and have not yet accumulated enough lipids and
therefore would demonstrate more pronounced inflammatory response [111]. Foam cells
produce less inflammatory molecules than LPS-activated macrophages, which are not
overloaded with lipids [23™]. However, when constantly challenged, foam cells may still
produce more inflammatory mediators than unchallenged naive macrophages in normal
nonatherosclerotic aortas. Another possibility is that cytokines produced by T cells might set
up the proinflammatory environment formed in atherosclerotic plaques. Indeed, T cells
isolated from mice with already established atherosclerosis produce much more IFNy than
naive T cells when exposed to APCs in the context of atherosclerotic aorta [28"].

CONCLUSION

Despite the progress in describing various subsets of myeloid cells in atherosclerosis, they
are understudied. Our ability to harness endogenous immune mechanisms in atherosclerosis
depends on a better understanding of cytokines, cholesterol metabolism in macrophages,
macrophage and dendritic cell phenotypes, and their interactions with adaptive immune
system. This requires integration of knowledge from at least four disparate fields: cholesterol
metabolism, macrophage biology, monocyte lineage and development, and dendritic cell and
T-cell immunology. This emerging area of vascular immunology holds great promise for
future preventive and therapeutic approaches in atherosclerosis.
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FIGURE 1.
Myeloid cells in atherosclerosis development. (a) The normal aorta contains some T

lymphocytes and a small number of myeloid cells that express M2 markers and may be
resident vascular macrophages. (b) Early atherosclerotic lesions are characterized by
accumulation of myeloid cells in the subendothelial space. The number of cells in the
adventitia is significantly increased. The macrophage population now represents a mixture
of ‘M1-like’ and ‘M2-like’ macrophages. Various types of dendritic cells (DC) start to
accumulate in both adventitia and plaque. (c) Late atherosclerotic lesions are characterized
by accumulation of cholesterol crystals and various types of immune cells including foam
cells, whose death leads to formation of the necrotic core, which is related to plaque
instability and rupture. The macrophage population is mainly ‘M1-like’. High numbers of
dendritic cell with potential pro-inflammatory and anti-inflammatory functions are detected
in the adventitia and atherosclerotic plaque. High numbers of interactions between antigen-
specific T cells and antigen-presenting cells (dendritic cell and macrophages) are observed
in plaque and adventitia. pDC, plasmacytoid dendritic cell, cDC, conventional dendritic cell,
Mo, macrophage.
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FIGURE 2.

Proinflammatory and anti-inflammatory functions of macrophages and dendritic cells (DC)
in atherosclerosis. (a) Atheroprotective mechanisms at early stages of atherosclerosis are
mediated by anti-inflammatory functions of macrophages and DC, which includes induction
of regulatory T cells (Treg) and anti-inflammatory cytokine production. The phagocytic
function of macrophages contributes to clearance of dead cells and extracellular lipids. (b)
During the later stages of atherosclerosis the proinflammatory mechanisms dominate. Both
macrophages and dendritic cell produce proinflammatory cytokines and chemokines, which
promote local inflammation. Antigen presentation is a signature of dendritic cells, however
macrophages are able to present antigens to antigen-experienced T cells. Both macrophages
and dendritic cells could become foam cells. Filled with lipids, foam cells can die forming
the necrotic core inside the plaque, resulting in plaque instability and potential rupture.
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