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Atherosclerosis continues to be the leading cause of cardiovascular disease. Development
of atherosclerosis depends on chronic inflammation in the aorta and multiple immune cells
are involved in this process. Importantly, resident macrophages and dendritic cells (DCs)
are present within the healthy aorta, but the functions of these cells remain poorly charac-
terized. Local inflammation within the aortic wall promotes the recruitment of monocytes
and DC precursors to the aorta and micro-environmental factors direct the differentiation of
these emigrated cells into multiple subsets of macrophages and DCs. Recent data suggest
that several populations of macrophages and DCs can co-exist within the aorta. Although
the functions of M1, M2, Mox, and M4 macrophages are well characterized in vitro, there
is a limited set of data on the role of these populations in atherogenesis in vivo. Recent
studies on the origin and the potential role of aortic DCs provide novel insights into the
biology of aortic DC subsets and prospective mechanisms of the immune response in ath-
erosclerosis. This review integrates the results of experiments analyzing heterogeneity of
DCs and macrophage subsets in healthy and diseased vessels and briefly discusses the
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known and potential functions of these cells in atherogenesis.
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THE DISCOVERY OF MACROPHAGES AND DENDRITIC CELLS
WITHIN THE AORTA

For almost a century, macrophages have been known to be
the cells that are involved in atherosclerosis. Anitschkow (1913)
discovered that early and advanced atherosclerotic plaques are
developed in direct correlation with the amount of dietary cho-
lesterol. Anitschkow also identified some lesional leukocytes as
“large cells with a foamy protoplasma” containing cholesterol
derivates in small vacuoles, which he considered to be derived
from blood lymphocytes or Langerhans’ cells. He named these
cells “cholesterolesterphagocytes,” based on their probable etiol-
ogy and assumed function. The idea that monocytes are involved
in the induction and persistence of atherosclerosis was exten-
sively studied during the following decades and this hypothesis
received additional confirmation from various immunohisto-
chemical studies. Hoff (1972) reported the existence of mononu-
clear cells that were ultrastructurally identified as monocytes
by the presence of cytoplasmic peroxisomes in the intima, in
endothelial junctions, and among the endothelium of human
aortas obtained at autopsy. In an electron-microscopic survey
of the aorta in the adult rat, white blood cells were found to
adhere to the intima; which were invariably lymphocytes or mono-
cytes (Joris et al., 1979). Alpha-naphtyl acetate esterase-positive
(ANAE) monocytes were also detected within the central and
peripheral areas of lesions within rabbit aortas (Hansson et al,,
1980). Further characterization of these cells provided evidence
suggesting the existence of aortic macrophages (M®; Gerrity,
1981; Jonasson et al.,, 1986) and CDla™ dendritic cells (DCs;

Bobryshev and Lord, 1998) within the subendothelial space of the
intima.

VASCULAR DENDRITIC CELLS IN HEALTHY AORTAS
The phenotype and markers of identification vary for M®s and
DCs within several tissues and often depend on the degree of mat-
uration and activation (Mosser and Edwards, 2008; Geissmann
et al., 2010). With respect to DCs located within the aorta, sev-
eral studies have reported unique features of human aortic DCs
that express CD1a™S-100"lagtCD31~CD83~CD86™~ and resem-
ble Langerhan’s cells (Bobryshev, 2010). These vascular-associated
DCs were named vascular DCs (Bobryshev and Lord, 1995). Addi-
tional seminal studies demonstrated the presence of resident DCs
in apparently healthy, non-diseased aortas (Bobryshev and Lord,
1995; Waltner-Romen et al., 1998; Millonig et al., 2001; Ma-Krupa
et al., 2004). Interestingly, DCs display distinct anatomical fea-
tures when located at different layers of the aorta, and probably
the adventitia as well. Structurally low-differentiated DCs are pre-
dominantly found in close proximity to the endothelium within
the normal intima, whereas DCs with a moderately developed
tubulovesicular system are localized throughout the thickness of
the tunica intima, mostly being concentrated in the subendothe-
lial space (Bobryshev, 2010), suggesting distinct structural and
probably functional differences between subsets of DCs located at
different areas of the aortic wall.

Recent studies using advanced techniques such as confocal
microscopy, monocyte-labeling technique, and flow cytometry-
based analysis have further provided fascinating data about the
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accumulation of DCs and M® within the healthy artery. Flow cyto-
metric analysis of C57BL/6 aortas clearly demonstrated the pres-
ence of aortic CD11c¢TCD40™ cells (Galkina et al., 2006). How-
ever, as whole aortas were digested with enzymes, this approach
permitted the characterization of leukocytes within the aorta,
but did not provide data about the anatomical distribution of
DCs within the aortic wall. Additional studies utilizing confo-
cal microscopy revealed the presence of bone-marrow-derived
CD11c cells within the intima of healthy aortas of C57BL/6 mice
(Jongstra-Bilen et al., 2006).

Why would DCs accumulate within the healthy non-diseased
artery? It is well-known that atherosclerosis is a site-specific disease
characterized by the preferential development of plaques at the
lesser curvature of the aorta, and that flow-dependent activation of
the aortic endothelium is partially responsible for the accelerated
recruitment of monocytes and DC-precursors to atherosclerosis-
prone areas. Interestingly, an abundance of CD68TCD11c™ cells,
but not CD68" macrophages were detected within the lesion-
susceptible lesser curvature of the healthy aortic intima (Jongstra-
Bilen et al., 2006). Thus, the initial localization of intimal CD11c*
cells is determined by the micro-environment at specific anatom-
ical locations. However, the site-specific localization of intimal
CD11c™ cells occurs independent of circulating cholesterol levels,
highlighting the importance of blood flow patterns rather than
plasma lipid levels in the direction of DC localization within the
aorta. Additional characterization of DCs by Choi et al. (2009)
revealed preferential accumulation of these cells within the car-
diac valve and aortic sinus of C57BL/6 mice. These aortic DCs
expressed low levels of CD40 and were positive for CD1d, CD80,
and CD86 antigens, suggesting that they possess an immature DC
phenotype (Table 1).

CD11c is not a unique marker for DCs, since some subsets of
M®s are CD11ct (Geissmann et al., 2010). Until recently, ques-
tions concerning the origin and sub-type of intimal CD11c™ cells
that reside within healthy aortas were unresolved. DCs are gener-
ated at least by two major pathways that differ in their requirement
for the Flt3/FIt3 ligand (Flt3L) axis. Development of DCs from
monocyte-independent precursors is Flt-3/Flt3L-dependent (Naik
et al., 2006; Onai et al., 2006; Liu et al., 2009), whereas the gener-
ation of DCs from monocytes is Flt3/FIt3L-independent (Cheong
et al., 2010). To address the dilemma about the developmental
source of aortic CD11c" cells, Choi et al. (2011) successfully
adapted a previously developed flow cytometry-based approach
for the analysis of murine aortas (Galkina et al., 2006) and tested
the effects of FIt3 on the expansion of aortic CD11c" cells. Flt3
treatment resulted in an expansion of CD11c" cells within the
intima and adventitia of C57BL/6 mice suggesting a DC origin of
CD11c*MHC-T1Mgh cells.

Additional studies have also demonstrated the existence of
two major subsets of DCs as CD11ctCD11b*F4/80% and
CD11cTCD11b™F4/80~ cells within the aortas of C57BL/6 mice
(Table 1). CD11cTCD11b™ F4/80~ cells possessed a distinct phe-
notype characterized by CD103 and CD207 expression, and
were negative for CD8, CD205, CX3CR1, and 33D1 (Choi
etal, 2011). CD11c*CD11b"F4/807CD103~ DCs expressed the
CD14 co-receptor for TLR4 and DC-SIGN antigen (Table 1).
Development of these two subsets of DCs was considerably

different: CD11c¢*CD11b"F4/807CD103~ DCs were M-CSF-
dependent, and likely monocyte-derived DCs. In contrast,
CD11c"CD11b~F4/80~CD103" DCs were Flt3-dependent DCs.

DC FUNCTIONS WITHIN HEALTHY AORTAS

The function of vascular DCs within healthy arteries remains
unclear; however, recent data suggest that widespread distribution
of HLA-DR-expressing cells within the healthy aortic intima may
play a role in the maintenance of vascular homeostasis (Bobryshev
et al., 2011). Similarly, CD11ct DCs may play an active role dur-
ing the initial stages of atherosclerosis. Jongstra-Bilen et al. (2006)
demonstrated that aortic resident CD11ct DCs actively uptake
neutral lipids within high cholesterol diet-fed Ldlr—/~ mice. Fur-
thermore, as CD11c™ DCs are preferentially located within the
lesser curvature of the healthy aortas, the initial accumulation of
lipids is directed and regulated by CD11c™ intimal DCs within the
atherosclerosis-prone lesser curvature of the healthy aorta. Inter-
estingly, only a specific subset of CD11c™CD11b~33D1~ DCs
accumulates lipids suggesting that there is a functional complexity
between DC subsets in the aorta, which is already reflected at the
levels of lipid uptake within relatively non-diseased vessels.

An important question concerning DC functions in athero-
sclerosis is whether these professional antigen-presenting cells are
capable of presenting antigens within the aortic wall. It has been
shown that adoptively transferred bone marrow-derived DCs,
activated with OVA peptide, induced profound proliferation of
TCR-specific lymphocytes that were detected in the spleen and
aortas of OT-I recipient mice (Galkina et al., 2006). These results
provided initial evidence that T cells residing within the aorta can
be activated by DCs, suggesting that this process may be important
in the initiation and/or progression of atherosclerosis. However,
this study did not directly address whether aortic DCs are capable
of presenting antigens to T cells. In a subsequent study, Choi et al.
(2009) convincingly showed that isolated aortic CD11c* DCs are
able to present OVA peptide to OT-I and OT-II T cells in vitro and
in vivo. Importantly, these results correlate with experiments con-
ducted using a model of engineered bioartificial human arteries
that mimic the size and structural dimensions of human arteries.
Human CD11c* DCs seeded within bioartificial arteries migrated
to the intima, where they triggered TLR-4-dependent T-cell acti-
vation, and initiated an adaptive immune response (Han et al.,
2008), suggesting that antigen presentation by human DCs can
occur in vivo.

ALTERATION OF DENDRITIC CELL POPULATIONS DURING
ATHEROGENESIS

The number of CD11c™ cells increases with the progression of
atherosclerosis in Apoe*/* mice (Galkina and Ley, 2009; Man-
they and Zernecke, 2011). DCs are detected in close proximity
to T cells in the zones of neovascularization within atheroscle-
rotic plaques, and near the vasa vasorum in the adventitia. In the
shoulder regions of unstable human plaques, CD83" DCs are in
close proximity to CD40L™ T cells (Erbel et al., 2007). There is
an increasing number of studies that have focused on the mecha-
nisms underlying the accumulation of M®s within atherosclerotic
aortas (Swirski et al., 2009; Ley et al., 2011); however, there is
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Table 1 | Location and DC phenotype in healthy and atherosclerotic aortas.

Dendritic cell phenotype Study population Locations Stages of Reference
atherosclerosis
(demonstrated)
CD1a*S-100*lag*CD31-CD83~CD86~ DCs Humans Aortic intima Bobryshev and Lord (1995)
IFNa* plasmacytoid DCs Humans Carotid and coronary Type IV-V and VI Erbel etal. (2007), Niessner
arteries et al. (2006)
CD11¢c+tCD40* DCs C57BL/6 mice Aorta Type O-I Galkina et al. (2006)
CD11¢c+tCD68* DCs C57BL/6 mice Aortic intima (lesser Type 0-1 Jongstra-Bilen et al. (2006)
curvature)
CD11¢tCD40°wCD1d* CD80+ CD86™ C57BL/6 mice Aorta, aortic sinus Type O-I Choi et al. (2009)
(immature DCs) and cardiac valve
CD1MctMHC- C57BL/6 mice Aorta Type 0-1 Choi et al. (2011)
II+CD11b~F4/80-CD207+CD103* DCs
(FIt-3-dependent, Mn-independent precursors)
CD1MctMHC-IITCD11b*TF4/80™ C57BL/6 mice Aorta Type O-I Choi et al. (2011)
CD14+CD103~DC-SIGN* DCs
(M-CSF-dependent, Mn-dependent)
CD11¢*tCD11b~CD68TMHC-II+33D1* DCs Ldlr’= mice (40% Aortic intima Type O-l Zhu et al. (2009)
(GM-CSF-dependent proliferation in response fat, 1.25% cholesterol,
to cholesterol) 1-3 weeks)
CD11¢tCD11bTCD8a~ CD115~ F4/80~440¢c™ Apoe™~ mice (21% Aorta and aortic root Type I-IV Weber et al. (2011)
PDCA-1~ CCL17+ DCs fat, 0.15% cholesterol,
8-12 weeks)
CD11¢'°"B-220*CD11b~PDCA-1* DCs Ldlr’= mice (0.25% Aorta Type -1V Daissormont et al. (2011)

cholesterol, 8 weeks)

still limited information about the potential mechanisms of aor-
tic DC accumulation in atherogenesis. Increased DC numbers
may be due to increased migration from peripheral circulation,
reduced emigration out of the vessel wall or increased local prolif-
eration. A recent study clearly demonstrated that at least for a spe-
cific subset of intimal CD11¢tCD11b~CD68tMHC-11733D1+
DCs, increased granulocyte/macrophage colony-stimulating fac-
tor (GM-CSF)-dependent proliferation might be a reason for
elevated levels of intimal DCs in the aorta of Ldlr~/~ mice after
a short-term high cholesterol diet (Zhu et al., 2009). Interest-
ingly, aortic CD11c¢t CD11b™ DCs proliferate independently from
Ly6CM8" monocytes, as BrDU™ -proliferating DCs are detected
even after PTX-induced blockade of monocyte recruitment to the
aorta (Zhu et al., 2009).

Additional characterization of aortas isolated from Ldlr—/~
mice fed a high-fat cholesterol diet for 16 weeks further shed
light on the dynamics of DC subset accumulation within the
aorta (Choi et al., 2009). Unexpectedly, both subsets of aor-
tic CD11ctMHC-1I"CD11b*F4/80% DCs and CD11ctMHC-
II"CD11b™ F4/80~CD103™ DCs were elevated in atherosclerotic
aortas of Ldlr~/~ mice (Choi et al., 2009). To further address
questions about the origin of intimal DC subsets, Choi et al.
(2011) generated FIt3~/~ Ldlr~/~ mice and investigated the dis-
tribution of DC subsets within the aortic intima of atherosclerotic
aortas. The numbers of CD11c*CD11b~CD103" DCs, but not
CD11ctCD11b+CD103~ DC, were reduced in Fit3~/~ Ldlr—/~
mice, suggesting that aortic CD11ctCD11b~CD103* DCs are
generated from a Flt3-dependent DC precursor.

POSSIBLE IMPLICATION OF DENDRITIC CELLS IN
ATHEROSCLEROSIS

To date, there is strong evidence that DC subsets actively par-
ticipate in the positive and negative regulation of the immune
response. GM-CSF-dependent CD8at33D1~DEC205" r cells
induces high levels of Thl cytokines IFNy and IL-2, whereas
CD8a~33D1TDEC205™ cells, which are FLT-3-dependent, induce
also large amounts of IL-4 and IL-10 (Pulendran et al., 1999). Plas-
macytoid DCs (pDCs) sense viral nucleic acids and produce alarge
amount of type I interferons. But also can play an important role
in the induction of tolerance. Lung pDCs induce oral tolerance
(Lewkowich et al., 2008), where as gut-associated CD103T DCs
play roles in the regulation of the balance between Tregs and Thl
cells (Annacker et al., 2005).

The identification of DC functions in atherosclerosis has pre-
sented a considerable challenge, as aortic DCs display molecular
markers and features of several cell types and can be proba-
bly derived from multiple progenitors (Geissmann et al., 2010;
Niessner and Weyand, 2010). Nevertheless, recent studies have
firmly established the presence of DCs within the healthy and
atherosclerosis-prone aorta, and have started to address questions
about the functions of DC subsets in lymphoid organs and the
aorta in atherosclerosis (Randolph, 2009).

Several lines of evidence suggest that hypercholesterolemia
affects the ability of DCs to migrate from peripheral tissues to
draining lymph nodes during atherogenesis (Angeli et al., 2004).
Prolonged retention of M®s and DCs might also support their
pro-inflammatory status and the progression of lesions within
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atherosclerotic aortas (Llodra et al., 2004). However, evidence
also suggests that DCs maintain their capacity to prime naive
T cells under the conditions of hypercholesterolemia (Packard
et al., 2008). DCs isolated from Ldlr—'— or Apoe_/_ mice effi-
ciently induce T-cell proliferation, IFNy, and TNFa production
after ex vivo co-culture with naive CD41 T cells (Packard et al.,
2008). It is worth noting that hyperlipidemia also increases the
levels of blood circulating CD11c™ monocytes and upregulates
their expression of CD11b and CD29. CD11c deficiency reduces
monocyte/macrophage accumulation in atherosclerotic lesions
and attenuates atherogenesis in Cd11¢~/~ Apoe~/~ mice fed a high-
fat diet. Interestingly, deficiency of CD11c decreases the firm arrest
of mouse monocytes to vascular cell adhesion molecule-1 (VCAM-
1) and E-selectin in a shear flow assay (Wu et al., 2009). Thus,
elevated cholesterol levels not only provide possible antigens for
DCs, but also regulate the accumulation of CD11ct monocytes
and potentially DC numbers in the aortic wall.

Dendritic cells are specialized in capturing, processing, and
presenting antigen-derived peptides on major histocompatibil-
ity complex (MHC) molecules in vivo, thereby, allowing DCs to
shape T-cell responses to modulate immunity or tolerance (Stein-
man, 2007). Numerous bodies of evidence have demonstrated that
oxLDL plays a pivotal role in the formation of foam cells, induction
of vascular dysfunction, and the support of leukocyte migration
to the atherosclerosis-prone aorta (Matsuura et al., 2006). Impor-
tantly, modified lipids likely affect the maturation and phenotype
of DCs. OxLDL during the late stage of monocyte differentia-
tion gives rise to phenotypically mature DCs that secrete IL-12
but not IL-10, and support both syngeneic and allogeneic T-
cell stimulation (Perrin-Cocon et al., 2001). In contrast, oxidized
phospholipids (ox-PLs) alter DC activation and prevent their mat-
uration through the blockade of TLR-3- and TLR-4-dependent
induction of CD40, CD80, CD83, and CD86 (Bluml et al., 2005).
It remains to be determined if only specific sets of lipids affect DC
functions and whether distinct subsets of DCs respond selectively
to modified lipid loading.

oxLDL serves as a potential source of antigens in atheroscle-
rosis and DCs might present antigens derived from oxLDL to
induce a specific T-cell response. Additionally, not only oxLDL, but
also other antigens, including beta-2 glycoprotein I (82GPI) and
heat shock proteins HSP-60 and HSP-65 activate T cells. Recently,
our understanding of the oxidation hypothesis of atherosclerosis
was altered and some attention has shifted toward native LDL, as
potential antigens for atherosclerosis. In the elegant and extensive
work by Hermansson et al. (2010), the authors focused on iden-
tifying the potential mechanism of oxLDL recognition by T cells
via generation of T-cell hybridomas from human apolipoprotein
B100 transgenic mice that were immunized with human oxLDL.
Unexpectedly, T-cell hybridomas responded to native and purified
LDL apolipoprotein ApoB100, but not to oxLDL, suggesting the
existence of an immune response against native LDL. Subsequent
studies have demonstrated that immunization with lipid-loaded
DCs resulted in various effects on the progression of atherosclero-
sisand local modulation of inflammation within the aortic wall (de
Jager and Kuiper, 2011). However, despite important insights into
the biology of DCs, there are a limited number of studies that have
tested the effects of oxLDL and native LDL on DC functions, and

the consequences of modified lipid uptake for T-cell differentiation
and activation.

To investigate the role of CD11c™ DC in atherogenesis, Gautier
et al. (2009) generated a mouse model with the over-expression
of the anti-apoptotic gene hBcl-2 under the control of the CD11c
promoter. It should be noted that Bcl2 expression was not detected
on pDC and CD11b"F4/80" monocytes indicating that in this
model, the major effects of Bcl2 over-expression were directed
toward CD11cM"MHC-11M¢! cells. The CD11cMe"MHC-11high
DC population was increased in DC-hBcl2 mice, and was associ-
ated with enhanced T-cell activation, elevated levels of Th1, Th17-
related cytokines, and increased production of Thl-driven IgG2c
antibodies. Unexpectedly, increased levels of CD11c* cells also
resulted in reduced plasma cholesterol. In line with these results,
the depletion of DCs in hyperlipidemic CD11c-diphtheria toxin
receptor (DTR) Apoe™/~ transgenic mice resulted in enhanced
cholesterolemia. These data suggest a strong relationship between
CD11c-expressing cells and cholesterol homeostasis. To date, the
mechanisms that regulate CD11ct cell-dependent cholesterol
metabolism are unknown.

A new approach was recently taken to study the potential
implication of CD11ctCD11b~CD103™ classical DCs in athero-
sclerosis using Flt-3~/~ Ldlr~/~ mice (Choi et al.,2011). Deficiency
of Flt-3 and therefore, depletion of CD11c*CD11b~CD103% DCs
resulted in increased plaque burden within the aortic sinus and
the aortic arch. This accelerated atherogenesis was accompanied
by the reduction of Treg in the aorta and increased levels of aortic
IFNy and TNFa without significant alteration in the lipid lev-
els (Choi et al., 2011). Thus, aortic CD11c*CD103% DCs likely
function as tolerogenic DCs during atherosclerosis. Although tra-
ditionally viewed as the main inducers of immunity, DCs are also
important players in the induction and maintenance of periph-
eral self-tolerance (Steinman et al., 2003). As Treg cells are the key
component of a suppressor anti-atherogenic arm of the immune
response, aortic CD11ctCD103% DCs may play an important role
in their generation. Recently another subset of CCL17-expressing
DCs was identified as an important player in atherosclerosis
(Weber et al., 2011). DC-derived CCL17 limited the expansion
of Tregs and increased the plaque burden. In contrast, block-
ing antibodies against CCL17 maintained Treg differentiation and
attenuated atherosclerosis. These new results suggest the existence
of a CCL17-specific DC subset that has the capacity to alter Treg
homeostasis in atherogenesis. To date, the mechanisms that con-
trol the number and suppressor functions of Tregs in atherosclero-
sis are not well understood, but the recently discovered functions
of CD11ctCD11b~CD103% DCs and CCL17tDCs offer some
evidence to suggest that DC-mediated regulation of Treg occurs in
atherosclerosis.

PLASMACYTOID DCs

Recent studies have further characterized several subsets of DCs
and have resulted in a deeper understanding of the heterogene-
ity and origin of vascular DCs. pDCs are a distinct subset of
DCs specialized in direct virus TLR7, TLR8, and TLR9-dependent
recognition that results in rapid induction of high levels of type
I interferon (interferon o/p, IFN) and other cytokines. pDCs are
closely related to classical antigen-presenting DC, since these cells
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have some common developmental origin and genetic similar-
ity (Reizis et al., 2011). The characterization of pDC lineage has
presented a considerable challenge, as pDCs display molecular
markers and features of several cell types, and can be derived from
multiple progenitors. Typically, pDCs show only low expression
of CD11c, while this marker is abundantly expressed by myeloid
DCs (mDCs). Ironically, pDCs also express some lymphocyte anti-
gens including CD4, Rag-1, CD45RA/B220, and plII transcript of
the MHC class II transactivator (CIITA). One of the remaining
enigmas of pDC biology concerns their ability to present anti-
gen (Villadangos and Young, 2008). pDCs are found to be weak
antigen-presenting cells compared with classical DCs. Instead,
pDCs are considered immunomodulating cells that can direct the
immune response by tipping the balance of T helper responses via
their secretion of type I interferons.

There are several lines of evidence suggesting that pDCs might
have a role in atherosclerosis. IFNa* pDCs are detected within
atherosclerosis-prone vessels (Bobryshev and Lord, 1995; Niessner
et al., 2006; Daissormont et al., 2011), with preferential expres-
sion within the shoulder region of atherosclerotic plaques. One
of the important pieces of data to suggest a pro-inflammatory
role of pDCs came from a study demonstrating that type I IFNs,
released by pDCs, can induce the expression of tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) on CD4™" T cells
(Niessner et al., 2006). Furthermore, adoptive transfer of human
plaque-isolated CD4* T cells into immunodeficient mice that are
engrafted with human atherosclerotic plaque results in apopto-
sis of VSMCs in a TRAIL-dependent manner (Sato et al., 2006).
Altogether, these series of experiments suggest an important link
between aortic pDCs, the induction of TRAIL on T cells, and
possible TRAIL-dependent T cell-induced apoptosis of VSMCs.

In addition to the activities of pDCs as an immunogenic cell
sentinel, pDCs can also act as tolerogeneic cells when express-
ing inducible tolerogenic enzyme indoleamine 2,3-dioxygenase
(IDO), the inducible costimulator ligand (ICOS-L), and/or the
programmed death 1 ligand (PD-L1), which mediates Treg devel-
opment (Colonna et al., 2004; Matta et al., 2010). A recent study
by Daissormont et al. (2011) further addressed the potential role
of pDCs and reported an anti-inflammatory activity of pDCs dur-
ing atherogenesis. Surprisingly, pDC depletion by 120G8 mAb,
which recognizes PDCA-1 (marrow stromal cell antigen 2, BST2),
a marker exclusively expressed on mouse pDC, increased plaque
burden in Ldlr—/~ recipient mice (Daissormont et al., 2011).
This acceleration of atherosclerosis was accompanied by increased
T-cell proliferation, elevated IFNy production and reduced expres-
sion of IDO in pDCs isolated from lymphoid tissue. These results
highlight the tolerogenic functions of pDCs and suggest that
this subset of DCs may play an important role in maintaining
the balance between Thl and Treg cells during atherogenesis in
aortas and secondary lymphoid organs. Eicosapentaenoic acid
(EPA) has beneficial effects on cardiovascular diseases, although
the precise mechanism is unknown. Interestingly, the treatment
with EPA attenuates atherosclerosis and increases the number of
CD11cTCD80"CD86™ DCs expressing IDO in the spleen, therefore
inducing tolerogenic phenotype of DCs (Nakajima et al., 2011).

Plasmacytoid DCs are not tolerogenic under basal, non-
stimulated conditions and have shown no IDO expression. Specific

engagement of B7-1 receptors by CD152-Ig (CTLA-4-Ig) or
CD200R1 by CD200-Ig lead to initiating of IDO-dependent tol-
erance (Reizis et al., 2011). Thus, the functional relationships
between pDCs roles as the inducers of the immune response versus
tolerance are dependent on multiple ligands and likely cytokines
that contribute to the expression of a tolerogenic phenotype by
pDCs. Although the somewhat current data about the role of pDCs
are debatable, they clearly emphasize the complexity of pDC func-
tions in atherosclerosis. It will be important to understand how
increased levels of potential antigens from the necrotic core and
the alterations in the T-cell response affect DC functions during
atherogenesis. Recent studies that have focused on the role of DCs
in atherosclerosis also raise the tantalizing question of whether the
antigen-presenting functions of DCs will be a key component in
the regulation of the immune response in atherosclerosis.

THE ROLE OF MACROPHAGES IN ATHEROSCLEROSIS
Macrophages (M®) were the first inflammatory cells to be asso-
ciated with atherosclerosis, where they represent the major cell
type in atherogenesis and play important roles in the progres-
sion of the lesions. The essential role of M®s in the initiation and
progression of atherosclerosis was initially demonstrated using M-
CSEF-deficient osteopetrotic (op) Apoe_/ ~ mice, which resulted in
a dramatic 86% reduction in plaque volume (Smith et al., 1995).
More recently, a model of CD11b promoter-diptheria toxin trans-
genic Apoe~/~ chimeric mice with CD11b-DTR bone marrow was
used to deplete CD11b™ cells and test the role of CD11b™ cells
in atherogenesis (Stoneman et al., 2007). CD11b™ cell depletion
significantly affected plaque development and altered plaque com-
position in the early stages of atherogenesis. However, despite a
50% reduction of monocytes in mice with advanced plaques, the
depletion of CD11b™ cells had no effect on the extent of plaques
or the composition of advanced lesions. Because monocytes, M®,
neutrophils, and a subset of DCs express CD11b, and have been
implicated in the pathology of atherosclerosis, the specific con-
tributions of M® and M® subsets to the observed phenotypes
were uncertain. Using an analogous method, Paulson et al. (2010),
recently used CD11c-DTR Ldlr~/~ chimeric mice to investigate
the role of CD11c™ DCs in atherogenesis (Gautier et al., 2009).
CD11¢-DTR Ldlr~/~ chimeric mice fed a cholesterol-rich diet for
5-10 days displayed a 55% reduction in intimal lipid area in com-
parison to un-depleted control mice, suggesting a pro-atherogenic
role for CD11ct DCs. However, as foam cells can similarly express
CDllg, it is unclear whether the observed effects are due to the
removal of foam cells or the removal of DCs from the forming
atherosclerotic lesions.

MACROPHAGE SUBSETS

In the initial stages of atherogenesis, blood monocytes adhere
to and transmigrate through the endothelial cell layer to dif-
ferentiate into specialized mononuclear phagocytes. The process
of deriving polarized aortic M® and/or DCs from monocytes
involves a variety of factors including components of the extra-
cellular matrix, pro-inflammatory cytokines/chemokines, anti-
inflammatory cytokines/chemokines, oxidized or modified LDL,
and CD40/CD40L (Ley et al.,, 2011; Moore and Tabas, 2011).
Recently, the process of M® polarization during atherogenesis
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has been a subject of interest as M® subsets have been demon-
strated to display some degree of plasticity and heterogeneity
within atherosclerotic lesions (Ley et al., 2011; Moore and Tabas,
2011; Wolfs et al., 2011). Initially, a model of two modes of M®
activation was proposed to differentiate between inflammatory
M®s (M1) and anti-inflammatory M®s (M2; Gordon and Tay-
lor, 2005). Pro-inflammatory M1 M®s were originally described
from studies conducted in the 1960s by Mackaness and colleagues
(Blanden et al., 1969) who demonstrated that murine M®s dis-
played enhanced anti-microbial activity, in a stimulus dependent
manner, in response to Mycobacterium bovis bacillus Calmette—
Guerin (BCG) or Listeria monocytogenes infections (Blanden et al.,
1969). In contrast, Stein et al. (1992) demonstrated in 1992 that
M®s could be polarized to an “alternative” state (M2) in the
presence of IL-4 characterized by expression of the macrophage
mannose receptor (CD206). More recently, with the addition of
the newer M2 subsets (M2a-c), Mox, and M4 subsets the paradigm
of M® activation has been further extended (Ley etal., 2011; Wolfs
etal., 2011).

M1 MACROPHAGES

Following the discovery that M1 and M2 M® subsets are gener-
ated in different inflammatory conditions, the attention of the field
was directed toward investigating the generation, phenotype, and
possible functions of aortic M®s during atherogenesis. In order
to better understand the properties of M® subsets and identify
new markers for the recognition of M2 M®s, several approaches
for the generation of M® subsets were developed. To date, both
human and murine monocytes can be polarized into various
M subsets in vitro depending on the culture conditions used.
Monocyte/macrophage colony-stimulating factor (M-CSF) is a
key cytokine for the generation of un-polarized M®s from mono-
cytes in vitro (Stanley et al., 1978). Un-polarized M®s can then be
driven toward polarized M® subsets based on environmental cues.
M1 M®s were originally derived and characterized through the
combined treatment of un-polarized M®s with IFNy and TNFa.
This treatment results in the generation of M1 M®s that strongly
produce pro-inflammatory cytokines, including IL-1p, IL-6, IL-
8, IL-12, and TNFa, and possess enhanced microbicidal activity
(reviewed in Mosser and Edwards, 2008; Ley et al., 2011; Wolfs
etal., 2011). Similarly, the use of MyD88-dependent TLR agonists
and IFN-y are effective in producing M1 M®s in vitro (Mosser
and Edwards, 2008). M1 M®s have been described to exert defin-
itive pro-inflammatory roles, thereby worsening the progression
of autoimmune disorders like rheumatoid arthritis, Crohn’s dis-
ease, multiple sclerosis, or protecting the host from infectious
microorganisms (Murray and Wynn, 2011).

While information on the polarization of M®s in vitro is use-
ful as a starting point, the situation in vivo is quite complex.
Following transmigration, monocytes can differentiate into M®s
via intimal M-CSF (Smith et al., 1995). During this process, un-
polarized M®s upregulate the expression of pattern recognition
receptors, including toll-like receptors, c-type lectin receptors,
scavenger receptors, retinoic acid-inducible gene 1-like helicase
receptors, and NOD-like receptors, in order to search the micro-
environment for pathogens, foreign substances, apoptotic cells,
and oxLDL (Murray and Wynn, 2011). In response to Thl, y3 T

cell, NK, and NKT cell-derived IFNy and pro-inflammatory TNFa,
M®s can polarize toward a classic M1 phenotype that is character-
ized by high expression of macrophage receptor with collagenous
structure (Marco), suppressor of cytokine signaling 3 (Socs3),
inducible nitric oxide synthase (Nos2), TNF-a, IL-18, IL-6, IL-
12,1L-23, cyclooxygenase 2 (Cox2), indoleamine 2,3-dioxygenase 1
(Ido1), and the production of reactive oxygen and nitrogen species
(Murray and Wynn, 2011). In the context of atherosclerosis, sev-
eral lines of evidence exist to suggest that M1 M®s are located
within both human and murine atherosclerotic plaques. Bouhlel
et al. (2007) demonstrated the presence of CCL2TCD206"¢ M1
M®s in human endartectomy specimens. In murine aortas, M1
M®s are found in high-fat diet-fed Ldl~/~ aortas by immuno-
fluorescence and flow cytometry (Kadl et al., 2010). Interestingly,
Khallou-Laschet et al. (2010) demonstrated initial accumulation
of M2 M®s and further increased in M1 M®s within the advanced
lesions of Apoe™/~ mice.

While the specific effects of M1-derived pro-inflammatory fac-
tors have not been assessed in atherosclerosis, in vitro data and
global cytokine knockout studies have provided some insight con-
cerning the functions that M1 M®s may exert in situ. The effects
of TNFa and other pro-inflammatory cytokines on the vascular
endothelium and smooth muscle cell layer are well established.
As M1 M®s secrete elevated levels of TNFa, IL-18, and IL-6,
these M1-derived cytokines may play a role in further activating
endothelial and smooth muscle cells, resulting in the upregu-
lation of endothelial and smooth muscle cell chemokines; and
may play a role in endothelial dysfunction via down-regulation of
endothelial eNOS expression and ROS/RNS driven oxidative stress
(Figure 1; Table 2). Similarly, M1 M®s may play a role in driving
the generation of the pro-inflammatory Th1 cell and controver-
sial Th17 cell subsets, thereby promoting further inflammation
(Butcher and Galkina, 2011; Murray and Wynn, 2011). In addition,
as bone marrow macrophage-derived M1 M®s strongly phago-
cytose oxLDL, secrete matrix metalloproteases (MMP1, MMP3,
and MMP9), and are poor efferocytes in vitro, M1 M®s may
play a role in promoting the formation of a large necrotic core,
plaque destabilization, and thrombus formation (Ley et al., 2011;
Moore and Tabas, 2011; Murray and Wynn, 2011; Wolfs et al,,
2011).

M2 MACROPHAGES

M2 M®s were originally derived from monocyte-derived M®s
with M-CSF and IL-4 (Stein et al., 1992) and defined based on
the expression of the macrophage mannose receptor (CD206);
however, more recent studies have found that M® phenotypes
reminiscent of M2 M®s can also be produced in vitro. In vitro,
alternative M®s (M2a) can be polarized using M-CSF and the
Th2-related cytokines IL-4 or IL-13. Similarly, the M2b pheno-
type can be obtained in the presence of immune complexes and
IL-1B or LPS, while M2c M®s can be derived using IL-10, TGFS, or
glucocorticoids (Mosser and Edwards, 2008; Ley et al., 2011; Wolfs
et al., 2011). What would be a source of M2 cytokines within the
atherosclerotic aorta? Mast cells and Th2 cells are found within
atherosclerotic aortas and can serve as a potential source of IL-18,
IL-4,1L-13, and IL-10 cytokines, which may in turn polarize M®s
toward alternative activation phenotypes.
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Endothelial Cells:

1 TNFaq, IL-1B, IL-6 -> EC activation -> 1 LFA-1, VCAM-1, ICAM-1,
CCL2, CD62P, CD62E expression

TNFaq, IL-1B, IL-6 -> EC dysfunction -> | eNOS and vasorelaxation
1 ROS/RNS production -> oxidative stress

Smooth Muscle Cells:

1 TNFaq, IL-1B, IL-6 -> SMC activation -> CCL2, CCL9, CX3CL1, CXCL10,
CXCL16, VCAM-1

1 ROS/RNS production -> oxidative stress

Foam Cell For & Eff

Strongly phagocytotic M1 M®s -> oxLDL phagocytosis -> 1 foam cell
formation (in vitro)

Less effective efferocytes

T and B lymphocytes:

1 Polarizing cytokines (IL-18, IL-6, IL-12, IL-23) -> support Th1 and

Th17 differentiation and expansion.

1 CCL5, CCL19, CXCL9, CXCL10 -> T and B cell chemotaxis

Elastic Lamina and Extracellular Matrix:

MMP1, MMP3, MMP9 pr ion -> matrix
thinning, plaque rupture

-> fibrous cap

éég(%rkﬁ@

Endothelial Cells:

1 IL-4 IL-13, and IL-10 -> | EC activation via | T cell and M®
->1 eNOS, ion, | LFA-1, VCAM-1, ICAM-1,

CCL2, CD62P, CD62E expression

Smooth Muscle Cells:

1 IL-4, IL-13, and IL-10 -> | SMC activation via | T cell and
ﬁ Macrophage activation -> | CCL2, CCL9, CX3CL1, CXCL10,

CXCL16, VCAM-1

1 IL-4, IL-13, IL-10 -> 1 SMC proliferation (in vitro)

Foam Cell For & Effe

Weakly phagocytotic M2 M®s -> oxLDL phagocytosis -> minimal
foam cell formation (in vitro)

Highly effective efferocytes

T and B lymphocytes:
1 Polarizing cytokines (IL-4, IL-13, IL-10) -> support aortic Th2 and
iTreg maintenance

Elastic Lamina and Extracellular Matrix:
MMP2, MMP9, MMP12, MMP13, MMP14 production -> matrix remodel-
ing -> fibrous cap thinning, plaque rupture

Endothelial Cells:
1TNFa, 7IL-6, |IL-10 -> EC activation -> 1 LFA-1, VCAM-1, ICAM-1,
CCL2, CD62P, CD62E expression

1TNFa, 1IL-6, |IL-10-> EC dy i

-> |eNOS and

Smooth Muscle Cells:
1TNFa, 7IL-6, |IL-10 -> SMC activation -> 1 CCL2, CCL9, CX3CL1,
CXCL10, CXCL16, VCAM-1

Foam Cell For & Effer

weakly phagocytotic M4 M®s -> | oxLDL, acLDL phagocytosis ->
minimal foam cell formation (in vitro)

Unknown efferocytotic ability

T and B lymphocytes:
1 Polarizing cytokines (1IL-6, |IL-10) -> effects on aortic Th17 and
Treg maintenance

Elastic Lamina and Extracellular Matrix:
Unknown. MMP7 and MMP12 are expressed in vitro.

éﬁéot‘w

Endothelial Cells:

1 HO-1, Srxn1, Txnrd1 -> |ROS via Fe sequestration

and bilirubin, 1CO -> | EC oxidative stress and { vasorelaxation

1 IL-10 -> | EC activation via | T cell and macrophage activation

1 VEGF production -> EC proliferation and survival

Smooth Muscle Cells:

1 HO-1, Srxn1, Txnrd1 -> |ROS via Fe sequestration

and bilirubin, 1CO -> | SMC oxidative stress

11L-10 -> | SMC activation via | T cell and macrophage activation

Foam Cell For
Weakly phagocytotic Mox M®s -> | oxLDL phagocytosis -> minimal
foam cell formation (in vitro)

Less effective efferocytes

& Efferocytosi

tenance

Elastic Lamina and Extracellular Matrix:
Unknown. MMP13 and MMP14 are expressed in vitro.

T and B lymphocytes:
1 Polarizing cytokines (IL-10) -> possible support of aortic Treg main-

FIGURE 1 | Potential functions of macrophage polarization states
in atherosclerosis. Upon activation, macrophages can assume
different polarization states in response to environmental cues, which
may have various effects on the components of atherosclerotic
plaques. While M1, M2, and Mox/Mha subsets have been shown to
exist in atherosclerotic plaques, the presence of M4 macrophages have
yet to be shown. Macrophage-derived cytokines, chemokines, other

factors, and possible effects are listed in the box. %, increase; |,
decrease; —, result or effect; CO, carbon monoxide; EC, endothelial
cell; eNOS, endothelial nitric oxide synthase; HO-1, heme oxygenase-1;
ICAM-1, intercellular adhesion molecule 1; M®, macrophage; MMR
matrix metalloproteinase; SMC, smooth muscle cell; Srxn1,
sulfiredoxin 1 homolog; Txnrd1, thioredoxin reductase 1; VCAM-1,
vascular cell adhesion molecule 1.

In contrast to pro-inflammatory M1, M2 M®s have been
described as wound-healing M®s, based on their ability to pro-
mote wound healing through matrix remodeling, efferocytosis,
and the recruitment of fibroblasts (Gordon and Martinez, 2010;
Murray and Wynn, 2011). In general, M2 M®s characteristically
express CD206, resistin-like molecule alpha (Relma; Fizz1), sup-
pressor of cytokine signaling 2 (Socs2), interferon regulatory factor
4 (Irf4), chitinase, acidic (Chia), chitinase 3-like protein 2 (Chi3l1;
Gp39, YkI40), chitinase 3-like protein 2 (Chi312; YkI39), chitinase
3-like protein 3 (Chi3l3; Ym1), CXCL13, CCL12, CCL24, and

Kriippel-like factor 4 (KlIf4; Murray and Wynn, 2011), which can
be used to identify them in vivo (Table 2). In the context of ath-
erosclerosis, M2 M®s have been observed within both human
and murine atheroma. Bouhlel et al. (2007) first demonstrated
the presence of CD2067 M2 M®s within human endarterectomy
specimens in the stable areas of the plaque. Chinetti-Gbaguidi
etal. (2011) demonstrated that CD681TCD2067 M2 M®s, which
localized far from the lipid core in comparison to CD68TCD206™
M1 M®s, contained smaller lipid droplets as demonstrated by Oil
red O staining.
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Similar to M1 M®s, while the effects of M2-secreted cytokines,
chemokines, and small molecules have not been specifically
assessed in atherosclerosis, in vitro data and global cytokine knock-
out studies have provided some insight concerning the possi-
ble functions M2 M®s in vivo (Figure 1). Depending on the
conditions in vitro, M2 M®s may produce anti-inflammatory
cytokines including, IL-4, IL-13, IL-10. Based on studies of global
cytokine knockout mice in atherosclerosis (Kleemann et al,
2008), M2 M®-derived IL-4, IL-13, and IL-10, through their
immunosuppressive effects on T cell and M® activation, may
lead to decreased endothelial cell and smooth muscle cell activa-
tion; leading to decreased pro-inflammatory chemokine expres-
sion, increased endothelial eNOS expression, vasorelaxation, and
smooth muscle cell proliferation (Figure 1; Table 2). Addi-
tionally, M2-secreted IL-4, IL-13, and IL-10 may support the
generation of anti-inflammatory Th2 cells and immunosuppres-
sive Treg, favoring alternative inflammation. In contrast to M1
M®s, bone marrow-derived M2 M®s are unable to phagocy-
tose oxLDL efficiently but are highly effective efferocytes that
secrete a variety of matrix metalloproteases (MMP2, MMP9,
MMP12, MMP13, MMP14), suggesting that M2 M®s may pro-
mote the clearance of apoptotic cells in early atherosclerotic
plaques but could destabilize the plaque in the advanced stages
of the disease.

Mox/Mha SUBSET OF MACROPHAGES
Recently, an additional M® subset, namely Mox M®s, has been
proposed (Kadl et al., 2010). Un-polarized bone marrow-derived
M® cultures that were treated with the ox-PL 1-palmitoyl-
2arachidonoyl-sn-glycero-3-phosphorylcholine generated a pop-
ulation of M®s that expressed a unique profile of genes including
Heme oxygenase-1 (HO-1), sufiredoxin-1 (Srnx1), and thiore-
doxin reductase 1 (Txnrdl) in a nuclear factor, erythroid-derived
2, like 2 (Nrf2) dependent manner (Kadl et al., 2010). This pop-
ulation of Mox M®s was also found within the aortas of 30
week western diet-fed Ldlr~/~ mice by immunohistochemistry
and flow cytometry. In addition to their hallmark expression of
HO-1, Mox M ®s expressed the anti-oxidant enzymes Txnrd1, and
Srnx1 by immunofluorescence. This unique population of Mox
(CD45TCD11b"F4/80THO-17 cells) M®s comprised 23% of the
aortic CD11b*F4/80" population. The remaining 39% of aor-
tic CD11b™"F4/807 cells were classified as CD11b™ F4/80TCD86™
M1 M®s and 22% expressed the M2 marker CD206 (Kadl et al.,
2010). The proposed phenotype of Mox M®s closely resembles the
phenotype of the recently proposed hemorrhage-associated M®s
(Mha; Boyle et al., 2009; Boyle et al., 2011). Human monocyte-
derived M®s that are treated in vitro with hapto-hemoglobin
complexes or oxidized red blood cells were found to upregulate
CD163, HO-1, and IL-10 in an Nrf2-dependent manner (Boyle
etal., 2009). These CD1631CD681 M®s were associated with the
fibrous cap region and regions of hemorrhage within human coro-
nary artery plaques. These results suggest that Mox M®s, which
are present within the atherosclerotic mouse lesions, are pheno-
typically similar to Mha M®s, and underscore the heterogeneity
of M®s with atherosclerotic vessels.

At present, little is known about the functionality of Mox/Mha
M®s in vivo (Figure 1). As Mox/Mha M®s express IL-10, VEGE,

and enzymes with anti-oxidizing activities, they may exert anti-
inflammatory actions on the vasculature in vivo. In this regard,
HO-1, Srxnl, and Txnrdl, through the sequestration of iron, the
production of bilirubin, and carbon monoxide (Otterbein et al.,
2003; Wolfs et al., 2011), may protect endothelial cells and smooth
muscle cells from oxidative stress and promote vasorelaxation
through the production of carbon monoxide (Figure 1; Table 2).
In addition, Mox/Mha-derived IL-10 and VEGF may play anti-
inflammatory roles through the suppression of T-cell and M®
activation, and the promotion of endothelial cell proliferation and
survival, respectively (Kadl et al., 2010; Wolfs et al., 2011). How-
ever, data from in vitro phagocytosis assays demonstrated that Mox
M®s are poor efferocytes and are only weakly able to phagocytose
oxLDL, suggesting that Mox/Mha M®s may not be able to effec-
tively clear apoptotic cells and resolve inflammation in vivo (Kadl
et al., 2010; Wolfs et al., 2011).

M4 MACROPHAGES

Recently, Gleissner et al. (2010b) identified a unique subset of M-
CSF/CXCL4-dependent macrophages that was termed M4 M®s.
M4 M®s expressed a unique set of transcripts, including higher
levels of Cd86, tumor necrosis factor (ligand) superfamily member
10 (Tnfsf10), mannose receptor, ¢ type 1 (Mrcl), Ccll8, Ccl22, Tnf,
and lower levels of pentraxin 3 (Ptx3), Cd36, and I110. In this study,
M4 M®s were weakly phagocytic and unable to efficiently phago-
cytize acLDL or oxLDL, suggesting that M4 M®s may not readily
become foam cells or function as efferocytes within atherosclerotic
plaques. The functions of M4 M®s remains poor understood. In
the context of atherosclerosis, atherosclerotic lesions have been
demonstrated to contain M1, M2, and M4 marker-expressing
M®s, suggesting that the pool of lesional M®s may play different
roles in the pathology of atherosclerosis (Figure 1; Table 2). For
more information on M4 M®s we refer the reader to the pertinent
review by C. Gleissner in this issue.

MIXED PHENOTYPE AND PLASTICITY OF MACROPHAGE
SUBSETS

Although the in vitro conditions of generation of M® subsets
are very distinct and require specific sets of cytokines, several
subsets of M®s likely exist simultaneously within atheroscle-
rotic aortas in vivo. As alluded to in the preceding sections, the
murine and human atherosclerotic plaque M® pool is, in real-
ity, comprised of a complex mixture of M® subsets; which work
together to result in the progression and persistence of athero-
sclerotic plaques. There is some evidence, mainly from in vitro
studies, to suggest that the phenotypes of M® subsets are not
fixed, and that these cells possess some phenotypic plasticity in
response to micro-environmental factors. For example, Khallou-
Laschet et al. (2010) reported that bone marrow-derived M®s
from C57BL/6 and Apoe™/~ mice driven to M1 or M2 phenotypes
are able to assume the opposing phenotype (M2 or M1, respec-
tively) when the culture conditions are switched. This idea is also
supported by the work of Feig et al. (2011), in which murine
aortic sections were examined for the expression of M2 M®
markers in a model of athero-regression via laser capture microdis-
section. Apoe™/~ aortic arches were transplanted into C57BL/6,
ApoAI~/~, human apoAl Apoe™/~ transgenic, and Apoe™’~ mice
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and assessed for pro-inflammatory chemokines, MHC, class 1-
related (Mr1), Cd163, C-lectin, and Fizz-1 expression 1-week post
transplantation. In this model, lesional CD68" M®s expressed
higher levels of M2 markers within athero-regressive C57BL/6
and hApoeAl Apoe™/~ transgenic mice, suggesting that plaque
M®s can assume a M2 phenotype in the athero-regressive state.
Recently in different system, Liao et al. (2011) examined the role
of Kriippel-like factor 4 (KLF-4) in M® polarization in vitro, and
in a model of diet-induced obesity. KLF4 was strongly induced in
M2 M®s, where it interacted with Stat-6 to reinforce the expres-
sion of M2 genes and antagonized M1 gene expression via the
sequestration of co-activators of NF-kB activation in vitro. In
a model of diet-induced obesity, LysM-Cre-KIf4ofloxC57B1 /6
bone marrow chimeras displayed significant increases in total
body weight, subcutaneous and visceral fat depot sizes, glucose
intolerance, and insulin resistance, which corresponded with ele-
vated M1 related gene expression within the stromal vascular
fractions of LysM-CreKl1f419/foxC57BL/6 chimeras in compari-
son to Kif4flo¥floxC57BL/6 chimeras. These results suggest that
KLF4 may similarly play a role in the formation of M2 M®s in
atherosclerotic plaques.

Thus, at present, the functions and specific contributions of
M® subsets to the pathogenesis of atherosclerosis are largely
unknown. While in vitro M® polarization and global cytokine
knockout studies have provided some mechanistic insight, novel
techniques to specifically target M® subsets or M® effector mol-
ecules are necessary to further clarify the roles of M® subsets
in atherosclerosis. In addition, anticipated follow-up studies of
Mox/Mha and M4 M® in atherosclerosis should help to clarify
the functions of these subsets in atherogenesis.

To date, it is clear that both M®s and DCs display phe-
notypic and functional heterogeneity within atherosclerotic and
non-diseased arteries. However, as the majority of the studies
have examined either DC or macrophage heterogeneity at a sin-
gle time point, it is unclear how these two populations change
as atherosclerotic plaques develop and progress. According to the
American Heart Association guidelines for the histological clas-
sification of atherosclerotic plaques, there are six distinct stages
of atherosclerotic lesions (Stary et al., 1995). These stages range
from clinically silent initial (I), fatty streak (II), and intermedi-
ate lesions (III), to clinically overt atheroma (IV), fibroatheroma
(V), and complicated lesions (VI). Mouse models of atherosclero-
sis, including Apoe™'~ and Ldlr—/~ mice, develop atherosclerotic
lesions in a similar manner, ranging from initial (I), fatty streak (II)
lesions to intermediate (III), atheroma (IV), and fibrous plaques
(V) (Nakashimaetal., 1994). Thus, based on these lesion stage defi-
nitions, we have noted (Table 1) the stage(s) at which dendritic and
macrophage subsets have been observed. In general, while mouse
studies have primarily focused on DCs in the non-atherosclerotic
C57BL/6 aorta or initial stages of atherosclerosis in Apoe™~ and
Ldl¥~/~ mice, human studies have focused on vascular DCs within
late stage symptomatic or asymptomatic endarterectomy patients.
As DC subsets have been shown to exert pro-inflammatory (Weber
etal.,2011) and tolerogenic (Choi et al., 2011) functions, examin-
ing the dynamics of DC subset recruitment and functions within
the aorta during atherogenesis will likely result in new therapeutic
opportunities for targeting pro-inflammatory DCs or developing

vaccines. Similarly, while M®s represent the majority of leuko-
cytes within atherosclerotic plaques, the specific functions of
M® subsets have only recently come under consideration. While
macrophages are present throughout the development of athero-
sclerosis, little is known about the specific recruitment or egress of
M1 and M2 M®s from atherosclerotic plaques.

CONCLUDING REMARKS

Our understanding of the mechanisms of atherosclerosis has
notably progressed in parallel with work adding to our under-
standing of immune system under homeostatic and inflamma-
tory conditions. Recent breakthrough discoveries on the plasticity
and heterogeneity of monocytes, M®s, and DCs have opened
new directions for the investigation and further understanding
of the potential roles of multiple subsets of DCs and M®s in
the initiation, maintenance and resolution of atherosclerosis. To
date, multiple lines of evidence clearly demonstrate that DCs and
M®s represent heterogeneous populations with distinct pheno-
types in vitro and in vivo within atherosclerotic aortas. However,
the functions and specific mechanisms that control the gen-
eration of distinct M® and DC subsets within atherosclerotic
vessels are poorly understood. In this review, we have focused
on the characterization and potential implications of DC and
M® subsets within healthy and atherosclerotic aortas (Tables 1
and 2).

Our current understanding of the functions of M® subsets
in vivo relies heavily upon their generation and functions in vitro,
as well as, the effects of global cytokine, chemokine, and enzyme
knockouts, rather than the effects of M® subset-specific knock-
outs. Cell-type specific knockouts using the Cre-Lox recombina-
tion strategy and transgenic mice have been used to specifically
knockout genes within myeloid cells; however, as the expression
profiles of different myeloid cells can be fairly similar, unintended
effects can occur. Unfortunately, at present, M® subset-specific
Cre-mice have not been reported, and the precise functions of
M® subsets in vivo remain somewhat elusive.

What may we conclude at the present time about the effects
of different subsets of DCs and M®s on the biology of the
aorta? First, distinct subsets of resident aortic DC and M®s
may be important contributors to balancing the activation and
suppressor arms of the immune response within the normal,
non-inflamed aorta. Additional studies that will be devoted to
the biology of healthy aortas should clarify the consequences of
early events during the induction of atherosclerosis, and iden-
tify unique roles for each subset of DC and M® for each step
of atherosclerosis. As atherosclerosis is an age- and time-related
disease, the kinetics of induction and the molecular and cel-
lular events that underlie these events are important and may
provide novel therapeutic opportunities. Second, several intrigu-
ing studies have suggested that M®s and DCs are comprised
of a diverse group of cells in atherosclerosis. DC subsets are
found within healthy and atherosclerosis-prone aortas and under-
standing how different subsets of DCs respond to lipid uptake
will help to advance the field. It is unclear if all DCs serve as
antigen-presenting cells, and very little is currently known about
a preferential subset of DCs that is responsible for T cell-induced
inflammation within the aorta. Similarly, several subsets of M®s
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are present within healthy and atherosclerotic arteries. While M1
M®s likely play a critical role in the pathology of atherosclero-
sis, the relationship between M1 M®s and other M® subsets,
as well as the possibility of phenotypic plasticity within athero-
sclerotic plaques are unknown. Third, it would be important to
identify the pathway(s) through which CD11c" cells may modu-
late the levels of plasma cholesterol. Additionally, while we have
considerable knowledge about the recruitment of monocyte sub-
sets to and exit from the atherosclerotic plaques, it is still uncertain
whether the efflux or retention of DCs is regulated by the plasma
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