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Although macrophages and other immune system cells, 
especially T cells, have been shown to play disease-
promoting roles in atherosclerosis, less is known about 
the role of antigen presenting cells. Functional, immune 
stimulating dendritic cells (DCs) have recently been de-
tected in aortic intima, the site of origin of atherosclerosis. 
We had compared DCs with macrophages in mice with 
experimental atherosclerosis, to clearly define cell types 
by developmental and functional criteria. This review 
summarizes recent advances in studies of DCs in humans 
and in mouse models of atherosclerosis, as well as provid-
ing a simple strategy to measure regulatory T (Treg) cells 
in the mouse aorta. 
 
 
INTRODUCTION 
 
Dendritic cells (DCs) were first identified in 1973 and shown to 
differ functionally from macrophages (Steinman and Cohn, 
1973; 1974). DCs were later shown to be the principal cells 
involved in mixed leukocyte reactions, being more potent than 
B cells and macrophages (Steinman and Witmer, 1978). De-
spite initial reluctance to regard DCs as a separate cell type, 
DCs are now regarded as central to the initiation of antigen-
specific immunity and tolerance (Steinman, 2012). Similar to 
macrophages, DCs were shown to reside in both lymphoid and 
nonlymphoid tissues (Geissmann et al., 2010). The presence of 
functional DCs in the blood vessels of humans and mice sug-
gests that these cells may be involved in the initiation, progres-
sion, and/or regression of atherosclerosis, a representative 
chronic vascular inflammatory disease (Choi et al., 2009; 2011; 
Hansson and Hermansson, 2011). This review will highlight the 
role of human and mouse DCs in the steady state and in 
atherosclerotic aortae. We will also discuss the effects of DC 
subsets on the homeostasis of regulatory T (Treg) cells in the 
setting of atherosclerosis.  
 

Dendritic cells in healthy and atherosclerotic human  
aortae 
 
DCs in healthy human aortae 
The presence of DCs in human aortic tissue was first shown by 
the morphological analysis of S-100 positive intimal cells (Bo-
bryshev and Lord, 1995). These S-100+ DCs were found to be 
more abundant in atherosclerosis-prone than in atherosclero-
sis-resistant areas of normal healthy aortae (Bobryshev and 
Lord, 1995). These cells were found to contain Birbeck gran-
ules, which are characteristic of epidermal Langerhans cells 
(Bobryshev et al., 1997). Importantly, networks of vascular-
associated DCs were observed in the aortic intima of healthy 
young individuals (Millonig et al., 2001).  
 
DCs in atherosclerotic human aortae 
Several studies have shown that DCs are involved in the pa-
thology of human vascular diseases. For example, S-100+ DCs 
in contact with T and B lymphocytes were shown to be present 
in human aortic aneurysms, especially at the aortic adventitia 
(Bobryshev et al., 2001). These adventitial DCs were shown to 
play an important role in the development of giant cell arteritis 
by inducing T cell self-activation (Weyand et al., 2005). More-
over, DCs were also shown to accumulate and interact with T 
cells at sites of Takayasu’s arteritis (Inder et al., 2000).  

Morphological analysis of patients with atherosclerosis 
showed that vascular DCs accumulated in atherosclerotic le-
sions and were in contact with T cells and a small number of 
macrophages in the neovascularized areas of these lesions 
(Bobryshev and Lord, 1998). An examination of aortae from 
young (15-34 year old) subjects with early atherosclerotic le-
sions showed that inflammatory cells, including DCs, were 
present in the earliest stage of these lesions, thus enhancing 
our understanding of the initial pathophysiological processes of 
atherosclerosis (Millonig et al., 2002). During the advanced 
stage of human atherosclerosis, nodular lymphoid follicles con-
taining several types of immune system cells, including endo-
thelial cells, T cells, B cells, macrophages, and CD21-positive 
follicular DCs, form at the adventitia (Houtkamp et al., 2001), 
suggesting that DCs are involved throughout the atherosclerotic 
process. 
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Aortic DCs in human atherosclerotic lesions have been 
shown to express several characteristic proteins, including heat 
shock protein 70, DC-SIGN, 5-lipoxygenase, and complement 
C1q (Bobryshev and Lord, 2002; Cao et al., 2003; Soilleux et 
al., 2002; Spanbroek et al., 2003), with 5-lipoxygenase and C1q 
shown to play important roles in the inflammatory processes of 
atherosclerosis. For example, advanced or vulnerable plaques 
were found to have higher numbers of DCs, and the DCs that 
accumulated in rupture-prone areas had a mature phenotype, 
expressing CD83 and DC-LAMP (Yilmaz et al., 2004). A 
mechanism by which aortic DCs trigger innate immune re-
sponses was revealed by analyzing the level of expression of 
toll-like receptors (TLR) in human aortic DCs (Pryshchep et al., 
2008). TLR 2 and TLR 4 were ubiquitously expressed by DCs, 
and the resident DCs were shown to have immune sensing 
properties and to trigger T cell immunity.  

Several recent studies have sought to identify the DC sub-
sets associated with atherosclerosis. For example, plasmacy-
toid DCs (pDCs) were found to be present in human athero-
sclerotic lesions and to sense microbial motifs that result in the 
stimulation of cytotoxic T cells (Niessner et al., 2006). Moreover, 
BDCA-1+ myeloid DCs and BDCA-2+ plasmacytoid DCs were 
shown to be recruited to neovascularized areas in patients with 
advanced atherosclerosis (Van Vre et al., 2011). However, it is 
not feasible to functionally address each DC subset in humans. 
Thus, to more fully elucidate the function of DC subsets, studies 
are warranted in atherosclerosis-prone animal models, includ-
ing Ldlr-/- and Apoe-/- mice (See Fig. 1 for DC subsets). 
 

Understanding the function of dendritic cells in  

atherosclerosis: lessons from mouse models  

The administration of DCs pulsed with β-galactosidase-derived 
peptide to Apoe-/- mice expressing LacZ in aortic smooth mus-
cle cells was found to increase the formation of atherosclerotic 
lesions, suggesting that DC-mediated presentation of athero-
sclerosis related-antigens can increase lesion formation (Ludewig 
et al., 2000). More recently, hyperlipidemia was shown to im-
pair activation of CD8α- DCs, attenuating Th1-type immune 
responses (Shamshiev et al., 2007). The antigen presentation 
capacity of DCs isolated from hyperlipidemic mice was not 
impaired, however, allowing these cells to induce T cell activa-
tion and leading to adaptive immune responses (Packard et al., 
2008). In contrast, hyperlipidemic status was reported to inhibit 
the migration of DCs to draining lymph nodes, probably aggra-
vating local inflammation (Angeli et al., 2004). Therefore, DCs 
that accumulate locally in the aorta may play an important role 
in atherosclerosis (Fig. 1). 
 
Defining DCs as an immune component of healthy mouse  
aortae  
Most early studies on DCs in murine aortae utilized morpho-
logical analysis or immunostaining of DC-related markers (Bo-
bryshev et al., 1999; 2001; Moos et al., 2005; Ozmen et al., 
2002). Later in-depth analysis of immune cells in mouse aortae, 
as determined by flow cytometry, showed that CD11c+MHCII+ 
DCs were present in normal aortae prior to the generation of 
atherosclerotic lesions (Galkina et al., 2006). Analysis of the 
spatial distribution of aortic immune cells by en face immu-
nofluorescence showed that CD11c+CD68+ DCs had accumu-
lated in the aortic intima of atherosclerosis-prone areas of nor-
mocholesterolemic C57BL/6 mouse aortae, with fewer of these 
intimal leukocytes accumulating in atherosclerosis-resistant 
strains, such as C3H/HeSnJ and BALB/c (Jongstra-Bilen et al., 
2006). Moreover, these intimal DCs in normal aorta were found 

to originate from bone marrow-derived monocytes and to be 
VCAM-1 dependent. However, these studies did not show 
whether these aortic DCs could stimulate T cells, an important 
functional property of DCs. Our previous study was the first to 
show that aortic CD11c+MHCII+ DCs could take up blood-born 
protein antigens and present them to T cells, showing that 
these CD11c+ cells in normal aortae are bona fide DCs (Choi et 
al., 2009). Moreover, we showed that these aortic intimal DCs 
are mainly localized to the aortic sinus, the cardiac valves, the 
lesser curvature of the aortic arch, and the opening of the arte-
rial branches. Taken together, these findings revealed that DCs 
are an immune component of healthy mouse aortae (Fig. 1). 

 
The involvement of DCs in the development of atherosclerosis 
Several studies have shown that alterations in DC populations 
could affect the formation of atherosclerotic lesions. A defi-
ciency in granulocyte/macrophage colony-stimulating factor (GM- 
CSF) was found to decrease the number of lesional CD11c+ 
DCs, leading to an attenuation of atherosclerosis (Shaposhnik 
et al., 2007). GM-CSF has also been reported to regulate inti-
mal DC proliferation in nascent atherosclerotic lesions (Zhu et 
al., 2009). Intimal DCs were shown to express the chemokine 
receptor CX3CR1, and CX3CR1 deficient mice had fewer inti-
mal CD11c+ DCs and fewer atherosclerotic lesions, suggesting 
that CX3CR1 contributes to the formation of atherosclerotic 
lesions possibly by mediating the accumulation of CX3CR1+ 

DCs in aortic intima (Liu et al., 2008). Increases in DC popula-
tions induced by the overexpression of human Bcl-2 were 
found to enhance T cell activation and to increase plasma con-
centrations of Th1-driven IgG2c autoantibodies directed against 
oxidation specific epitopes, but to decrease plasma cholesterol 
concentrations (Gautier et al., 2009). 
 
Dissecting DC lineages in aortae  
We recently evaluated DC subpopulations in normal and 
atherosclerotic aortae (Choi et al., 2011). Normal aortae have 
at least two primary DC subsets, CD11b+F4/80+CD14+CD209a/ 
DC-SIGN+ Mo-DCs and CD11b-F4/80-CD103+CD207/Langerin+ 
classical DCs (cDC), with the latter dependent on Flt3L hema-
topoietin and its receptor Flt3 (See Fig. 1 for an illustration of 
DC development). 

 
Classical DCs 
In the absence of Flt3, the number of cDCs was reduced and 
mice with an Ldlr-/- athero-prone background developed more 
severe atherosclerosis. Flt3-/-Ldlr-/- mice showed reduced num-
bers of Treg cells, both in the aorta and the periphery, indicating 
that Flt3-dependent cDCs play a protective role in atheroscle-
rosis by regulating the homeostasis of Treg cells.  
 
Monocyte-derived DCs 
Mo-DCs, the other major DC subset found in atherosclerotic 
lesions, have been assumed to enhance atherosclerosis (We-
ber et al., 2008). For example, plaque deposition was less se-
vere in CX3CR1-deficient athero-prone mice (Liu et al., 2008). 
In agreement, we found that only Mo-DCs expressed higher 
levels of CX3CR1 (Choi et al., 2011), but, to date, there is no 
direct evidence that Mo-DCs have a proatherogenic function. 
Thus, a mouse model deficient in Mo-DCs, using a diphtheria 
toxin/diphtheria toxin receptor (DT/DTR) system, will be helpful 
to understand the function of these cells in atherosclerosis.  
 
Plasmacytoid DCs 
Less is known about the function of pDCs, another Flt3/Flt3L 
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Fig. 1. The development of aortic DCs and macrophages. All DC lineage precursors except monocytes express a receptor 
(Flt3/Flk2/CD135) for Flt3L hematopoietin. Studies on mice deficient in M-CSF or Flt3L or their respective receptors indicate that M-
CSF and Flt3L guide the steady state in vivo development of monocytes/macrophages and DCs (Ginhoux et al., 2006; McKenna et 
al., 2000; Waskow et al., 2008; Witmer-pack et al., 1993). Although pDCs have been observed only in atherosclerotic aortae, all re-
maining populations are observed in both healthy and diseased aortae. Abbreviations: MP, common myeloid progenitor; MDP, 
macrophage-DC progenitor; CDP, common DC progenitor; pre-DC, DC precursor; pDC, plasmacytoid DC; M-CSF, macrophage-
colony stimulating factor. 
 
 
 
dependent DC subset in atherogenesis. Previous studies have 
suggested that pDCs may be involved in either reducing or 
promoting atherosclerosis. These pDCs have been observed in 
human atherosclerotic lesions and have been found to stimu-
late cytotoxic T cell function by secreting interferon-α, probably 
leading to the exacerbation of atherosclerosis (Niessner et al., 
2006). Moreover, auto-antigenic protein-DNA complexes were 
found to stimulate pDCs, whereas injection of anti-PDAC-1 
antibody was shown to reduce the number of pDCs, decreasing 
the formation of atherosclerotic lesions and suggesting that 
pDCs have a proatherogenic function (Doring et al., 2012), 
However, injection of 120G8 antibody, which also decreased 
the number of pDCs, was found to increase atherosclerotic 
lesion formation in a mouse model by abrogating the indole-
amine 2,3-dioxygenase (IDO)-mediated suppression of T cells 
(Daissormont et al., 2011). In these studies, pDC functions in 
atherosclerosis were explored by in vivo depletion of this cell 
type using pDC-depleting antibodies (the anti-SiglecH mono-
clonal antibody 440c; or the anti-BST2 monoclonal antibody 
120G8 or PDCA1). However, this approach remains problem-
atic because SiglecH and BST2 are constitutively expressed on 
other immune cells and are expressed on most cell types after 
activation, suggesting that injection of pDC-depleting antibodies 
may also deplete additional cell types (Blasius et al., 2006; 
Swiecki et al., 2010; Zhang et al., 2006). Alternative approaches 

are therefore needed to validate the role of pDCs in atheroscle-
rosis. For example, two transgenic models are currently avail-
able, BDCA2-DTR and Siglech-DTR mice, in which pDCs can 
be selectively and inducibly depleted by injection of DT during 
inflammatory immune responses (Swiecki et al., 2010; Takagi 
et al., 2012).  

 
CCL17+DCs 
CCL17-expressing DCs were recently shown to accumulate in 
atherosclerotic lesions and to exacerbate atherosclerosis by 
limiting the expansion of Treg cells (Weber et al., 2011). These 
CCL17+ DCs expressed CD11c and CD11b, with high levels of 
MHCII and costimulatory molecules, including CD40, CD80, 
and CD86. These cells, however, did not express surface 
CD8 , CD115, F4/80, SiglecH, or PDCAα -1, indicating that 
these CCL17+ DCs may be distinct from previously defined Mo-
DCs and pDCs (Choi et al., 2011; Daissormont et al., 2011; 
Doring et al., 2012). Further studies are needed to elucidate 
the lineage of this DC population. 
 
Regulatory T cells in atherosclerosis 

Treg cells are known to play a pivotal role in the control of a 
variety of immune-mediated pathologies, such as autoimmunity, 
colitis, and chronic inflammation including atherosclerosis (Hans- 
son and Hermansson, 2011; Josefowicz et al., 2012). An in-
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Fig. 2. Simple method of measuring Foxp3+ Treg cells in the aortae of Ldlr-/- mice. Single aortic cell suspensions were prepared as 
described (Choi et al., 2011). Briefly, mouse aortae were harvested, and perivascular fat tissues were further processed under a mi-
croscope. The remaining clear blood vessels, including the thoracic aorta, aortic arch and aortic sinus (see pictures of aortae before 
and after removal of perivascular tissues), were digested with a mixture of collagenase types I and XI, hyaluronidase and DNase I 
(aortic mix) to yield single cell suspensions. While trying to optimize Treg cell staining, we found that the surface expression of CD4 
was lost during digestion with the aortic mix. Using splenic single cell suspensions, we compared the effects of collagenase D and 
the aortic mix on surface CD4 staining, finding that the aortic mix removed CD4 from the surface of splenocytes. Since CD4 and 
Foxp3 staining are critical to define Foxp3+ Treg cells in CD4+ T cells, we incubated fix-permeabilized splenocytes with antibody against 
CD4 after digestion with the aortic mix. Intracellular CD4 proteins were well-retained and sufficient to determine the numbers of 
CD4+Foxp3+ T cells in the spleen. Using this method, the aortic cells from Ldlr-/- mice fed a Western diet for 12 weeks were analyzed 
for the presence of Treg cells. (A) Aortic mix cleaves surface CD4 but has no effect on intracellular staining. After lysing red blood 
cells, splenocytes were incubated for 45 min with collagenase D or aortic digestion enzyme mix. Fc-blocked cells were surface-
stained for CD4 or fix-permeabilized with Foxp3 staining buffer to stain intracellular CD4. Foxp3-staining was performed according to 
the manufacturer’s protocol (eBioscience Foxp3 staining Kit). (B) Measurement of Foxp3+ Treg cells in Ldlr-/- aortae. Aortic cells were 
surface stained for CD45, CD11b, F4/80, and CD3, fixed and permeabilized and stained for intracellular CD4 and Foxp3. To analyze 
Treg cells, CD45+ leukocytes were gated; non-macrophages and non-autofluorescent cells were selected; and CD3+CD4+ T cells 
were gated out. The CD4+ T cells were further analyzed to determine the number positive for Foxp3. 
 
 
 
crease in Treg cells in lymphoid tissues has been correlated 
with reduced atherosclerosis (Ait-Oufella et al., 2006; Her-
mansson et al., 2011; Mor et al., 2007), with Treg cells playing 
a critical role in several mouse models of atherosclerosis. For 
example, mice deficient in CD80 and CD86 showed defects in 
the homeostasis of Treg cells, resulting in severe atherosclero-
sis when reconstituted on an Ldlr-/- athero-prone background. In 
addition, transfer of Treg-poor CD28-/- splenocytes into Apoe-/- 

Rag2-/- mice resulted in an increase in lesion size. Finally, de-
pletion of Treg cells by anti-CD25 antibody aggravated athero-
sclerosis in Apoe-/- mice. However, the protective effect of Treg 
cells on atherosclerosis was marginal in Apoe-/- dnTGFβ+ mice, 
suggesting the involvement of T-cell TGFβ signaling. Further-
more, in the absence of inducible costimulatory molecule 
(ICOS), an increase in splenic pathogenic CD4 T cells, but a 
decrease in Treg cells, in Ldlr-deficient mice resulted in an in-

creased atherosclerotic burden (Gotsman et al., 2006). 
 
Feedback control of Treg cell homeostasis by DCs in vivo 
A growing body of evidence suggests that DCs play an impor-
tant role in the induction of antigen-specific unresponsiveness 
or tolerance in peripheral T cells (Hawiger et al., 2001; Kret-
schmer et al., 2005; Steinman and Nussenzweig, 2002). In 
mice, DCs play a critical role in maintaining Treg cells (Dar-
rasse-Jéze et al., 2009). Importantly, MHCII-expressing CD11c+ 
DCs were required for the homeostatic maintenance of natu-
rally occurring Treg cells. This dynamic feedback link between 
DCs and Treg cells was further supported by the amelioration 
of autoimmunity and inflammation following Flt3 ligand treat-
ment, with an increase in the number of DCs leading to an in-
crease in the number of Treg cells. Moreover, we found that the 
number of Treg cells in the aorta was reduced in Flt3/Flt3L-
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dependent classical DC-deficient athero-prone mice (Choi et al., 
2011). 
 
Measuring Treg cells in the mouse aorta 

Most previous attempts to quantitate mouse Foxp3+ Treg cells 
in atherosclerosis have involved the quantification of Treg cells 
in the spleen and peripheral lymph nodes, not in the aorta itself 
(Gotsman et al., 2006; Sasaki et al., 2009). Alternatively, quan-
titative PCR has been used to measure Foxp3 mRNA in the 
aorta (Weber et al., 2011). Recent attempts have utilized Foxp3- 
reporter mice crossed with Ldlr

-/- mice (Maganto-García et al., 
2011; Weber et al., 2011). To determine the number of Treg 
cells in the aorta by flow cytometry, we had to overcome sev-
eral technical challenges (Choi et al., 2011). These include the 
extremely small number of Foxp3+ T cells in the aorta, the loss 
of surface CD4 expression during the process of cell isolation 
(likely due to enzymatic digestion) and the presence of auto-
fluorescent cells that interfered with the counting of the small 
number of Foxp3+ T cells. After overcoming these challenges, 
we optimized our assays and successfully determined the 
numbers of Treg cells in mouse aortae, as shown in Fig. 2.  
 
Harnessing dendritic cells as a therapeutic target in  
atherosclerosis 
Several attempts to treat atherosclerosis have involved modu-
lating DC function or the delivery of atherosclerosis-related 
antigens to DCs. Oral administration of the active form of vita-
min D3 (calcitriol) was found to induce tolerogenic DCs and 
Treg cells, leading to the attenuation of atherosclerosis in mice 
(Takeda et al., 2010). In addition, the administration of DCs 
pulsed with oxidized low density lipoprotein (LDL) to mice defi-
cient in LDL receptors reduced atherosclerosis and increased 
plaque stability (Habets et al., 2010). More recently, the injec-
tion of IL-10 was found to induce tolerogenic DCs loaded with 
apolipoprotein B100, which attenuated atherosclerosis possibly 
by inducing the generation of antigen-specific Treg cells (Her-
mansson et al., 2011). Taken together, these results suggest 
that tolerogenic DCs may be a promising target for the treat-
ment of atherosclerosis, and that direct antigen delivery to tole-
rogenic DCs may prevent atherosclerosis. Lastly, Flt3 ligand 
may have important implications in the development of new 
interventions to target this mechanism of atherosclerosis.  
 
CONCLUSIONS 
 

Recent studies have begun to address the role of DC subsets 
in experimental atherosclerosis. It is not surprising that each DC 
subset has different effects on this disease. Current under-
standing of DC subsets in the aorta may be enriched in two 
ways: by developing mice in which each subset is selectively 
labeled with a reporter gene such as green fluorescent protein 
(GFP) and by developing transgenic mice in which each DC 
subset is specifically eliminated, with DTR or GFP expression 
under the control of DC subset-specific genes. These genetic 
mouse models may set the stage for future work on, for exam-
ple, the mechanistic function of cDCs and Mo-DCs in the aorta, 
both during steady state and during the development of athero-
sclerosis. 
 

ACKNOWLEDGMENTS 
We enjoyed the unshakeable patience and wisdom of Ralph M. 
Steinman during our stay as a postdoctoral fellow in his labora-
tory. We thank the members of the Steinman laboratory for 
valuable discussions and Judy Adams for graphics. This work 

was supported by the research fund of Hanyang University 
(HY-2011-N). 
 
REFERENCES 
 
Ait-Oufella, H., Salomon, B.L., Potteaux, S., Robertson, A.K., 

Gourdy, P., Zoll, J., Merval, R., Esposito, B., Cohen, J.L., Fisson, 
S., et al. (2006). Natural regulatory T cells control the develop-
ment of atherosclerosis in mice. Nat. Med. 12, 178-180. 

Angeli, V., Llodra, J., Rong, J.X., Satoh, K., Ishii, S., Shimizu, T., 
Fisher, E.A., and Randolph, G.J. (2004). Dyslipidemia asso-
ciated with atherosclerotic disease systemically alters den-dritic 
cell mobilization. Immunity 21, 561-574. 

Blasius, A.L., Cella, M., Maldonado, J., Takai, T., and Colonna, M. 
(2006). Siglec-H is an IPC-specific receptor that modu-lates type 
I IFN secretion through DAP12. Blood 107, 2474-2476. 

Bobryshev, Y.V., and Lord R.S. (1995). S-100 positive cells in 
human arterial intima and in atherosclerotic lesions. Car-diovasc. 
Res. 29, 689-696. 

Bobryshev, Y.V., and Lord, R.S. (1998). Mapping of vascular 
dendritic cells in atherosclerotic arteries suggests their involve-
ment in local immune-inflammatory reactions. Car-diovasc. Res. 
37, 799-810. 

Bobryshev, Y.V., and Lord, R.S. (2002). Expression of heat shock 
protein-70 by dendritic cells in the arterial intima and its potential 
significance in atherogenesis. J. Vasc. Surg. 35, 368-375. 

Bobryshev, Y.V., Babaev, V.R., Lord, R.S., and Watanabe, T. (1999). 
Ultrastructural identification of cells with dendritic cell appea-
rance in atherosclerotic aorta of apolipoprotein E deficient mice. 
J. Submicrosc. Cytol. Pathol. 31, 527-531. 

Bobryshev, Y.V., Ikezawa, T., and Watanabe, T. (1997). Forma-tion 
of Birbeck granule-like structures in vascular dendritic cells in 
human atherosclerotic aorta. Lag-antibody to epi-dermal Lan-
gerhans cells recognizes cells in the aortic wall. Atherosclerosis 
133, 193-202. 

Bobryshev, Y.V., Taksir, T., Lord, R.S., and Freeman, M.W. (2001). 
Evidence that dendritic cells infiltrate atherosclerotic lesions in 
apolipoprotein E-deficient mice. Histol. Histopathol. 16, 801-808. 

Cao, W., Bobryshev, Y.V., Lord, R.S., Oakley, R.E., Lee, S.H., and 
Lu, J. (2003). Dendritic cells in the arterial wall express C1q: 
potential significance in atherogenesis. Cardiovasc. Res. 60, 
175-186. 

Choi, J.H., Do, Y., Cheong, C., Koh, H., Boscardin, S.B., Oh, Y.S., 
Bozzacco, L., Trumpfheller, C., Park, C.G., and Stein-man, R.M. 
(2009). Identification of antigen-presenting den-dritic cells in 
mouse aorta and cardiac valves. J. Exp. Med. 206, 497-505. 

Choi, J.H., Cheong, C., Dandamudi, D.B., Park, C.G., Rodri-guez, 
A., Mehandru, S., Velinzon, K., Jung, I.H., Yoo, J.Y., Oh, G.T., et 
al. (2011). Flt3 signaling-dependent dendritic cells protect against 
atherosclerosis. Immunity 35, 819-831. 

Daissormont, I.T., Christ, A., Temmerman, L., Sampedro, Mil-lares, 
S., Seijkens, T., Manca, M., Rousch, M., Poggi, M., Boon, L., van 
der Loos, C., et al. (2011). Plasmacytoid den-dritic cells protect 
against atherosclerosis by tuning T-cell proliferation and activity. 
Circ. Res. 109, 1387-1395. 

Doring, Y., Manthey, H.D., Drechsler, M., Lievens, D., Megens, R.T., 
Soehnlein, O., Busch, M., Manca, M., Koenen, R.R., Pelisek, J., 
et al. (2012). Auto-antigenic protein-DNA com-plexes stimulate 
plasmacytoid dendritic cells to promote atherosclerosis. Cir-
culation 125, 1673-1683. 

Galkina, E., Kadl, A., Sanders, J., Varughese, D., Sarembock, I.J., 
and Ley, K. (2006). Lymphocyte recruitment into the aortic wall 
before and during development of atherosclerosis is partially L-
selectin dependent. J. Exp. Med. 203, 1273-1282. 

Gautier, E.L., Huby, T., Saint-Charles, F., Ouzilleau, B., Pirault, J., 
Deswaerte, V., Ginhoux, F., Miller, E.R., Witztum, J.L., Chap-
man, M.J., et al. (2009). Conventional dendritic cells at the cross- 
roads between immunity and cholesterol home-ostasis in 
atherosclerosis. Circulation 119, 2367-2375. 

Geissmann, F., Gordon, S., Hume, D.A., Mowat, A.M., and Randolph, 
G.J. (2010). Unravelling mononuclear phagocyte heterogeneity. 
Nat. Rev. Immunol. 10, 453-460. 

Ginhoux, F., Tacke, F., Angeli, V., Bogunovic, M., Loubeau, M., Dai, 
X.M., Stanley, E.R., Randolph, G.J., and Merad, M. (2006). 
Langerhans cells arise from monocytes in vivo. Nat. Immunol. 7, 



The Function of Dendritic Cells in Atherosclerosis 
Cheolho Cheong & Jae-Hoon Choi 

 

 

346  Mol. Cells http://molcells.org 

 

 

265-273. 
Gotsman, I., Grabie, N., Gupta, R., Dacosta, R., MacConmara, M., 

Lederer, J., Sukhova, G., Witztum, J.L., Sharpe, A.H., and Licht-
man, A.H. (2006). Impaired regulatory T-cell res-ponse and 
enhanced atherosclerosis in the absence of inducible costi-
mulatory molecule. Circulation 114, 2047-2055. 

Habets, K.L., van Puijvelde, G.H., van Duivenvoorde, L.M., van 
Wanrooij, E.J., de Vos, P., Tervaert, J.W., van Berkel, T.J., Toes, 
R.E., and Kuiper, J. (2010). Vaccination using oxidized low-
density lipoprotein-pulsed dendritic cells reduces athe-roscle-
rosis in LDL receptor-deficient mice. Cardiovasc. Res. 85, 622-
630. 

Hansson, G.K., and Hermansson, A. (2011). The immune system in 
atherosclerosis. Nat. Immunol. 12, 204-212. 

Hawiger, D., Inaba, K., Dorsett, Y., Guo, M., Mahnke, K., Ri-vera, 
M., Ravetch, J.V., Steinman, R.M., and Nussenzweig, M.C. (2001). 
Dendritic cells induce peripheral T cell unres-ponsiveness under 
steady state conditions in vivo. J. Exp. Med. 194, 769-780. 

Hermansson, A., Johansson, D.K., Ketelhuth, D.F., Andersson, J., 
Zhou, X., and Hansson, G.K. (2011). Immunotherapy with tolero-
genic apolipoprotein B-100-loaded dendritic cells atte-nuates 
atherosclerosis in hypercholesterolemic mice. Circu-lation 123, 
1083-1091. 

Houtkamp, M.A., de Boer, O.J., van der Loos, C.M., van der Wal, 
A.C., and Becker, A.E. (2001). Adventitial infiltrates associated 
with advanced atherosclerotic plaques: structural organization 
suggests generation of local humoral immune responses. J. 
Pathol. 193, 263-269. 

Inder, S.J., Bobryshev, Y.V., Cherian, S.M., Lord, R.S., Masuda, K., 
and Yutani, C. (2000). Accumulation of lymphocytes, dendritic 
cells, and granulocytes in the aortic wall affected by Takayasu’s 
disease. Angiology 51, 565-579. 

Jongstra-Bilen, J., Haidari, M., Zhu, S.N., Chen, M., Guha, D., and 
Cybulsky, M.I. (2006). Low-grade chronic inflammation in regions 
of the normal mouse arterial intima predisposed to athero-
sclerosis. J. Exp. Med. 203, 2073-2084. 

Josefowicz, S.Z., Lu, L.F., and Rudensky, A.Y. (2012). Regula-tory 
T cells: mechanisms of differentiation and function. Annu. Rev. 
Immunol. 30, 531-564. 

Kretschmer, K., Apostolou, I., Hawiger, D., Khazaie, K., Nussen-
zweig, M.C., and von Boehmer, H. (2005). Inducing and expan-
ding regulatory T cell populations by foreign antigen. Nat. 
Immunol. 6, 1219-1227. 

Liu, P., Yu, Y.R., Spencer, J.A., Johnson, A.E., Vallanat, C.T., Fong, 
A.M., Patterson, C., and Patel, D.D. (2008). CX3CR1 deficiency 
impairs dendritic cell accumulation in arterial intima and reduces 
atherosclerotic burden. Arterioscler. Thromb. Vasc. Biol. 28, 243-
250. 

Ludewig, B., Freigang, S., Jaggi, M., Kurrer, M.O., Pei, Y.C., Vlk, L., 
Odermatt, B., Zinkernagel, R.M., and Hengartner, H. (2000). 
Linking immune-mediated arterial inflammation and cholesterol-
induced atherosclerosis in a transgenic mouse model. Proc. Natl. 
Acad. Sci. USA 97, 12752-12757. 

Maganto-Garcia, E., Tarrio, M.L., Grabie, N., Bu, D.X., and Licht-
man, A.H. (2011). Dynamic changes in regulatory T cells are 
linked to levels of diet-induced hypercholestero-lemia. Circulation 
124, 185-195. 

McKenna, H.J., Stocking, K.L., Miller, R.E., Brasel, K., De Smedt, T., 
Maraskovsky, E., Maliszewski, C.R., Lynch, D.H., Smith, J., 
Pulendran, B., et al. (2000). Mice lacking flt3 ligand have defi-
cient hematopoiesis affecting hematopoietic pro-genitor cells, 
dendritic cells, and natural killer cells. Blood 95, 3489-3497. 

Millonig, G., Niederegger, H., Rabl, W., Hochleitner, B.W., Hoefer, 
D., Romani, N., and Wick, G. (2001). Network of vascular-asso-
ciated dendritic cells in intima of healthy young individuals. 
Arterioscler. Thromb. Vasc. Biol. 21, 503-508. 

Millonig, G., Malcom, G.T., and Wick, G. (2002). Early inflam-matory- 
immunological lesions in juvenile atherosclerosis from the 
pathobiological determinants of atherosclerosis in Youth (PDAY)- 
study. Atherosclerosis 160, 441-448. 

Moos, M.P., John, N., Grabner, R., Nossmann, S., Gunther, B., Vol-
landt, R., Funk, C.D., Kaiser, B., and Habenicht, A.J. (2005). The 
lamina adventitia is the major site of immune cell accumulation 
in standard chow-fed apolipoprotein E-deficient mice. Arterio-
scler. Thromb. Vasc. Biol. 25, 2386-23891. 

Mor, A., Planer, D., Luboshits, G., Afek, A., Metzger, S., Chajek- 

Shaul, T., Keren, G., and George, J. (2007). Role of naturally 
occurring CD4+ CD25+ regulatory T cells in experimental 
atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 27, 893-900. 

Niessner, A., Sato, K., Chaikof, E.L., Colmegna, I., Goronzy, J.J., 
and Weyand, C.M. (2006). Pathogen-sensing plasma-cytoid den- 
dritic cells stimulate cytotoxic T-cell function in the atherosc-
lerotic plaque through interferon-alpha. Circulation 114, 2482-
2489. 

Ozmen, J., Bobryshev, Y.V., Lord, R.S., and Ashwell, K.W. (2002). 
Identification of dendritic cells in aortic atheroscle-rotic lesions in 
rats with diet-induced hypercholesterolaemia. Histol. Histopathol. 
17, 223-237. 

Packard, R.R., Maganto-Garcia, E., Gotsman, I., Tabas, I., Libby, P., 
and Lichtman, A.H. (2008). CD11c

+

 dendritic cells maintain anti-
gen processing, presentation capabilities, and CD4

+

 T-cell pri-
ming efficacy under hypercholesterolemic conditions associated 
with atherosclerosis. Circ. Res. 103, 965-973. 

Pryshchep, O., Ma-Krupa, W., Younge, B.R., Goronzy, J.J., and 
Weyand, C.M. (2008). Vessel-specific Toll-like receptor profiles 
in human medium and large arteries. Circulation 118, 1276-1284. 

Sasaki, N., Yamashita, T., Takeda, M., Shinohara, M., Naka-jima, 
K., Tawa, H., Usui, T., and Hirata, K. (2009). Oral anti-CD3 anti-
body treatment induces regulatory T cells and inhibits the deve-
lopment of atherosclerosis in mice. Circu-lation 120, 1996-2005. 

Shamshiev, A.T., Ampenberger, F., Ernst, B., Rohrer, L., Marsland, 
B.J., and Kopf, M. (2007). Dyslipidemia inhibits Toll-like receptor- 
induced activation of CD8a-negative den-dritic cells and 
protective Th1 type immunity. J. Exp. Med. 204, 441-452. 

Shaposhnik, Z., Wang, X., Weinstein, M., Bennett, B.J., and Lusis, 
A.J. (2007). Granulocyte macrophage colony-stimula-ting factor 
regulates dendritic cell content of atherosclerotic lesions. 
Arterioscler. Thromb. Vasc. Biol. 27, 621-627. 

Soilleux, E.J., Morris, L.S., Trowsdale, J., Coleman, N., and Boyle, 
J.J. (2002). Human atherosclerotic plaques express DC-SIGN, a 
novel protein found on dendritic cells and macrophages. J. 
Pathol. 198, 511-516. 

Spanbroek, R., Grabner, R., Lotzer, K., Hildner, M., Urbach, A., 
Ruhling, K., Moos, M.P., Kaiser, B., Cohnert, T.U., Wahlers, T., 
et al. (2003). Expanding expression of the 5-lipoxyge-nase 
pathway within the arterial wall during human athero-genesis. 
Proc. Natl. Acad. Sci. USA 100, 1238-1243. 

Steinman, R.M. (2012). Decisions about dendritic cells: past, pre-
sent, and future. Annu. Rev. Immunol. 30, 1-22. 

Steinman, R.M., and Cohn, Z.A. (1973). Identification of a novel cell 
type in peripheral lymphoid organs of mice. I. Morpho-logy, 
quantitation, tissue distribution. J. Exp. Med. 137, 1142- 1162. 

Steinman, R.M., and Cohn, Z.A. (1974). Identification of a novel cell 
type in peripheral lymphoid organs of mice. II. Functional 
properties in vitro. J. Exp. Med. 139, 380-397. 

Steinman, R.M., and Nussenzweig, M.C. (2002). Avoiding horror 
autotoxicus: the importance of dendritic cells in peri-pheral T cell 
tolerance. Proc. Natl. Acad. Sci. USA 99, 351-358. 

Steinman, R.M., and Witmer, M.D. (1978). Lymphoid dendritic cells 
are potent stimulators of the primary mixed leukocyte reaction in 
mice. Proc. Natl. Acad. Sci. USA 75, 5132-5136. 

Swiecki, M., Gilfillan, S., Vermi, W., Wang, Y., and Colonna, M. 
(2010). Plasmacytoid dendritic cell ablation impacts early inter-
feron responses and antiviral NK and CD8

+

 T cell accrual. 
Immunity 33, 955-966. 

Takagi, H., Fukaya, T., Eizumi, K., Sato, Y., Sato, K., Shibazaki, A., 
Otsuka, H., Hijikata, A., Watanabe, T., Ohara, O., et al. (2011). 
Plasmacytoid dendritic cells are crucial for the initia-tion of 
inflammation and T cell immunity in vivo. Immunity 35, 958-971. 

Takeda, M., Yamashita, T., Sasaki, N., Nakajima, K., Kita, T., Shi-
nohara, M., Ishida, T., and Hirata, K. (2010). Oral admi-nistration 
of an active form of vitamin D3 (calcitriol) decrea-ses athero-
sclerosis in mice by inducing regulatory T cells and immature 
dendritic cells with tolerogenic functions. Arterioscler. Thromb. 
Vasc. Biol. 30, 2495-2503. 

Van Vre, E.A., Bosmans, J.M., Van Brussel, I., Maris, M., De Meyer, 
G.R., Van Schil, P.E., Vrints, C.J., and Bult, H. (2011). Immuno-
histochemical characterisation of dendritic cells in human 
atherosclerotic lesions: possible pitfalls. Pathology 43, 239-247. 

Waskow, C., Liu, K., Darrasse-Jeze, G., Guermonprez, P., Ginhoux, 
F., Merad, M., Shengelia, T., Yao, K., and Nussen-zweig, M. 
(2008). The receptor tyrosine kinase Flt3 is required for dendritic 



The Function of Dendritic Cells in Atherosclerosis 
Cheolho Cheong & Jae-Hoon Choi  

 

 

http://molcells.org  Mol. Cells  347 

 

 

cell development in peripheral lymphoid tissues. Nat. Immunol. 9, 
676-683. 

Weber, C., Zernecke, A., and Libby, P. (2008). The multifa-ceted 
contributions of leukocyte subsets to atherosclerosis: lessons 
from mouse models. Nat. Rev. Immunol. 8, 802-815. 

Weber, C., Meiler, S., Doring, Y., Koch, M., Drechsler, M., Megens, 
R.T., Rowinska, Z., Bidzhekov, K., Fecher, C., Ribechini, E., et 
al. (2011). CCL17-expressing dendritic cells drive atherosclero-
sis by restraining regulatory T cell home-ostasis in mice. J. Clin. 
Invest. 121, 2898-2910. 

Weyand, C.M., Ma-Krupa, W., Pryshchep, O., Groschel, S., Ber-
nardino, R., and Goronzy, J.J. (2005). Vascular dendritic cells in 
giant cell arteritis. Ann. N.Y. Acad. Sci. 1062, 195-208. 

Witmer-Pack, M.D., Crowley, M.T., Inaba, K., and Steinman, R.M. 
(1993). Macrophages, but not dendritic cells, accumu-late colloi-

dal carbon following administration in situ. J. Cell Sci. 105, 965-
973. 

Yilmaz, A., Lochno, M., Traeg, F., Cicha, I., Reiss, C., Stumpf, C., 
Raaz, D., Anger, T., Amann, K., Probst, T., et al. (2004). Emer-
gence of dendritic cells in rupture-prone regions of vulnerable 
carotid plaques. Atherosclerosis 176, 101-110. 

Zhang, J., Raper, A., Sugita, N., Hingorani, R., Salio, M., Palmow-
ski, M.J., Cerundolo, V., and Crocker, P.R. (2006). Characteri-
zation of Siglec-H as a novel endocytic receptor expressed on 
murine plasmacytoid dendritic cell precursors. Blood 107, 3600-
3608. 

Zhu, S.N., Chen, M., Jongstra-Bilen, J., and Cybulsky, M.I. (2009). 
GM-CSF regulates intimal cell proliferation in na-scent athero-
sclerotic lesions. J. Exp. Med. 206, 2141-2149. 



The Function of Dendritic Cells in Atherosclerosis 
Cheolho Cheong & Jae-Hoon Choi 

 

 

348  Mol. Cells http://molcells.org 

 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


