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Dendritic cell subsets in health

and disease

Summary: The dendritic cell (DC) system of antigen-presenting cells
controls immunity and tolerance. DCs initiate and regulate immune
responses in a manner that depends on signals they receive from microbes
and their cellular environment. They allow the immune system to make
qualitatively distinct responses against different microbial infections. DCs
are composed of subsets that express different microbial receptors and
express different surface molecules and cytokines. Our studies lead us to
propose that interstitial (dermal) DCs preferentially activate humoral
immunity, whereas Langerhans cells preferentially induce cellular
immunity. Alterations of the DC system result in diseases such as
autoimmunity, allergy, and cancer. Conversely, DCs can be exploited for
vaccination, and novel vaccines that directly target DCs in vivo are being
designed.
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Introduction

Immunologists had long focused on antigens and lymphocytes,

which by themselves are insufficient to elicit protective

immunity. A third party, the dendritic cell (DC) system of

antigen-presenting cells (APCs), is needed to educate lympho-

cytes. DCs efficiently stimulate B and T cells, the components of

adaptive immunity, thereby initiating immune responses (1).

First visualized as Langerhans cells (LCs) in the skin some 140

years ago, DC characterization began less than 40 years ago (2).

During the first 20 years, they were painstakingly isolated from

the tissues and studied by few investigators. However, the

discovery of techniques to generate DCs in vitro (3–6) allowed

the identification of many of their biological and molecular

properties.

Although our skin and mucosa are covered by considerable

amounts of microbes, we stay remarkably healthy. However,

when the microbes break the skin or mucosal barriers, the

immune system faces a number of options. First, it needs to
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decide whether or not to respond. Second, if a response is made,

it must be tailored to fight that particular microbe. Generating

the right class of immune response can be a matter of life and

death itself. In leprosy, the tuberculoid form of the disease is

characterized by a type 1 response that keeps the disease in

check, but the lepromatous form induces an often fatal type 2

response (7, 8). Microbe-specific immunity must therefore

limit the extension of the infection as well as remove the

infected cells. This process requires the participation of different

cells of the innate immune system as well as cells of the adaptive

immune system, more specifically T and B lymphocytes that are

educated and activated by DCs.

The initiation of T-cell immunity poses several challenges.

First, the frequency ofmicrobe-specific T cells is extremely low.

Second, infected cells express very few peptide–major histo-

compatibility complex (MHC) complexes recognized by the

specific T cells (100 or fewer per cell). Third, infected cells lack

the costimulatory molecules needed to drive T-cell clonal

expansion and the production of cytokines, therefore lacking

capacity to generate cytotoxic/helper T cells. These challenges

are overcome by DCs, which capture microbes, present their

antigens, and provide signals necessary for T-cell expansion and

differentiation. Upon recognition of microbial components or

in response to inflammatory cytokines secreted by cells in the

tissue microenvironment, DCs upregulate costimulatory mol-

ecules and migrate to secondary lymphoid organs, i.e. spleen

and lymph nodes (LNs), where they activate antigen-specific

T cells. Thus, DCs have traditionally been viewed as mobile

sentinels that bring antigens to T cells and activate them. More

recent studies indicate however that soluble antigen can directly

diffuse into the draining LNs through lymphatics and conduits,

thereby reaching the LN-resident DCs (9). Murine in vivo studies

suggest that these two waves of antigen delivery to LNs yield

different immune responses (9). DCs are also important in

launching humoral immunity partly through their capacity to

directly activate B cells (10, 11). DCs also activate innate

immune cells, such as natural killer (NK) cells (12, 13) and

natural killer T (NKT) cells (14).

In addition to the ability to recognize and eliminate what is

foreign or aberrant, the immune system has built in tolerance

mechanisms to ignore components of ‘self’ (15). DCs appear to

be essential in maintenance of immunological tolerance both

in the thymus and in the periphery (15). Thus, their alteration

might contribute to the break of tolerance and thereby to the

pathogenesis of autoimmune diseases.

Just like lymphocytes, DCs are composed of several subsets

with distinct functions (16). There are many reasons for

a specialized system of DC subsets. For example, the require-

ments for establishing protective responses against viral

infections are likely different from those necessary to eliminate

bacteria, fungi, and parasites. Similarly, the requirements for

priming T cells likely differ from those for priming B cells, and

the requirements for induction of immunity have to differ from

those for induction of tolerance. Likewise, the polarization of

T-cell types, such as T-helper 1 (Th1) versus Th2 or regulatory

T cell (Treg) versus Th17, etc., which have been extensively

studied at the T-cell levels in DC-independent systems, might

reflect differences at the DC level. This review emphasizes the

role of DC subsets in disease pathogenesis and how we can

exploit them for therapy.

DC biology

Activation of DCs and launching of protective immunity

DCs play a key role in initiating and controlling the magnitude

and the quality of adaptive immune responses. Immature DCs

act as immunological sensors to alert for potentially dangerous

microbes, either by directly recognizing microbial components

or by receiving signals formulated by the innate immune system

that is exposed tomicrobes. Immature DCs decode and integrate

such signals and ferry this information to adaptive immune cells

(17). Thus, the type of adaptive immune response is highly

dependent on the nature of the activating stimuli that DCs

receive from the innate immune system.

In the steady state, DCs reside in both peripheral tissues and

lymphoid organs. DC subsets also circulate in the blood. To

elicit anti-microbial immunity, DCs undergo a complex process

of maturation, a ‘metamorphosis’ from an antigen-capturing

cell into an APC. This process includes (i) changes in mor-

phology such as the loss of adhesive structures, cytoskeleton

reorganization, and the acquisition of high cellular motility

(18); (ii) loss of endocytic/phagocytic receptors; (iii) secretion

of chemokines in coordinated waves according to the type of

immune cells that need to be attracted (19–23); (iv) up-

regulation of costimulatory molecules, such as CD40, CD80,

and CD86 (24); (v) translocation of MHC class II compartments

to the cell surface (25, 26); and (vi) secretion of cytokines that

differentiate and polarize the attracted immune effectors (27).

DCs are activated by numerous agents derived from microbes,

dying cells, cells of the innate immune system, and cells of

the adaptive immune system (Fig. 1).

Activation of DCs by microbial components

The immune system recognizes microbes through pattern

recognition receptors (PRRs) (28, 29). Themicrobes are recog-

nized by a limited set of conserved molecular patterns, referred
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to as pathogen-associated molecular patterns (PAMPs) (30),

which are invariant across pathogens. The combination of these

PAMPs is unique to a microbial type. PAMPs are recognized

through at least three PRR families of molecules: Toll-like

receptors (TLRs), cell surface C-type lectin receptors (CLRs),

and intracytoplasmic nucleotide oligomerization domain

(NOD)-like receptors (NLRs). Microbes directly activate DCs

through their PRRs or indirectly, for instance, by capture of

apoptotic/necrotic products of other cells dying in response to

microbial exposure. Microbes also induce a wide repertoire of

cells, such as epithelial cells, fibroblasts, and cells of the innate

immune system, to secrete cytokines capable of activating DCs.

Toll-like receptors

TLRs are expressed on a wide repertoire of cells including DCs.

Ten TLRs have been identified in humans, and 13 TLRs have

been identified in mice (29). TLRs can be divided into sub-

families, according to the ligands they recognize and to their

cellular localization. Thus, the subfamily of TLR1, TLR2, TLR4,

and TLR6 recognizes lipids, whereas TLR3, TLR7, TLR8, and

TLR9 recognize nucleic acids (29). TLR1, TLR2, TLR4, TLR5,

and TLR6 are expressed on the cell surface, whereas TLR3,

TLR7, TLR8, and TLR9 are expressed in intracellular compart-

ments, typically late endosomes–lysosomes. Such restricted

localization might provide the mechanism by which DCs avoid

spontaneous activation by self nucleic acids (31, 32). Another

level of regulation is provided by the differential expression of

TLRs by distinct DC subsets. The distinct repertoire of TLRs

allows DC subsets to respond differentially to microbes. In

humans, blood plasmacytoid DCs (pDCs) express TLR1, TLR6,

TLR7, TLR9, and TLR10, while blood myeloid DCs (mDCs)

express TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8,

and TLR10 (33, 34). Epidermal LCs isolated from skin express

TLR1, TLR2, TLR3, TLR6, and TLR10 but lack TLR4 and TLR5

expression. The expression of TLR7 and TLR8 remains unclear

(35, 36). In contrast to LCs, dermal interstitial DCs (intDCs)

express TLRs recognizing bacterial PAMPs, such as TLR2, TLR4,

and TLR5 (36). Therefore, dermal intDCs may represent a DC

subset specialized for bacterial recognition in the skin. As for

many aspects of the immune system (37), significant differ-

ences are found between human and murine DC subsets. For

instance, both mDCs and pDCs express TLR9 in the mouse (29,

38), while only pDCs express TLR9 in the human (33, 34).

Different TLRs recognize different PAMPs and deliver distinct

molecular signals, thereby yielding distinct types of DC matu-

ration and consequently distinct immune responses (39). For

instance, Escherichia coli lipopolysaccharide (LPS) stimulates

DCs through TLR4, inducing a Th1 response by interleukin-

12 (IL-12) secretion, while Porphyromonas gingivalis LPS activates

DCs through TLR2, inducing DCs to secrete IL-10, and even-

tually resulting in type 2 T-cell development (40). Similarly,

while polyI:C, a TLR3 ligand, induce DCs to secrete tumor

necrosis factor-a (TNF-a), peptidoglycan, a TLR2 ligand, and

enhances their IL-10 secretion (35). Because microbes express

different sets of TLR ligands, it is not surprising to find that

some TLRs cooperate for increased DC activation, thereby

ensuring generation of protective immunity. For example,

DCs stimulated through TLR3/TLR4 and TLR7/TLR8 or TLR9

synergistically act on DCs for the production of IL-12p70 and

induce very potent Th1 development (41).

C-type lectin receptors

DCs express a large collection of CLRs, molecules that bind the

carbohydrate moiety of glycoproteins (42, 43). Similar to TLRs,

distinct DC subsets express different CLRs, i.e. BDCA2 (blood

DC antigen 2) is specific to pDCs (44), Langerin/CD207 is

specific to LCs (45), and DC-SIGN [DC-specific intercellular

adhesion molecule-3 (ICAM-3)-grabbing non-integrin]/

CD209 is specific to intDCs (46). Other CLRs, such as

Fig. 1. Regulation of mDC activation. Four major paths lead to the
activation of mDCs: (i) microbes, (ii) dying cells, (iii) cells of the
innate immune system, and (iv) cells of the adaptive immune system.
The recognition of microbial PAMPs through PRRs delivers activation
signals to mDCs. DAMPs secreted from dying cells can also lead to the
activation of mDCs. Upon encounter with microbes, innate immune
cells secrete cytokines and chemokines, which activate immature DCs
and their precursors into mature cells with distinct phenotypes.
Activated mDCs migrate to the draining LNs, where they encounter
cells of the adaptive immune system (i.e. CD4þand CD8þT cells and
B cells). MF, macrophage.
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DEC205/CD205 (47, 48) or asialoglycoprotein receptor

(ASGPR) (49), are more broadly expressed.

C-type lectins act as anchors for a large number of microbes,

including viruses, bacteria, parasites, and fungi, and allow their

internalization. However, CLRs appear to carry multiple

functions. C-type lectins also act as adhesionmolecules between

DCs and other cell types. Thus, DC-SIGN expressed on DCs

interacts with multiple factors: (i) CD11b/CD18 heterodimer

Mac-1 and carcinoembryonic antigen (CEA)-related cellular

adhesion molecule 1 (CEACAM1) expressed by neutrophils,

thereby contributing to neutrophil-mediated activation of DCs

(50); (ii) ICAM-2 expressed on endothelial cells, which enables

DCs to egress from blood or lymphatic vessels to the periphery

through endothelium (51); and (iii) ICAM-3 expressed on

T cells, facilitating T-cell priming (46). Natural ligands of

several C-type lectins, such as DEC205 and ASGPR, are yet to be

determined. Some C-type lectins have signaling motifs in

their cytoplasmic regions and deliver activation/suppression

signals (reviewed in 52). DC-SIGN (46), ASGPR (49), and

Dectin-1 (53) show an immunoreceptor tyrosine-based

activation motif (ITAM), which delivers activation signals to

DCs. Dectin-1, a b-glucan-specific CLR mediating the phago-

cytosis of yeast, delivers signals to produce IL-2 and IL-10, or

IL-12 and TNF-a through distinct pathways (54). The recent

finding that the signaling through Dectin-1 and its downstream

molecule Caspase recruitment domain-9 (CARD9) is critical for

protection against Candida (55) exemplifies the significance of

CLRs as signal-transmitting molecules. Dendritic cell immu-

noreceptor (DCIR) (56) and myeloid inhibitory C-type lectin

receptor (MICL) (57) show an immunoreceptor tyrosine-based

inhibitory motif (ITIM).Whether these ITIM-containing lectins

deliver negative signals to DCs remains to be established. Similar

to TLR expression, CLR expression differs between human and

mouse. Multiple DCIRs (DCIR1-4) have been identified in the

mouse (58), while only a single DCIR was found in humans.

These differences complicate the extrapolation of the knowl-

edge obtained in mouse studies to humans.

NOD-like receptors

NLRs are a family of receptors recognizing intracellular micro-

bial components (reviewed in 59–62). The NLR family in-

cludes 22 members, the majority of which fall within two large

protein subclasses: NODs (NOD1-5) and NALPs (NACHT,

leucine-rich repeat, andpyrin-domain-containing proteins 1–14).

NLRs trigger signaling pathways that yield proinflammatory

cytokines. Upon recognition of PAMPs, NLRs undergo a confor-

mational rearrangement that activates them (61). Some NLRs are

components of the inflammasome, a multiprotein complex that

plays an important role in the activation of proinflammatory

Caspases and subsequent processing and secretion of IL-1b and

IL-18 (62). Of the three different known inflammasomes, the

NALP3 inflammasome is the best characterized.

The list of NLR activators is growing, althoughmuch remains

to be found. NOD1, NOD2, and NALP3, are activated by

muropeptides, small bacterial peptidoglycan fragments derived

from the Gram-positive and Gram-negative bacterial cell wall.

NALP3 can also be activated by bacterial RNA and by

endogenous danger signals released from dying cells like uric

acid (63). Polymorphism or mutations in NLRs are associated

with susceptibility to inflammatory disorders. For example,

mutations in NOD2 are linked to the development of Crohn’s

disease (64) and familial sarcoidosis (Blau syndrome) (65),

two autoinflammatory diseases. Mutations in the NACHT

domain in NALP3 are involved in three autosomal dominant

autoinflammatory diseases (familial cold-induced urticaria,

Muckle–Wells syndrome, and neonatal onset multisystem

inflammatory disease), which are characterized by recurrent

episodes of fever and serosal inflammation as a result of

increased production of IL-1 (66).

The expression of the majority of NLR members in human

DCs is largely unknown. NOD1/2 are expressed in the cytosol

of macrophages and DCs (67); NALP1 is absent in germinal

center and intDCs, while highly expressed in LCs within

mucosal surfaces and skin. A short DC-specific isoform of

NALP3 has recently been identified (68); yet, its role in IL-1

production in DCs remains to be determined.

Activation of DCs by products of dying cells

The observation that lysates of dying cells induce thematuration

of in vitro-generated DCs first indicated that components of

dying cells can activate DCs (69). These components enhance

antigen presentation by DCs, leading to T-cell immunity (69,

70). These endogenous activating molecules are collectively

called damage-associated molecular pattern molecules (DAMPs)

(71). DAMPs include heat shock proteins (HSPs) (72), high-

mobility group box 1 protein (HMGB1) (73), b-defensin (74),
and uric acid (75).

Many different HSPs, including HSP70, grp96, and HSP90,

were reported to have the ability to induce DCmaturation in vitro

and act as adjuvants in vivo (72). The observation that DC

maturation elicited by HSPs is dependent on the LPS receptor

(TLR4/MD2/CD14) (76) and the demonstration that LPS-free

HSP60 and HSP70 failed to activate DCs (77, 78) have raised

doubts about the ability of HSPs to activate DCs. Other receptors

for HSPs, such as CD40 and lectin-like oxidized low-density

lipoprotein receptor-1 (LOX-1), have been identified (79),
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leaving the field unsettled. Other endogenous molecules, such

as fibronectin (80), fibrinogen (81), and hyaluronic acid (82),

have also been shown to activate DCs through TLR4.

HMGB1, a cytokine-like factor released from dying cells (73,

83), induces macrophages to secrete proinflammatory cyto-

kines, such as TNF, IL-6, and HMGB1 itself (73). Thus, HMGB1

represents an endogenous DAMP that triggers a cascade of

inflammatory responses in the absence of microbes. HMGB1

appears to bind to multiple receptors including TLR2, TLR4,

and receptor for advanced glycation end products (RAGE),

expressed on monocytes, macrophages, monocytes, and NK

cells. b-Defensins are small anti-microbial peptides secreted

from neutrophils and epithelial cells (84). b-Defensins were
also shown to activate immature DCs through TLR4 (74).

While soluble uric acid, a degradation product from purines,

does not induce DC maturation, crystals of monosodium urate

(MSU) have a strong capacity to activate DCs in a TLR4-

independent fashion (85). Recently, NALP3, an NLR receptor,

has been identified as the receptor for MSU, triggering DCs to

secrete proinflammatory cytokines, particularly IL-1b (63).

Gout, an articular inflammatory disease, is dependent on MSU

and is responsive to treatmentwith IL-1 receptor antagonist (86).

DCs orchestrate a ballet of cells of the innate and adaptive

immune systems

DCs have long been known to secrete a variety of chemokines

(87–89). However, it is remarkable that both pDCs and mDCs

secrete sets of ‘redundant’ chemokines in three waves,

corresponding to the three stages of the immune response to

a microbe (23) (Fig. 2). The first chemokines that are produced

within 2–4 h in vitro are CXCL1, CXCL2, and CXCL3, which

attract innate effectors such as NK cells, and CXCL8, which

attracts neutrophils. This set of cells might limit the spread of

infection. The next wave produced within 4–8 h involves

CXCL9–11 and CCL3–5, which attract activated memory T cells

and monocytes that could replenish the pool of DCs or of tissue

macrophages. Finally, at a late stage (>12 h) when mature DCs

land in the draining secondary lymphoid organs, they secrete

CXCL13 which attracts B cells and T cells specialized for

humoral responses [follicular helper T cells (Tfh)], CCL19 and

CCL21 which attract naive T cells, and CCL22 which attracts

Tregs that might finally permit the termination of the immune

response. This coordinated program of successive waves of

chemokine production triggered by viral exposure has been

observed on purified blood DCs and remains to be established

with cells isolated from tissues.

Activation of DCs by tissue environment and innate

immune cells

Pathogen invasion leads to activation of innate immune cells

including neutrophils, basophils, mast cells, and pDCs.

Neutrophils are dedicated to phagocytosis and killing of

bacteria, while eosinophils, basophils, and mast cells are

dedicated to killing parasites. pDCs may have evolved to control

viral infection (90). Neutrophils and macrophages secrete

proinflammatory cytokines such as IL-1, IL-6, and TNF upon

microbial recognition. Furthermore, neutrophils induce

DC maturation through the interaction between DC-SIGN

and Mac-1/CEACAM-1 (91) and through the secretion of

b-defensins (74). Mast cells secrete granulocyte–macrophage

colony-stimulating factor (GM-CSF), IL-4, and TNF upon

recognition of parasites (92, 93). pDCs secrete large amounts

of type 1 interferon (IFN) in response to viral encounter (94).

Epithelial cells including keratinocytes produce IL-15 and

GM-CSF (95). In allergic inflammatory skin lesions, keratino-

cytes secrete large amounts of thymic stromal lymphopoietin

Fig. 2. DCs are choreographers of the immune

system. Both pDCs and mDCs secrete sets of
redundant chemokines in three waves, which
correspond to three stages of the immune
response to a microbe. The first chemokines that
are produced within 2–4 h attract innate effectors
such as NK cells and neutrophils. This set of cells
might limit the spread of infection. The next wave
produced within 4–8 h attracts activated memory
T cells and monocytes (Mo), which could
replenish the pool of DCs or of tissue macro-
phages. At a late stage (>12 h) when mature DCs
land in the draining secondary lymphoid organs,
they attract B cells and Tfh cells for maturation of
humoral responses and naive T cells to broaden
the immune response. Tregs are also attracted to
control the extent of the immune response.
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(TSLP) (96). Furthermore, bioactive metabolites, such as pros-

taglandins, secreted by multiple types of cells are also involved

in the modulation of DC functions (97).

DCs also have a reciprocal interaction with innate immune

cells. The interaction of DCs with NK, NKT, and gd T cells can

occur in the periphery and the secondary lymphoid organs

(reviewed in 98). A recent mouse study suggested that the

activation of NK cells is totally dependent on the interaction with

DCs at the secondary lymphoid organs (13). Activated NK cells

enhance their cytotoxicity and capacity to secrete IFN-g (99–

101), which render DCs to induce type 1 responses (22). As

described earlier, NK cells also secrete HMGB1, which promotes

DC maturation (73). NK cells however might directly recognize

viral proteins, for example influenza virus hemagglutinin, with

its NKp46 receptor (102).Mature DCs also activateNKT and gd T
cells, inducing the secretion of IFN-g and IL-4 from NKT cells

(14, 103–105) and IFN-g and TNF-a from gd T cells (106, 107).
In particular, activatedNKT cells acquire the capacity to kill tumor

cells (108). In return, CD40L expressed on NKT cells induces the

strong activation of DCs (98).

These factors derived from innate immune cells activate

immature DCs and their precursors to develop into mature

cells with distinct phenotypes (Fig. 3). Thus, type I IFN, TSLP,

TNF, IL-10, IFN-g, or IL-15 yield DC differentiation into IFN–

DCs (109–112), TSLP–DCs (96, 113), TNF–DCs (114), IL-10–

DCs (115, 116), IFN-g–DCs (22), or IL-15–DCs (117, 118),
respectively. These distinct DCs induce distinct types of T-cell

immunity. For example, TSLP–DCs skew T-cell development

into inflammatory type 2 cells, which secrete large amounts

of TNF as well as type 2 cytokines (96). IL-10–DCs promote

IL-10-secreting Treg development (115, 116). IFN-g–DCs
promote potent type 1 T-cell responses through the upregu-

lation of IL-12 secretion (22). IL-15–DCs, which express

Langerin and share many characters with LCs (117, 118), are

powerful activators of cytotoxic T lymphocytes (CTLs) (118).

Thus, we propose a model whereby the innate immune system

controls the adaptive immune system by modulating the type

and function of mDCs. Much remains to be understood at

this stage. In particular, it remains to be determined how DC

conditioning by the innate effector cells affects humoral

immunity.

DC interaction with adaptive immune cells

Once loaded with antigens and activated by the microbes and

the innate immune cells, DCs migrate into the draining

lymphoid organs. DCs act on lymphocytes through at least

three families of molecules: cytokines, B7 family members, and

TNF family members.

Fig. 3. The innate immune system controls the

adaptive immune system by modulating the
type and function of mDCs. Innate immune cells
secrete different sets of soluble factors in response
to various stimuli. Granulocytes and macrophages
secrete IL-1, IL-6, and TNF upon microbial
recognition. NK cells secrete IFN-g. Mast cells
secrete GM-CSF, IL-4, and TNF. Keratinocytes
secrete IL-15 and GM-CSF as well as TSLP in
allergic lesions. pDCs secrete large amounts of
type 1 IFN upon viral encounter. Immature DCs
and monocytes (Mo) activated by GM-CSF and/or
Flt3L during extravasation are exposed to these
factors, resulting in the differentiation into
mature DCs with distinct phenotypes. These
distinct DCs promote distinct types of T-cell
immunity. Thus, mDCs are the key player to
convey information from the innate immune cells
to the adaptive immune cells.
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Cytokines

IL-12 is a product of activated DCs and promotes the

differentiation of T cells into type 1 cells (27, 119). Other IL-

12 family molecules, IL-23 (120–122) and IL-27 (123, 124),

are also secreted from DCs but differentially regulate immune

responses. IL-23, which shares IL-12p40 with IL-12, promotes

the differentiation of T cells into Th17 cells, secreting IL-17

(125, 126), which is associated with inflammation (127, 128).

The development of Th17 cells also depends on IL-6 and

transforming growth factor-b (TGF-b) in mice (129) and IL-1

and IL-6 in humans (Federica Sallusto at Keystone symposium

2007: Immunological Intervention in Human Diseases). IL-27,

in contrast, appears to act as an anti-inflammatory agent in vivo.

Experimental autoimmune encephalitismodels suggested that IL-

27 actually inhibits the differentiation of Th17 cells (130, 131).

Upon activation, immature DCs also secrete IL-2 in the mouse

(132) and IL-15 in both the mouse and human (133), which

might be involved in the proliferation of naive T cells and/or in

modifying their differentiation.

B7 family

Molecules of the B7 family are essential in the regulation of

T-cell-mediated immunity and tolerance. This family consists of

seven molecules: CD80 (B7-1), CD86 (B7-2), inducible

costimulator ligand (ICOSL), programmed death ligand 1

(PD-L1) (B7-H1), PD-L2 (B7-DC), B7-H3, and B7-H4, all of

which can be expressed on DCs and macrophages (134). CD80

and CD86 are commonly used as DC ‘maturation markers’ (1).

However, their upregulation does not necessarily indicate the

capacity of DCs to induce immunity, as we discuss later for DCs

infected by respiratory syncytial virus (RSV). Both CD80 and

CD86 bind to CD28 and cytotoxic T-lymphocyte antigen-4

(CTLA-4). While CD28 delivers signals for T cells to become

functional effector cells, CTLA-4 delivers inhibitory signals that

suppress their functions. We have observed that DC subsets

differentially express these molecules. Human LCs generated

in vitro express more CD80 than CD86, while intDCs express

more CD86 than CD80 (135). The biological consequences

remain unclear.

DCs express ICOSL,which is a homolog of CD28 andwhich is

also expressed on activated T cells (136). The expression of

ICOSL is differentially regulated from CD80 or CD86, as CD40

and LPS stimulation do not upregulate ICOSL expression on

DCs (137). Although ICOSL is widely expressed on APCs in-

cluding B cells, monocytes, DCs, and macrophages, high levels

of ICOSL appear to be limited to DC subsets specialized in the

induction of Tregs. For instance, mouse bronchial mDCs at

steady state (138) and human pDCs stimulated with virus

or TLR-9 ligand (139) express high levels of ICOSL and induce

IL-10-producing Tregs.

PD-L1 and PD-L2 appear to be specifically involved in the

induction and maintenance of tolerance (134). Both molecules

bind to PD-1 and deliver potent inhibitory signals (140).While

PD-L1 is broadly and constitutively expressed on immune cells,

PD-L2 expression is limited to DCs and macrophages,

suggesting a unique function of PD-L2 for immune regulation.

‘Exhausted’ T cells in chronic infections, such as lymphocytic

choriomeningitis virus in mice (141) and human immuno-

deficiency virus (HIV) in humans (142), were found to express

high levels of PD-1. Blockade of the PD-1/PD-L1 pathway

reverses the exhausted status of T cells in vitro and in vivo, resulting

in recovery of their expansion and cytokine secretion (141–

143). Thus, the PD-1/PD-L1 pathway is involved in the control

of T-cell anergy in chronic viral infection and probably cancer.

Much remains to be established to understand how T cells

acquire constitutive PD-1 expression.

TNF family

TNF (3) and CD40 ligation (24) were found early to act as

activators of DCs. CD40/CD40L interaction promotes DCs to

upregulate CD80 and CD86 and to secrete IL-12. Importantly,

CD40 ligation also induces DCs to express other TNF family

molecules such as CD70, 4-1BBL, and OX40L. TSLP can also

induce DCs to express OX40L (96). OX40L on DCs polarizes

T-cell differentiation into type 2 (144) and shuts down IL-10

secretion from Tregs (145). CD70 is critical for the priming of

naive CD8þ T cells (146, 147) and for the differentiation into

IFN-g-secreting CTLs (148) or memory T cells (149). 4-1BBL

expression (150, 151) is also important in the priming of naive

CD8þ T cells and the survival of memory CD8þ T cells. DCs also

express TNF family molecules associated with B-cell priming

and/or differentiation. BAFF (B-cell activating factor belonging

to the TNF family)/BLyS (B-lymphocyte stimulator) (152,

153) is upregulated on DCs in response to type I and II IFNs and

LPS (154) and interacts with its receptors expressed on B cells,

such as BAFF-R, TACI (transmembrane activator and calcium

modulator and cyclophilin ligand interactor), and BCMA (B-cell

maturation antigen) (155). The stimulation with BAFF and its

closely related APRIL (a proliferation-inducing ligand) promote

B-cell survival and differentiation into antibody-secreting

plasma cells and their class switching (154).

Maintenance of tolerance by DCs

DCs play a pivotal role in the control of both central and

peripheral tolerance (15). The thymus steadily produces

thymocytes expressing newly assembled T-cell receptors, some
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of which are reactive with components of self. High-affinity

autoreactive thymocytes are eliminated upon encountering self-

MHC peptide (central tolerance). There is evidence that both

thymic epithelial cells as well as mature DCs in the thymus are

involved in this process (156). However, this step is imperfect,

and autoreactive T cells are still released in the periphery. Thus,

well-organized mechanisms have been established in the

periphery to prevent the development of autoimmunity

(peripheral tolerance). An important crossroad of central and

peripheral tolerance can be found in the human thymic structures

called Hassall’s corpuscles. In these structures, resident mDCs

stimulated by TSLP drive the positive selection of self-reactive

CD4þCD25þ Tregs (157). These thymus-derived Tregs are

critical for the maintenance of self-tolerance in the periphery.

Peripheral DCs are also involved in the maintenance of

peripheral tolerance. Non-activated immature DCs are thought

to continuously present self-antigens to autoreactive T cells and,

in the absence of costimulation, induce the anergy or deletion of

these potentially harmful T cells (158). Indeed, targeting of

non-activated DCs in vivowith fusion proteins composed of anti-

DC antibodies and antigens results in induction of antigen-

specific tolerance through the deletion of antigen-specific

T cells (159) or the induction of forkhead box protein 3

(FOXP3)þ antigen-specific Tregs (160). However, mature DCs

also appear to be involved in the maintenance of peripheral

tolerance. Mature mDCs can expand functional Tregs both in vitro

and in vivo (160–163). This role may be best explained by the

existence of various stages of DC maturation.

Peripheral tolerance may possibly be actively maintained by

‘tolerogenic’ DCs (164). In addition to deleting T cells,

tolerogenic DCs induce the differentiation and proliferation of

T cells with regulatory/suppressor functions (165, 166). Some

pathogens have a capacity to actively render DCs tolerogenic.

Filamentous hemagglutinin in Bordetella pertussis stimulates DCs to

secrete IL-10, leading to the development of IL-10-secreting T

regulatory type 1 cells (167). Although the specific markers of

tolerogenic DCs are to be determined, expression of inhibitory

immunoglobulin-like transcript (ILT) receptors might be their

feature (168). Indeed, in vitro-generated DCs exposed to IL-10

express ILT3, which is associated with their tolerogenic

functions (169). RSV-infected DCs upregulate the expression

of ILT4 and ILT5 as well as PD-L1 and render the DCs unable to

induce the proliferation of allogeneic naive CD4þ T cells.

Furthermore, very few of these RSV-infected DCs potently

suppress allogeneic CD4þ T-cell proliferation induced by

activated DCs (Connolly et al., unpublished observations). This

finding might explain the pathophysiology of RSV infections,

which are often recurrent because of the inefficient induction of

specific adaptive immunity. RSV-infected DCs express high

levels of CD80, CD86, and CD83 (170). Thus, the mere

expression of CD80, CD83, and CD86 is insufficient to

characterize the functional status of DCs. The identification of

the different states of DC activation is barely started and will be

a fertile area of research in the coming years.

A few studies indicate that pDCs might be involved in

tolerance induction as well. pDCs stimulated through CD40

induce IL-10-secreting CD4þ Tregs (139) as well as CD8þ T

cells (171). Furthermore, in vivo depletion of pDCs resulted in

the exacerbation of airway hypersensitivity in mouse (172).

DC subsets

There are two main pathways of DC ontogeny from

hematopoietic progenitor cells (HPCs). One pathway generates

mDCs, while another generates pDCs, a subset capable of

secreting large amounts of type I IFN in response to viral

stimulation (94, 173). Flt3-ligand (Flt3L) appears as a major

factor governing DC homeostasis in the steady state. Flt3L

enhances the generation of both mDCs and pDCs in vivo (174–

176) and in vitro (177, 178). Administration of Flt3L to healthy

human volunteers increases the frequencies of blood mDCs by

48-fold and pDCs by 13-fold (176). Conversely, Flt3L-deficient

mice show a considerable decrease in numbers of DCs in both

peripheral and lymphoid tissues (179), indicating that Flt3L is

a critical factor for DC ontogeny in both humans and mice.

mDC subsets

In vivo mDCs exist in at least three compartments: peripheral-

tissue-resident DCs, secondary lymphoid-organ-resident DCs,

and circulating blood mDCs. In the skin, two distinct types of

mDCs are found in two distinct layers. LCs reside in the

epidermis, while intDCs are present in the dermis (180). Skin

DC subsets express different sets of molecules (Fig. 4). Early

studies have shown that epidermal LCs express CD1a, Langerin,

and E-cadherin, while dermal intDCs express DC-SIGN, CD11b,

factor XIIIa, and CD14 (181).

Most studies with human mDC subsets have been performed

with in vitro-generated DCs. CD34þ-HPCs, when cultured with

GM-CSF and TNF-a (3), give rise to CD1aþCD14– LCs and

CD1a–CD14þ intDCs (135). These two human mDC subsets

show different phenotypes and biological functions. For

example, intDCs but not LCs produce IL-10 in response to

CD40L stimulation (182) and express non-specific esterases

(183). These two mDC subsets differentially respond to

chemokines. intDCs migrate in response to both monocyte

chemotactic protein/CCL2 and macrophage inflammatory
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protein-3a (MIP-3a)/CCL20, while LCs respond only to MIP-

3a (184). These responses might explain the differential

migration kinetics to inflammatory site between LCs and

intDCs. intDCs induce the differentiation of naive B cells into

immunoglobulin M (IgM)-secreting plasma cells through the

secretion of IL-6 and IL-12 (183, 185) but are not very efficient

at priming naive CD8þ T cells. In contrast, LCs are particularly

efficient at inducing cytotoxic high-avidity CD8þ T cells

(Klechevsky et al., unpublished observation), while they are

not able to promote the development of naive B cells into IgM-

secreting plasma cells (183). LCs are also strong activators of

naive CD4þ T cells, inducing their polarization into T cells

secreting IFN-g (Th1) as well as cells secreting IL-4, IL-5, and

IL-13 (Th2). In contrast, intDCs preferentially induce CD4þ T

cells, which help immunoglobulin production from B cells

(Tfh) (Klechevsky et al., unpublished observation). LCs and

intDCs appear to be equally potent at activating the proliferation

and differentiation of memory T and B lymphocytes. These

recent findings led us to propose that intDCs (dermal DCs)

preferentially induce humoral immunity, while LCs induce

cellular immunity (Fig. 5). These findings made in vitro with

human DC subsets isolated from skin tissues or generated from

CD34þ HPC cultures are in concordance with in vivo data in

mouse. Mouse dermal DCs and LCsmigrate into distinct areas of

the paracortex of draining LNs (186). More specifically, dermal

DCs migrate into the outer paracortex, just beneath the B-cell

follicles (9, 186), whereas LCsmigrate into the T-cell-rich inner

paracortex (186). This conceptmay be particularly important in

vaccine design to activate humoral responses or cellular

responses or both (discussed later). The concept of differential

regulation of T-cell immunity by distinct DC subsets was

elegantly proven in a recent mouse study. Antigens were

selectively loaded in vivo onto distinct DC subsets, CD8aþ mDCs

expressing DEC205 or CD8a– mDCs expressing DCIR2, using

specific antibodies conjugated with ovalbumin (187). CD8aþ

mDCs preferentially induce CD8þ T-cell immunity, while

CD8a– mDCs preferentially induce CD4þ T-cell immunity

(187). Accordingly, CD8a– mDCs and CD8aþ mDCs preferen-

tially express distinct sets of genes involved in MHC class II and

class I presentation, respectively (187).

Peripheral lymphoid organ-resident DCs are also involved

in both immunity and tolerance. LN-resident DCs capture

microbial antigens rapidly delivered through lymphatics and

conduits, and upon stimulation through PRRs, these DCs induce

the proliferation and IL-2 secretion of antigen-specific T cells

(9). In the steady state, LN-resident DCs captured self-antigens

and induce tolerance. Another mDC subset in secondary

lymphoid organs has been found in the germinal center,

named germinal center DCs (188). However, their function is

yet to be established.

Fig. 5. intDCs preferentially induce humoral immunity, while LCs
induce cellular immunity. LCs are particularly efficient at inducing
high-avidity cytotoxic CD8þT cells and are also strong activators of
naive CD4þT cells, inducing their polarization into T cells secreting
IFN-g(Th1) as well as cells secreting IL-4, IL-5, and IL-13 (Th2). In
contrast, intDCs are particularly efficient at inducing the differentiation
of naive B cells into IgM-secreting plasma cells and CD4þT cells that
help immunoglobulin production from B cells (Tfh).

Fig. 4. Human DC subsets in vivo. In the skin, two
mDC subsets, LCs and intDCs, reside in two
distinct layers. Blood contains two major DC
subsets, mDCs and pDCs. These DC subsets express
different sets of molecules, including CLRs and
TLRs.
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Blood DC subsets

Blood contains both mDCs and pDCs (Fig. 4). Blood DCs are

characterized as Lin– human leukocyte antigen (HLA)-DRþ cells

with reciprocal expression of CD11c (mDCs) and IL-3Ra chain

(CD123, pDCs) (94, 173, 189–191) (Fig. 4). TLRs are differ-

entially expressed by these DC subsets, as discussed earlier,

showing the specialization of the DC system for the recognition

of microbes. The route to enter secondary lymphoid organs

appears different between pDCs and mDCs (90). pDCs appear

to directly migrate into the inflamed secondary lymphoid

tissues through high endothelial venules (192), while mDCs

first migrate to the inflammatory site and then migrate into

the secondary lymphoid tissues through afferent lymph (90).

The physiological role of circulating blood mDCs is unclear.

They may represent either a reservoir of precursor cells that

migrate into the tissues to replenish the DC population, a sensor

of blood borne pathogens, or both. Circulating mDCs might be

subdivided further according to the expression of CD1a (193),

CD16, or CD34 (194).

pDCs secrete large amounts of type I IFN (94, 173) as well as

other cytokines upon viral exposure. pDCs also differentiate into

cells with the typical morphology and functions of DCs.

Autocrine TNF is involved in the maturation of pDCs into APCs

and in the downregulation of type I IFN secretion (195). pDCs

act as APCs in vitro, although their role in priming T-cell

responses in vivo is not yet fully established. We recently found

that pDCs show unique MHC class I compartments, which

permits direct vesicular loading of MHC class I ligands, thereby

allowing prompt activation of cytotoxic CD8þ T cells

(DiPucchio et al., unpublished observation). pDCs activated

with IL-3 and CD40L have been shown to secrete negligible

amounts of IL-12 and prime Th2 responses (196) and CD8þ

T cells with regulatory/suppressor function (171). However,

pDCs also induce Th1 responses in vitro when stimulated with

both viral antigens and CD40L (38, 197). In humans, CD2

distinguishes two pDCs subsets. Both CD2– and CD2þ pDC

subsets are able to secrete type I IFN in response to viral

exposure; however, CD2þ pDCs, which represent 20–30%

of blood pDCs, efficiently kill target cells in a TNF-related

apoptosis-inducing ligand (TRAIL)-dependent fashion. Fur-

thermore, CD2þ pDCs are more potent than CD2– pDCs in

inducing the proliferation of allogeneic naive CD4þ T cells

(Matsui et al., unpublished observation). Recently, IFN-

producing killer DCs (IKDCs) have been identified as a novel

mouse pDC subset that is endowed with the capacity to secrete

large amounts of type I and II IFNs as well as to kill target cells

(198, 199). Whether CD2þ pDCs represent a counterpart of

mouse IKDCs is yet to be established.

DC subsets regulate B-cell responses

The possibility that DCs may present antigens to B cells has been

mostly ignored, although early studies have shown that DCs

loaded with proteins were able to induce humoral responses

once administered to animals (200). DCs can retain unpro-

cessed antigens (201) and transfer them to B cells (202).

Immune complexes captured by DCs through the inhibitory Fc

receptor FcgRIIB are retained in a non-degradative intracellular

vesicular compartment for up to 48 h and are presented as

a native antigen to B cells (203). Two-photon intravital imaging

further showed the direct interaction of DCs and B cells in the

extrafollicular region in LNs. This interaction is required for

B cells to recognize antigens, indicating the significance of

DCs for the induction of humoral immunity (11).

Distinct subsets of in vitro-generated DCs differentially reg-

ulate B-cell responses. Both LCs and intDCs derived fromCD34þ

HPCs promote the proliferation of CD40-activated B cells as

well as the differentiation of memory B cells into plasma cells

secreting IgG and IgA (183, 204). However, only intDCs are

able to induce the differentiation of CD40-activated naive B cells

into IgM-secreting plasma cells. IL-12 secreted from intDCs

plays a critical role in the first step for the differentiation into

plasmablast (185), and IL-6 togetherwith IL-12 are essential for

the differentiation into Ig-secreting plasma cells in the second

step. Isotype switching of plasma cells promoted by the

interaction with DCs appears to be dependent on several factors.

BAFF and APRIL, molecules of TNF family, expressed by DCs

appear to be involved in plasma cell differentiation (154, 205).

Addition of IL-10 and TGF-b to DC–B cell coculture skews the

differentiation of naive B cells toward IgA1- and IgA2-secreting

plasma cells, which are most important for mucosal immunity

(206).

Induction of B-cell differentiation is not a unique property

of mDCs. pDCs stimulated with influenza virus promote B-cell

differentiation into Ig-secreting plasma cells (207). As for

mDCs, B-cell differentiation by pDCs requires two steps. Rather

than IL-12 as is the case with mDCs, type I IFN plays a critical

role at the first step in memory B-cell differentiation into

plasmablast, followed by the second differentiation step into

Ig-secreting plasma cells by IL-6. Therefore, IL-6 secreted from

DCs appears to be a critical element for the generation of

Ig-secreting plasma cells.

DCs dictate the tissue tropism of T cells

DCs originating from a specific tissue have the unique capacity to

instruct T cells to home back to that tissue. Thus, DCs obtained

from Peyer‘s patches ormesenteric LNs elicit CD8þ T cells able to

migrate to gut (208). These CD8þ T cells express the integrin
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a4b7 and the chemokine receptor CCR9, the receptor for the gut-

associated chemokine TECK/CCL25, both of which represent

essential receptors for intestinal homing (208). This gut tropism

of T cells is dependent on retinoic acid, a vitamin A metabolite

expressed in DCs at Peyer’s patches or mesenteric LNs (209). In

contrast, DCs obtained fromperipheral LNs endownaive CD8þ T

cells with the ability tomigrate to inflamed skin (210). VitaminD

1,25(OH)(2)D(3), the active form of vitamin D3 that is

expressed in the epidermis exposed to ultraviolet B radiation,

turns on CCR10 expression on T cells, a skin-homing chemokine

receptor for CCL27, a product of keratinocytes (211). The

concept of T-cell tissue tropism governed by distinct DC subsets

is important for the design of vaccines, where the migration of

activated T cells into the appropriate sites is desired. Indeed, the

route of vaccination with antigen-loaded DCs in tumor-bearing

mice affects the development of metastasis (212). Subcutaneous

DC administration activates tumor-specific T cells in the periph-

eral LNs aswell as spleen, resulting in the control of subcutaneous

and lung metastasis. In contrast, intravenous DC administration

activates spleen T cells, which cannot control subcutaneous

metastases (212).

DCs in disease

It comes as no surprise that a system as complex as the DC

system might suffer dysregulation leading to the development

of distinct types of diseases. Intrinsic dysregulation might lead

to autoimmunity and allergy. Furthermore, the critical role of

DCs in the launching of protective anti-microbial immune

responses make them primary targets for microbes whowant to

survive and eventually thrive.

DCs in autoimmunity

Autoimmune diseases are chronic inflammatory conditions that

depend on inappropriate responses to self-antigens in persons

with certain genetic backgrounds. DCs bearing self-antigens are

able to induce autoimmunity in mouse models of autoimmune

cardiomyopathy (213) and systemic lupus erythematosus

(SLE), a systemic disease in which antibodies are formed

against several self-antigens, especially nucleoproteins (214).

A pivotal step in a specific autoimmune disease is an

imbalance in the production of a particular cytokine (215). For

instance, a large body of in vitro studies in humans and in vivo

studies in mice concluded that TNF-a plays an essential role in

rheumatoid arthritis (RA) (216). Indeed, the best demonstra-

tion of the role of TNF is the beneficial effect of TNF antagonists

in patients with RA (216) as well as several other diseases

including psoriasis. Thus, an excessive production of TNF

might result in ectopic maturation of DCs that would otherwise

control peripheral tolerance. DCs themselves might represent

a major source of TNF. In psoriasis, large amounts of TNF-a are

secreted by mDCs infiltrating the inflamed skin lesions (217).

Thus, it is to be determined whether the beneficial effect of TNF

antagonist is at the level of DC activation or at the level of

effector cells.

Type I IFN in SLE and other autoimmune diseases

SLE appears to be associated with an increased production of

type I IFNs (112). Blood monocytes from patients with SLE

behave like DCs, as they induce the robust proliferation of

allogeneic naive CD4þ T cells. Exposure of normal monocytes

to SLE serum results in the generation of functional DCs. This

functional effect of SLE serum can be blocked by anti-type I IFN

antibody, suggesting a critical role of type I IFN in the genera-

tion of SLE-DCs. Indeed, the combination of type I IFN and GM-

CSF results in the differentiation of monocytes into mature

DCs. These mature DCs can present antigens from dying cells

in an immunogenic rather than tolerogenic manner (112).

Genomic studies on blood cells indicated that most if not all

patients with SLE overexpress IFN-induced genes (218, 219).

In addition to this IFN signature, blood cells from patients

with SLE express genes from immature neutrophils including

defensins, short anti-microbial peptides that activate DCs (74).

The clinical relevance of the IFN signature in SLE is indicated by

its loss upon treatment of patients with high-dose glucocorti-

coids (219), a standard treatment of disease flares, which results

in a total disappearance of pDCs from the circulation (220). The

involvement of IFN in lupus pathogenesis is also supported by

several mouse studies. In particular, the progeny from mice

with a null mutation of type I IFN receptor bred with lupus-

prone mice exhibited decreased morbidity and prolonged

survival (221, 222). IFN considerably accelerates

the development of autoimmune symptoms in lupus-prone

NZB/NZW mice (223). Elucidating the mechanisms leading

to the increased production of type I IFN remains the object of

intense studies and debate (215, 224). A genetic alteration, such

as the overexpression of TLR-7 (225) or alteration in SOCS

(suppressor of cytokine signaling) expression (226), could

result in an extended production of IFN by pDCs in response to

viral encounter. This primary mechanism might be further

enhanced by the stimulatory effects of nucleic-acid-containing

immune complexes, which further activate pDCs through TLR-

7 (for RNP-containing immune complexes) (227) or TLR-9

(for DNA-containing immune complexes) (228–230). Viral

nucleic acids as well as self-nucleoproteins internalized in the

form of immune complexes trigger TLR7 and TLR9, leading to
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type I IFN production from pDCs (231). In patients with SLE,

the secretion of type I IFN does not appear to happen in the

blood, as no IFN transcription could be detected by microarray

analysis (219). Rather, it might happen in the secondary

lymphoid organs or in the skin lesions, which are infiltrated by

pDCs (232). However, microarray studies indicate that IFN

alone does not reconstitute the full SLE monocyte phenotype

(Patel et al., unpublished observations). It is possible that im-

mune complexes present in the serum of SLE and/or TLR

activation also contribute to the DCmaturation (233, 234). DCs

generated in the presence of SLE sera also drive the differ-

entiation of CD8þ T cells toward fully active cytotoxic effector

T lymphocytes (112, 235), which might be actively involved

in the generation of autoantigen fragments through the destruc-

tion of target tissues. These autoantigens could be captured and

presented by mDCs, thereby further broadening the autoim-

mune process.

SLE cannot however only be viewed as a disease with

dysregulation of type I IFN secretion. Only a fraction of patients

who received type I IFN as a treatment for chronic hepatitis C or

cancer develops SLE (236). An alteration of the B-cell pathway

leading to breakdown of tolerance to nuclear antigens is also

likely to play a key role (237, 238). Indeed, B-cell depletion is

emerging as a useful therapeutic alternative in SLE (239).

Type I IFN and pDCs are also proposed to be pathogenic in

other autoimmune diseases, including psoriasis, insulin-

dependent diabetes mellitus, dermatomyositis, and Sjögren’s

syndrome. In psoriasis, pDCs accumulate in the inflamed skin at

an early stage of the disease, and these cells secrete type I IFN

(240). Blocking type I IFN inhibits the development of the

disease (240). In insulin-dependent diabetes mellitus, elevated

expression of IFN was found in the pancreas of recently diag-

nosed patients (241). In dermatomyositis, a disease targeting

the skin and proximal muscle groups, muscle biopsies show

infiltration with pDCs as well as IFN-inducible gene and protein

expression (242, 243). In Sjögren’s syndrome, an autoimmune

disease affecting mainly salivary and lacrimal glands, pDCs

infiltrate salivary glands, where IFN-inducible genes are over-

expressed (244).

Although TNF antagonists bring considerable relief to

patients, their administration is associated with some clinical

complications, such as reactivation of tuberculosis and in-

duction of SLE (216). Our in vitro studies showed that TNF

antagonists enhance the production of type I IFN by pDCs

exposed to viruses, while addition of TNF inhibits it, suggesting

that secretion of TNF by pDCs represents an endogenous

mechanism to control IFN production (195). Treatment of

patients suffering from arthritis with anti-TNF induces over-

expression of type I-IFN-regulated genes in blood leukocytes

(195). The high amounts of soluble TNF receptors found in

patients with SLE (245) may block endogenous TNF. TNF-

mediated downregulation of IFN could explain earlier obser-

vations in the mouse lupus model NZB/W, in which mice bear

a genetic deficiency in TNF and benefit from TNF replacement

therapy (246).

Conversely, there is evidence that IFN may regulate TNF.

For example, in multiple sclerosis, IFN-b inhibits in vitro TNF

production by microglia, a finding that might explain the

beneficial effect of IFN-b therapy in this disease (247). Further-
more, peripheral blood mononuclear cells from healthy vol-

unteers injected with IFN-b showmarkedly decreased secretion

of TNF and lymphotoxin as compared with placebo-treated

volunteers (248).

We have thus proposed an extension of the Th1–Th2

paradigm (249), to integrate cells that contribute to inflam-

matory responses. We view immunity as a dynamic system

controlled by several sets of opposite vectors, i.e. TNF–IFN-a/b
and IL-4–IFN-g (Fig. 6). Furthermore, mouse studies suggested

that IL-17-secreting proinflammatory CD4þ T cells (Th17)may

represent a subset opposite to Tregs, both requiring TGF-b but

IL-6 skewing the development toward Th17 (129). The sum of

the vectors yields an equilibrium point, which allows protective

immunity when vectors are equal. This dynamic system allows

the prevalence of either vector, therefore yielding a given type

of immune responses. However, when one of the vectors

prevails beyond a certain threshold, the equilibrium point

moves into a zone of immunopathology, i.e. autoimmunity,

inflammation, or allergy.

Autoimmunity and tolerogenic DCs

A series of studies in mice suggest that DCs might be used in the

treatment of autoimmunity through their ability to induce

Tregs. In particular, repetitive injections of ‘semimature’ DCs

induce antigen-specific protection of mice from experimental

autoimmune encephalomyelitis and thyroiditis (250, 251). In

NOD mice, which spontaneously develop diabetes, DCs can

induce the generation of Tregs in vitro that provide a therapeutic

benefit even after onset of disease (252). Indeed, Tregs appear

to suppress DCs that can induce autoimmunity by presenting

autoantigens (162, 252). Animals that have been depleted of

Tregs show autoimmunity that is associated with expansion of

activated DCs (253, 254). Thus, tolerogenic DCs, such as those

generated with IL-10 (116, 255) or those infected with RSV,

might be considered for the treatment of autoimmunity or the

induction of specific tolerance in transplantion, such as

pancreatic islet cell grafts.
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DCs and allergy

Many elements of the allergic reaction, including the production

of IgE antibodies and the development of eosinophils, depend on

type 2 T cells that produce IL-4, IL-5, and IL-13. In normal mice,

mDCs at mucosal surfaces capture harmless environmental

antigens, such as pollens and dust mites, and silence the

corresponding T cells by inducing IL-10-producing Tregs

through the interaction between ICOS/ICOSL (138). pDCs also

appear to be involved in the induction and maintenance of

tolerance. ICOSL is expressed on activated pDCs at higher levels

than on activatedmDCs in vitro, and it promotes the differentiation

toward IL-10-producing Tregs (139). In vivo depletion of pDCs in

a mouse model for airway hypersensitivity resulted in the

exacerbation of the development of asthmatic symptoms (172),

supporting this hypothesis. In allergy, instead of this immune

tolerance, T-cell development is skewed toward the Th2

pathway. mDCs are critical both for the differentiation of type

2 cells at the secondary lymphoid organs and for the activation of

differentiated type 2 cells at the inflammatory sites (256–258).

TSLP, which is secreted by epithelial cells such as keratinocytes at

the allergic inflammatory sites, skews the T-cell response toward

inflammatory type 2, characterized by the secretion of not only

IL-4, IL-5, and IL-13 but also high levels of TNF-a (96, 259).

TSLP induces DCs to express high levels of OX40L, without

secreting IL-12 family molecules (260), or type I IFNs, which

both promote type 1 T-cell development (260). TSLP also allows

the expansion of circulatingmemory Th2 cells (261). This newly

recognized TSLP-based pathway has been implicated in atopic

dermatitis in mice and humans (96, 262) as well as murine

models for asthma (263). Proinflammatory cytokines, such as

TNF and IL-1, and type 2 cytokines, such as IL-4 and IL-13,

promote TSLP secretion from skin keratinocytes (264). As skin

and airways are always exposed to external stimuli, the

dysregulation of inflammatory responses against microbial

componentsmay generate the first phase of allergic inflammation

in individuals with some genetic background by enhancing the

secretion of TSLP from epithelial cells. It remains to be

determined why TSLP is overproduced by the keratinocytes or

epithelial cells of patients suffering from atopic dermatitis and

asthma, respectively. Here again, the novel tools of genetics

might help to elucidate the key defects. Understanding the role of

DCs in the development of the atopic reaction might lead to the

discovery of novel drugs that will directly target them. The local

application of the sphingosine 1-phosphate receptor agonist

(FTY720) (265) or iloprost, a prostacyclin analog (266),

abrogates experimental asthma by affecting DC function.

Furthermore, activation of the D prostanoid-1 receptor sup-

presses asthma by modulating lung function and induction of

Tregs (267).

DCs and infection

Pathogens have multiple approaches to alter DCs at each level of

their physiology (268). Certain bacteria, such as Yersinia pestis,

deliver toxins into phagocytes including DCs (269). Many

Fig. 6. Immunological compass determines the
type of disease. Immunity is a dynamic system
controlled by several sets of opposite vectors
driven by cytokines. The sum of the equal vectors
yields protective immunity. When one of the
vectors prevails beyond a certain threshold, the
equilibrium point moves into a zone of immu-
nopathology and causes various autoimmune
diseases, autoinflammatory diseases, or allergy.
SoJIA, systemic-onset juvenile idiopathic arthritis;
IBD, inflammatory bowel disease.
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viruses, such as measles virus and herpes simplex virus 2, induce

apoptotic cell death in DCs (270, 271). Some viruses have

evolved to selectively block antigen presentation on MHC class I

and II in virally infected cells (272). Human cytomegalovirus

(HCMV)-infected DCs (273) and RSV-infected DCs (Connolly

et al., unpublished observations) show a partial downregulation

of their MHC, leading to reduced antigen presentation. HCMV-

infected DCs express Fas-L and TRAIL, which allows them to

delete activated T lymphocytes (273). Herpes simplex virus-1

inhibits DC migration from the periphery to lymphoid organs

by blocking CCR7 expression (274). Many pathogens including

herpes simplex (275), HIV (276), and anthrax lethal factor

protein (277) actively block DC maturation. An alternative

strategy for pathogens is to alter the T-cell polarizing function

of DCs, for example switching responses from protective Th1

to non-protective Th2 in infections with Candida albicans (278).

Exposure ofDCs to Bordetella pertussis (167) and RSV (Connolly et al.,

unpublished observations) results in IL-10 production, leading

to immunological tolerance. DCs exposed to RSV were found to

be the most potent inhibitors of mixed lymphocyte reaction

when compared with tolerogenic DCs prepared by exposing

monocytes to cytokines such as IL-10 (115) and TGF-b or phar-

macological reagents such as vitamin D3 (279) and steroids

(280). In addition to the alteration of mDC functions, microbes

may havemechanisms to evade pDCs as these cells are diminished

in the blood of patients with several infections including HIV

(281, 282) and RSV (283).

Some pathogens also use DCs for their own replication and

spreading in the infected host. HIV-1, cytomegalo virus (CMV),

and Ebola virus bind to the antigen uptake receptor DC-SIGN

and use it to enter into the endocytic system of DCs, which later

transmit infectious virus to other targets like T cells (284–287).

In stark contrast to DC-SIGN, whichmediates HIV transmission,

Langerin appears as a natural barrier to HIV transmission (288),

as it binds HIV and directs it to Birbeck granules where HIV is

degraded.

DCs and cancer

The cancer immunoediting hypothesis (289), which integrates

tumor-immune escape and tumor immunosurveillance, iden-

tifies three phases of tumor development. The first phase,

elimination, refers to cancer immunosurveillance, where cells

of both the innate and adaptive immune systems recognize and

eliminate developing tumors. The second phase, equilibrium,

sees equilibrium between the tumor and the immune cells. In

the third phase, escape, tumor variants emerge by an immune

selection process. We contend that DCs represent major player

in cancer immunoediting. Evidence of naturally occurring

effective immune responses to tumors in humans comes from

studies on paraneoplastic neurologic diseases that develop as

remote effects of systemic malignancies (290, 291). Paraneo-

plastic neurologic diseases result from the presence of

onconeuronal antigens, shared between tumors (e.g. breast

cancer and small cell lung cancer) and the central nervous

system, to which specific CTLs are present in vivo (292).

Tumors use several approaches to subvert the immune sys-

tem (reviewed in 293) with three major consequences: preven-

tion of specific immunity, induction of specific tolerance, and

triggering of suppressive pathways. The common denominator

of these three mechanisms is altered DC functions in their

differentiation, maturation, and antigen presentation.

Signal transducer and activator of transcription 3 (Stat3),

a molecule that is constitutively activated in diverse cancers of

both hematopoietic and epithelial origin, has been shown to

be a critical regulator of inflammation (294). Constitutive Stat3

activity in tumors inhibits the production of proinflammatory

cytokines, while promoting the release of soluble factors that

suppress DC functions (295). Furthermore, these factors up-

regulate Stat3 expression in DCs, resulting in the induction of

anti-tumor tolerance rather than immunity (296). Several

cytokines also have been implicated in suppression of DCs in the

tumor beds. For example, vascular endothelial growth factor

(VEGF) interferes with DC differentiation andmaturation (297,

298). Tumor derived IL-10, as inmelanoma, interferes with DC

differentiation and maturation, yielding tolerogenic DCs that

induce tumor antigen-specific anergy (115, 299–301). IL-6

secreted by breast cancer cells can skew monocyte dif-

ferentiation into macrophages at the expense of DCs (302).

Metabolites of arachidonic acid, including prostaglandins and

thromboxanes synthesized by cyclooxygenases-1 and -2, might

also contribute to tumor progression through enhanced angio-

genesis and/or through direct inhibitory effects on tumor-

infiltrating DCs (303).

Tumor cells can interfere with the DC antigen-capture and

antigen-presenting pathways. For example, tumor glycopro-

teins such as CEA andmucin-1 (MUC-1) interact with DC-SIGN

(304). MUC-1, overexpressed and secreted by breast cancer

cells, is endocytosed by DCs but mostly retained in early

endosomes, leading to its inefficient processing and pre-

sentation to T cells and thus lower frequency of MUC-1-specific

effector cells (305–307). Furthermore, MUC-1 inhibits the

capacity of DCs to secrete IL-12, thereby skewing the

development of T-cell responses toward type 2 (308).

At the early stages of disease, the immune response can

simply be misled and used to promote cancer development.

For example, in breast cancer, immature DCs are attracted into
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the tumor bed, while mature DCs are confined to peritumoral

areas (309). DCs at tumor sites skew CD4þ T-cell differentiation

toward T cells secreting high levels of Th2 (IL-4 and IL-13)

cytokines, which promote early tumor progression. IL-13

secreted from such T cells appears to be responsible for the

tumor growth, as blocking of IL-13 partially inhibits the tumor

growth in a humanized mouse model of breast cancer (310). In

myeloma, DCs directly interact with myeloma cells, enhancing

the tumor clonogenicity and survival (311).

However, DCs can fight back. Under certain circumstances,

different DC subsets express cytotoxic molecules. pDCs express

granzymes but no perforin (312, Matsui et al., unpublished

observations). Type I IFN enables mDCs to kill tumor cells

by coexpressing TRAIL (313). Furthermore, immature DCs can

induce tumor apoptosis (313–315). More recently, murine

IKDCs with cytotoxic activity have been identified, thus

extending the armamentarium of DCs in their fight against

tumors (199). These cells are able to prevent tumor outgrowth

upon adoptive transfer and use TRAIL for cytotoxic activity.

Another subset of killer DCs in the mouse is capable of tumor

lysis using NK-activating receptors (198). The existence and

function of IKDCs in human tumors remains to be determined.

Design of vaccines through DC biology

Given their capacity to modulate immune responses, DCs are an

attractive target for the development of both preventative and

therapeutic vaccines. Two approaches to DC-based vaccines are

being developed: antigen-loaded ex vivo-generated DCs and

in vivo DC targeting.

Ex vivo DC-based vaccines

Ex vivo DC vaccines were tested initially in a few healthy

volunteers (316, 317) and more extensively in patients with

different forms of cancer (reviewed in 318). Studies in healthy

volunteers by Steinman, Bhardwaj, and Dhodapkar were

performed with DCs generated by culturing monocytes with

GM-CSF and IL-4 (IL-4–DCs) (316, 317). These studies

concluded that when matured with a cocktail of proinflamma-

tory cytokines, DCs can induce broad T-cell immunity

including priming of keyhole limpet hemocyanin (KLH)-

specific CD4þ T cells, as well as boosting of tetanus toxin (TT)-

specific CD4þ T cells and influenza-matrix-specific CD8þ T cells

(316, 319). Maturation appeared to be important, as the

injection of immature DCs resulted in specific inhibition of

influenza-matrix-specific CD8þ T-cell effector function and the

appearance of peptide-specific IL-10-producing cells (317),

which show regulatory functions in a cell contact-dependent

manner (320).

Most trials in cancer-bearing patients have used IL-4–DCs (4, 6,

321–325). However, monocytes are not the only source of DC

precursors/progenitors that have been used in clinical studies.

BloodDCs loadedwith specific idiotype protein have been used as

vaccines in patients with follicular B-cell lymphoma (326),where

immune and clinical responses were observed. Similarly, blood

DCs loaded ex vivowith a recombinant fusion protein consisting of

prostatic acid phosphatase linked to GM-CSF have been used in

patients with prostate cancer (327). Furthermore, blood DCs

mobilized by Flt3L were shown to induce immune responses as

well as someclinical responses (328).Wehave vaccinated patients

withmetastatic melanomawith antigen-loaded DCs derived from

CD34þ HPCs (CD34–DCs) (329). CD34–DC vaccination elicited

melanoma-specific immunity, and patients who survived longer

were those whomounted immunity tomore than twomelanoma

antigens. These results justify the design of larger follow-up

studies with a range of different DC vaccines to assess their

immunological and clinical efficacy.

These early phase I studies have concluded that DC vaccines

are safe and can induce immune responses as well as some

clinical responses. However, many parameters need to be

considered to reach a greater rate of clinical responses. The

definition of clinical endpoints and hence the measures that are

used to assess vaccine efficacy may need to be revisited. Indeed,

DC vaccination might bring about improved survival, partic-

ularly in patients with specific HLA type (HLA-A*0201þ and

B44–), as indicated recently in phase III study comparing

vaccination with DCs and decarbazine (DTIC) (325).

A major parameter may actually be the DCs themselves. In

cancer-bearing patients, IL-4–DCs matured with a cocktail of

proinflammatory cytokines (IL-1b, TNF, IL-6, and prostaglan-

din E2) (330) can induce functional CD8þ T cells and polarize

CD4þ T cells toward IFN-g production (323), although these

DCs also expand the Treg population (163). Yet, a combination

of IL-1b and TNF with type I (IFN-a) and II (IFN-g) IFNs seems

to yield more potent DCs in terms of IL-12 secretion and

induction of tumor-specific CTLs in vitro (331). It will therefore

be important to identify stimuli that trigger a desired DC

maturation program, leading to induction of tumor-specific

CTLs but limited or no induction of suppressor T cells, in the

various human DC subsets.

For cancer vaccines, the desired DCs would preferentially

induce high-avidity CTLs (332) together with strong helper

activity to provide long-term memory. Humoral immunity and

induction of Tregs are not desired outcomes. Therefore,

additional studies are necessary to select the most appropriate
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DC platform. IL-4–DCs, comprising intDC-like DCs, might not

represent the optimal platform for induction of high-avidity

CTL responses. As discussed earlier, when combined with

GM-CSF, other cytokines, such as IFN-a (109, 112, 333–335),

TNF-a (114), or IL-15 (117, 118), induce monocytes to

differentiate into DCs, each of which carries unique biological

features. IFN–DCs acquire the expression TLR7, through which

IL-12 production can be triggered (333). Furthermore, IFN–

DCs appear to be more efficient than IL-4–DCs to prime

antigen-specific naive CD8þ T cells through cross-presentation

(Saito et al., unpublished observations). IL-15–DCs are remark-

ably more efficient than IL-4–DCs at priming and maturation of

rare antigen-specific CD8þ CTLs (118, 336).

An important area of DC-based cancer vaccine development

will be combination with therapies that block the suppressive

environment created by the tumor. Early clinical trials

performed without DCs are testing the value of blocking

molecules such as CTLA-4 (337) or PD-1 (142) or activating

CD137 to enhance costimulation of effector T cells (338). Also,

DC-based vaccines will be used in combination with cytostatic

drugs. Mouse studies in the late 1970s and early 1980s showed

that cytostatic drugs, i.e. cyclophosphamide, facilitate adoptive

immunotherapy for tumors, possibly through elimination of

suppressor T cells (339). Recent studies showing improved

outcomes of vaccination with DCs in myeloablated animals

(340, 341) reinforce this concept. Furthermore, cytostatic

drugs such as anthracyclins (342) or proteasome inhibitors

(bortezomib) (343) can generate effective anti-tumor immu-

nity by inducing ‘immunogenic’ tumor cell death. Thus,

chemotherapy combined with intratumoral DC injection might

prove an efficient vaccination strategy (344–346), whichmight

circumvent the need for ex vivo loading of tumor antigens.

Several other combination therapies are considered to

enhance vaccine efficacy (347). Studies in mice show that

preinjection of TNF at the site of the DC vaccination greatly

improves the migration of DCs to the draining lymphoid tissue

and the magnitude of induced immunity (348). Concomitant

administration of other cytokines, for example IFN-a, could
improve the performance of the DC vaccine (109–112) and

possibly protect it from tumor-derived inhibitory factors, such

as VEGF or IL-10 (349), and also support induced T cells.

Targeting DCs in vivo

The ex vivo-generated DC vaccines discussed above will permit us

to acquire useful knowledge about DC biology in vivo in humans

and eventually permit us to treat patients. However, novel

strategies have been proposed to directly target the antigens to

DCs in vivo. Multiple DC surface molecules have been considered

as targets, as they need to allow internalization of the antigen

cargo and its processing for presentation on both MHC class I

and class II molecules. Studies inmice have shown that targeting

the antigens in the absence of DC activation results in tolerance

induction (159, 160). In contrast, targeting the antigen in the

presence of DC activation (CD40 and TLR-3 agonists) results in

the generation of immunity against a variety of antigens (159,

350). This approach may lead eventually to the eradication of

the infectious agents, i.e. HIV (48, 351) and the Plasmodium

circumsporozoite protein (352). Different targets are expressed

on different murine DC subsets, yielding different functional

outcomes. In particular, the mouse CD8þDEC205þ DC subset

is specialized in MHC class I presentation, whereas the

CD8–DCIR2þ DC subset is specialized in MHC class II presen-

tation (187). Furthermore, these subsets use different mech-

anisms for CD4þ T-cell priming. The DEC205þDCIR2–CD8þ

DCs prime T cells to make IFN-g in an IL-12-independent

CD70-dependent fashion, while the DEC205–DCIR2þCD8– DCs

prime T cells in an IL-12-dependent fashion (353). Mouse DC

molecules also have been efficiently targeted through other

surface molecules, including LOX-1 (a type II CLR that binds

to HSP70) (354), mannose receptor (355), CD40 (356), as

well as Gb3 (a receptor for Shiga toxin) (357). Much less is

known regarding human DCs. Conjugates of anti-DC-SIGN

with KLH (358), anti-DEC205with gag (48), and anti-mannose

receptor with human chorionic gonadotropin hormone (359)

have been shown to be cross-presented in peripheral blood

cell cultures or in cultures of DCs with relevant T-cell clones.

We found that conjugates of influenza hemagglutinin or matrix

protein with anti-Langerin, ASGPR, Dectin-1, or LOX-1, can be

cross-presented to peripheral blood CD4þ and CD8þ T cells

(unpublished observations). We are expecting considerable

activity in the field of DC targeting, as it has the potential

of yielding a wealth of vaccines, possibly the first vaccines

generated by immunologists.

Concluding remarks

Ten years have passed since the writing of Dendritic Cells and the

Control of Immunity (1). Considerable progress has been made

in the understanding of the basic biology of DCs both in vitro as

well as in vivo in mice. As we emphasize in this review, significant

progress has also been made in the study of DCs in the context of

human diseases. Yet, much remains to be done. We are however

optimistic that the translation of this new knowledge onhowDCs

regulate the immune system into clinical medicine will result in

a wealth of new treatments that target DCs to improve the quality
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of life of many patients. We foresee that the improved vaccines

targeting DCs will permit us to treat and prevent many chronic

infectious diseases caused by viruses (HIV, hepatitis C), bacteria

(Mycobacteria), and parasites (Plasmodium), aswell as cancer.We also

foresee that the manipulation of DCs will permit dampening

immune responses possibly by turning on Tregs, therefore

helping patients suffering from allergy and autoimmunity and

those in need of organ transplantation.

References

1. Banchereau J, Steinman RM. Dendritic cells

and the control of immunity. Nature

1998;392:245–252.

2. Steinman RM, Cohn ZA. Identification of

a novel cell type in peripheral lymphoid

organs of mice. I. Morphology, quantitation,

tissue distribution. J Exp Med

1973;137:1142–1162.

3. Caux C, Dezutter-Dambuyant C, Schmitt D,

Banchereau J. GM-CSF and TNF-alpha

cooperate in the generation of dendritic

Langerhans cells. Nature 1992;360:258–261.

4. Sallusto F, Lanzavecchia A. Efficient presen-

tation of soluble antigen by cultured human

dendritic cells is maintained by granulocyte/

macrophage colony-stimulating factor plus

interleukin 4 and downregulated by tumor

necrosis factor alpha. J Exp Med

1994;179:1109–1118.

5. Inaba K, et al. Generation of large numbers

of dendritic cells from mouse bone marrow

cultures supplemented with granulocyte/

macrophage colony-stimulating factor. J Exp

Med 1992;176:1693–1702.

6. Romani N, et al. Proliferating dendritic cell

progenitors in human blood. J Exp Med

1994;180:83–93.

7. Yamamura M, et al. Defining protective

responses to pathogens: cytokine profiles in

leprosy lesions. Science 1991;254:277–279.

8. Salgame P, et al. Differing lymphokine profiles

of functional subsets of human CD4 and CD8 T

cell clones. Science 1991;254:279–282.

9. Itano AA, et al. Distinct dendritic cell popu-

lations sequentially present antigen to CD4 T

cells and stimulate different aspects of cell-

mediated immunity. Immunity

2003;19:47–57.

10. Jego G, Pascual V, Palucka AK, Banchereau J.

Dendritic cells control B cell growth and

differentiation. Curr Dir Autoimmun

2005;8:124–139.

11. Qi H, Egen JG, Huang AY, Germain RN.

Extrafollicular activation of lymph node B

cells by antigen-bearing dendritic cells.

Science 2006;312:1672–1676.

12. Munz C, Dao T, Ferlazzo G, de Cos MA,

Goodman K, Young JW. Mature myeloid

dendritic cell subsets have distinct roles for

activation and viability of circulating human

natural killer cells. Blood 2005;105:266–273.

13. Lucas M, Schachterle W, Oberle K, Aichele P,

Diefenbach A. Dendritic cells prime natural

killer cells by trans-presenting interleukin

15. Immunity 2007;26:503–517.

14. Fujii S, Shimizu K, Kronenberg M, Steinman

RM. Prolonged IFN-gamma-producing

NKT response induced with alpha-

galactosylceramide-loaded DCs. Nat

Immunol 2002;3:867–874.

15. Steinman RM, Hawiger D, Nussenzweig MC.

Tolerogenic dendritic cells. Annu Rev

Immunol 2003;21:685–711.

16. Shortman K, Liu YJ. Mouse and human

dendritic cell subtypes. Nature Rev Immunol

2002;2:151–161.

17. Pulendran B, Palucka K, Banchereau J.

Sensing pathogens and tuning immune

responses. Science 2001;293:253–256.

18. Trombetta ES, Mellman I. Cell biology of

antigen processing in vitro and in vivo.

Annu Rev Immunol 2005;23:975–1028.

19. Tang HL, Cyster JG. Chemokine op-

regulation and activated T cell attraction by

maturing dendritic cells. Science

1999;284:819–822.

20. Yoneyama H, et al. Pivotal role of dendritic

cell-derived CXCL10 in the retention of T

helper cell 1 lymphocytes in secondary lymph

nodes. J Exp Med 2002;195:1257–1266.

21. Penna G, Vulcano M, Sozzani S, Adorini L.

Differential migration behavior and chemo-

kine production by myeloid and plasmacy-

toid dendritic cells. Hum Immunol

2002;63:1164–1171.

22. Martin-Fontecha A, et al. Induced recruit-

ment of NK cells to lymph nodes provides

IFN-gamma for T(H)1 priming. Nat

Immunol 2004;5:1260–1265.

23. Piqueras B, Connolly J, Freitas H, Palucka

AK, Banchereau J. Upon viral exposure,

myeloid and plasmacytoid dendritic cells

produce 3 waves of distinct chemokines to

recruit immune effectors. Blood

2006;107:2613–2618.

24. Caux C, et al. Activation of human dendritic

cells through CD40 cross-linking. J Exp Med

1994;180:1263–1272.

25. Pierre P, et al. Developmental regulation of

MHC class II transport in mouse dendritic

cells. Nature 1997;388:787–792.

26. Cella M, Engering A, Pinet V, Pieters J,

Lanzavecchia A. Inflammatory stimuli induce

accumulation of MHC class II complexes on

dendritic cells. Nature 1997;388:782–787.

27. Heufler C, et al. Interleukin-12 is produced

by dendritic cells and mediates T helper 1

development as well as interferon-gamma

production by T helper 1 cells. Eur J

Immunol 1996;26:659–668.

28. Medzhitov R, Janeway CA, Jr. Innate

immunity: the virtues of a nonclonal system

of recognition. Cell 1997;91:295–298.

29. Akira S, Uematsu S, Takeuchi O. Pathogen

recognition and innate immunity. Cell

2006;124:783–801.

30. Janeway CA, Jr. Approaching the asymptote?

Evolution and revolution in immunology. Cold

Spring Harb Symp Quant Biol 1989;54:1–13.

31. Heil F, et al. The Toll-like receptor 7

(TLR7)-specific stimulus loxoribine

uncovers a strong relationship within the

TLR7, 8 and 9 subfamily. Eur J Immunol

2003;33:2987–2997.

32. Matsumoto M, et al. Subcellular localization

of Toll-like receptor 3 in human dendritic

cells. J Immunol 2003;171:3154–3162.

33. Kadowaki N, et al. Subsets of human

dendritic cell precursors express different

toll-like receptors and respond to different

microbial antigens. J Exp Med

2001;194:863–869.

34. Jarrossay D, Napolitani G, Colonna M,

Sallusto F, Lanzavecchia A. Specialization

and complementarity in microbial molecule

recognition by human myeloid and plasma-

cytoid dendritic cells. Eur J Immunol

2001;31:3388–3393.

35. Flacher V, et al. Human Langerhans cells

express a specific TLR profile and differen-

tially respond to viruses and Gram-positive

bacteria. J Immunol 2006;177:7959–7967.

36. van der Aar AM, Sylva-Steenland RM, Bos JD,

Kapsenberg ML, de Jong EC, Teunissen MB.

Loss of TLR2, TLR4, and TLR5 on Langer-

hans cells abolishes bacterial recognition.

J Immunol 2007;178:1986–1990.

37. Mestas J, Hughes CC. Of mice and not men:

differences between mouse and human immu-

nology. J Immunol 2004;172:2731–2738.

38. Boonstra A, et al. Flexibility of mouse

classical and plasmacytoid-derived dendritic

cells in directing T helper type 1 and 2 cell

development: dependency on antigen dose

and differential toll-like receptor ligation.

J Exp Med 2003;197:101–109.

39. Kapsenberg ML. Dendritic-cell control of

pathogen-driven T-cell polarization. Nat Rev

Immunol 2003;3:984–993.

40. Pulendran B, Kumar P, Cutler CW,

Mohamadzadeh M, Van Dyke T,

Banchereau J. Lipopolysaccharides from

distinct pathogens induce different classes of

immune responses in vivo. J Immunol

2001;167:5067–5076.

Ueno et al � Dendritic cell subsets

134 Immunological Reviews 219/2007



41. Napolitani G, Rinaldi A, Bertoni F, Sallusto F,

Lanzavecchia A. Selected Toll-like receptor

agonist combinations synergistically trigger

a T helper type 1-polarizing program in

dendritic cells. Nat Immunol 2005;6:

769–776.

42. Figdor CG, van Kooyk Y, Adema GJ. C-type

lectin receptors on dendritic cells and

Langerhans cells. Nat Rev Immunol 2002;2:

77–84.

43. Geijtenbeek TB, van Vliet SJ, Engering A,

t Hart BA, van Kooyk Y. Self- and nonself-

recognition by C-type lectins on dendritic

cells. Annu Rev Immunol 2004;22:33–54.

44. Dzionek A, et al. BDCA-2, a novel plasma-

cytoid dendritic cell-specific type II C-type

lectin, mediates antigen capture and is

a potent inhibitor of interferon alpha/beta

induction. J Exp Med 2001;194:1823–1834.

45. Valladeau J, et al. Langerin, a novel C-type

lectin specific to Langerhans cells, is an

endocytic receptor that induces the

formation of Birbeck granules. Immunity

2000;12:71–81.

46. Geijtenbeek TB, et al. Identification of DC-

SIGN, a novel dendritic cell-specific ICAM-3

receptor that supports primary immune

responses. Cell 2000;100:575–585.

47. Jiang W, et al. The receptor DEC-205

expressed by dendritic cells and thymic

epithelial cells is involved in antigen

processing. Nature 1995;375:151–155.

48. Bozzacco L, et al. DEC-205 receptor on

dendritic cells mediates presentation of HIV

gag protein to CD8þ T cells in a spectrum of

human MHC I haplotypes. Proc Natl Acad Sci

USA 2007;104:1289–1294.

49. Valladeau J, et al. Immature human dendritic

cells express asialoglycoprotein receptor

isoforms for efficient receptor-mediated

endocytosis. J Immunol 2001;167:5767–

5774.

50. van Gisbergen KP, Sanchez-Hernandez M,

Geijtenbeek TB, van Kooyk Y. Neutrophils

mediate immune modulation of dendritic

cells through glycosylation-dependent

interactions between Mac-1 and DC-SIGN.

J Exp Med 2005;201:1281–1292.

51. Geijtenbeek TB, et al. DC-SIGN-ICAM-2

interaction mediates dendritic cell traffick-

ing. Nat Immunol 2000;1:353–357.

52. Kanazawa N. Dendritic cell immunorecep-

tors: C-type lectin receptors for

pattern-recognition and signaling on

antigen-presenting cells. J Dermatol Sci

2007;45:77–86.

53. Brown GD. Dectin-1: a signalling non-TLR

pattern-recognition receptor. Nat Rev

Immunol 2006;6:33–43.

54. Rogers NC, et al. Syk-dependent cytokine

induction by Dectin-1 reveals a novel pattern

recognition pathway for C type lectins.

Immunity 2005;22:507–517.

55. Gross O, et al. Card9 controls a non-TLR

signalling pathway for innate anti-fungal

immunity. Nature 2006;442:651–656.

56. Bates EE, et al. APCs express DCIR, a novel

C-type lectin surface receptor containing

an immunoreceptor tyrosine-based inhibi-

tory motif. J Immunol 1999;163:1973–

1983.

57. Marshall AS, Willment JA, Lin HH, Williams

DL, Gordon S, Brown GD. Identification and

characterization of a novel human myeloid

inhibitory C-type lectin-like receptor (MICL)

that is predominantly expressed on granu-

locytes and monocytes. J Biol Chem

2004;279:14792–14802.

58. Flornes LM, Bryceson YT, Spurkland A,

Lorentzen JC, Dissen E, Fossum S. Identifi-

cation of lectin-like receptors expressed by

antigen presenting cells and neutrophils and

their mapping to a novel gene complex.

Immunogenetics 2004;56:506–517.

59. Ting JP, Davis BK. CATERPILLER: a novel

gene family important in immunity, cell

death, and diseases. Annu Rev Immunol

2005;23:387–414.

60. Delbridge LM, O’Riordan MX. Innate

recognition of intracellular bacteria. Curr

Opin Immunol 2007;19:10–16.

61. Martinon F, Tschopp J. NLRs join TLRs as

innate sensors of pathogens. Trends

Immunol 2005;26:447–454.

62. Mariathasan S, Monack DM. Inflammasome

adaptors and sensors: intracellular regulators

of infection and inflammation. Nat Rev

Immunol 2007;7:31–40.

63. Martinon F, Petrilli V, Mayor A, Tardivel A,

Tschopp J. Gout-associated uric acid crystals

activate the NALP3 inflammasome. Nature

2006;440:237–241.

64. Inohara N, Nunez G. NODs: intracellular

proteins involved in inflammation and apo-

ptosis. Nat Rev Immunol 2003;3:371–382.

65. Miceli-Richard C, et al. CARD15 mutations

in Blau syndrome. Nat Genet 2001;29:

19–20.

66. Martinon F, Tschopp J. Inflammatory cas-

pases: linking an intracellular innate immune

system to autoinflammatory diseases. Cell

2004;117:561–574.

67. Fritz JH, et al. Synergistic stimulation of

human monocytes and dendritic cells by

Toll-like receptor 4 and NOD1- and NOD2-

activating agonists. Eur J Immunol

2005;35:2459–2470.

68. Kummer JA, et al. Inflammasome compo-

nents NALP 1 and 3 show distinct but sepa-

rate expression profiles in human tissues,

suggesting a site-specific role in the inflam-

matory response. J Histochem Cytochem

2007;55:443–452.

69. Gallucci S, Lolkema M, Matzinger P. Natural

adjuvants: endogenous activators of

dendritic cells. Nat Med 1999;5:1249–1255.

70. Sauter B, Albert ML, Francisco L, Larsson M,

Somersan S, Bhardwaj N. Consequences of

cell death: exposure to necrotic tumor cells,

but not primary tissue cells or apoptotic

cells, induces the maturation of immunosti-

mulatory dendritic cells. J Exp Med

2000;191:423–434.

71. Seong SY, Matzinger P. Hydrophobicity: an

ancient damage-associated molecular pattern

that initiates innate immune responses. Nat

Rev Immunol 2004;4:469–478.

72. Srivastava PK, Maki RG. Stress-induced

proteins in immune response to cancer.

Curr Top Microbiol Immunol 1991;

167:109–123.

73. Lotze MT, Tracey KJ. High-mobility group

box 1 protein (HMGB1): nuclear weapon in

the immune arsenal. Nat Rev Immunol

2005;5:331–342.

74. Biragyn A, et al. Toll-like receptor 4-

dependent activation of dendritic cells by

beta-defensin 2. Science 2002;298:

1025–1029.

75. Rock KL, Hearn A, Chen CJ, Shi Y. Natural

endogenous adjuvants. Springer Semin

Immunopathol 2005;26:231–246.

76. Ohashi K, Burkart V, Flohe S, Kolb H.

Cutting edge: heat shock protein 60 is

a putative endogenous ligand of the toll-like

receptor-4 complex. J Immunol

2000;164:558–561.

77. Bausinger H, et al. Endotoxin-free heat-

shock protein 70 fails to induce APC

activation. Eur J Immunol 2002;32:

3708–3713.

78. Gao B, Tsan MF. Endotoxin contamination in

recombinant human heat shock protein 70

(Hsp70) preparation is responsible for the

induction of tumor necrosis factor alpha

release by murine macrophages. J Biol Chem

2003;278:174–179.

79. Binder RJ, Vatner R, Srivastava P. The heat-

shock protein receptors: some answers and

more questions. Tissue Antigens

2004;64:442–451.

80. Okamura Y, et al. The extra domain A of

fibronectin activates Toll-like receptor 4.

J Biol Chem 2001;276:10229–10233.

81. Smiley ST, King JA, Hancock WW. Fibrino-

gen stimulates macrophage chemokine

secretion through toll-like receptor 4.

J Immunol 2001;167:2887–2894.

82. Termeer C, et al. Oligosaccharides of Hya-

luronan activate dendritic cells via toll-like

receptor 4. J Exp Med 2002;195:99–111.

83. Scaffidi P, Misteli T, Bianchi ME. Release of

chromatin protein HMGB1 by necrotic cells

triggers inflammation. Nature

2002;418:191–195.

84. Yang D, Biragyn A, Kwak LW, Oppenheim

JJ. Mammalian defensins in immunity: more

than just microbicidal. Trends Immunol

2002;23:291–296.

Ueno et al � Dendritic cell subsets

Immunological Reviews 219/2007 135



85. Shi Y, Evans JE, Rock KL. Molecular identi-

fication of a danger signal that alerts the

immune system to dying cells. Nature

2003;425:516–521.

86. So A, De Smedt T, Revaz S, Tschopp J. A pilot

study of IL-1 inhibition by anakinra in acute

gout. Arthritis Res Ther 2007;9:R28.

87. Weninger W, von Andrian UH. Chemokine

regulation of naive T cell traffic in health and

disease. Semin Immunol 2003;15:257–270.

88. Allavena P, Sica A, Vecchi A, Locati M,

Sozzani S, Mantovani A. The chemokine

receptor switch paradigm and dendritic cell

migration: its significance in tumor

tissues. Immunol Rev 2000;177:

141–149.

89. Cyster JG. Chemokines and cell migration in

secondary lymphoid organs. Science

1999;286:2098–2102.

90. Liu YJ. IPC: professional type 1 interferon-

producing cells and plasmacytoid dendritic

cell precursors. Annu Rev Immunol

2005;23:275–306.

91. Ludwig IS, Geijtenbeek TB, van Kooyk Y.

Two way communication between

neutrophils and dendritic cells. Curr

Opin Pharmacol 2006;6:408–413.

92. Benoist C, Mathis D. Mast cells in autoim-

mune disease. Nature 2002;420:875–878.

93. Malaviya R, Ikeda T, Ross E, Abraham SN.

Mast cell modulation of neutrophil influx and

bacterial clearance at sites of infection through

TNF-alpha. Nature 1996;381:77–80.

94. Siegal FP, et al. The nature of the principal

type 1 interferon-producing cells in human

blood. Science 1999;284:1835–1837.

95. Mohamadzadeh M, Takashima A, Dougherty

I, Knop J, Bergstresser PR, Cruz PD, Jr.

Ultraviolet B radiation up-regulates the

expression of IL-15 in human skin.

J Immunol 1995;155:4492–4496.

96. Soumelis V, et al. Human epithelial cells

trigger dendritic cell mediated allergic

inflammation by producing TSLP. Nat

Immunol 2002;3:673–680.

97. Gualde N, Harizi H. Prostanoids and their

receptors that modulate dendritic cell-

mediated immunity. Immunol Cell Biol

2004;82:353–360.

98. Munz C, Steinman RM, Fujii S. Dendritic

cell maturation by innate lymphocytes:

coordinated stimulation of innate and

adaptive immunity. J Exp Med 2005;202:

203–207.

99. Fernandez NC, et al. Dendritic cells directly

trigger NK cell functions: cross-talk relevant

in innate anti-tumor immune responses in

vivo. Nat Med 1999;5:405–411.

100. Gerosa F, Baldani-Guerra B, Nisii C,

Marchesini V, Carra G, Trinchieri G.

Reciprocal activating interaction between

natural killer cells and dendritic cells. J Exp

Med 2002;195:327–333.

101. Ferlazzo G, Tsang ML, Moretta L, Melioli G,

Steinman RM, Munz C. Human dendritic

cells activate resting natural killer (NK) cells

and are recognized via the NKp30 receptor

by activated NK cells. J Exp Med

2002;195:343–351.

102. Mandelboim O, et al. Recognition of hae-

magglutinins on virus-infected cells by

NKp46 activates lysis by human NK cells.

Nature 2001;409:1055–1060.

103. Hermans IF, et al. NKT cells enhance CD4þ
and CD8þ T cell responses to soluble antigen

in vivo through direct interaction with

dendritic cells. J Immunol 2003;171:

5140–5147.

104. Tomura M, et al. A novel function of

Valpha14þCD4þNKT cells: stimulation of

IL-12 production by antigen-presenting cells

in the innate immune system. J Immunol

1999;163:93–101.

105. Chang DH, et al. Sustained expansion of NKT

cells and antigen-specific T cells after injec-

tion of alpha-galactosyl-ceramide loaded

mature dendritic cells in cancer patients.

J Exp Med 2005;201:1503–1517.

106. Conti L, et al. Reciprocal activating

interaction between dendritic cells and

pamidronate-stimulated gammadelta T cells:

role of CD86 and inflammatory cytokines.

J Immunol 2005;174:252–260.

107. Leslie DS, et al. CD1-mediated gamma/delta

T cell maturation of dendritic cells. J Exp

Med 2002;196:1575–1584.

108. Smyth MJ, Crowe NY, Hayakawa Y, Takeda

K, Yagita H, Godfrey DI. NKT cells –

conductors of tumor immunity? Curr

Opin Immunol 2002;14:165–171.

109. Paquette RL, et al. Interferon-alpha and

granulocyte-macrophage colony-stimulating

factor differentiate peripheral blood mono-

cytes into potent antigen-presenting cells.

J Leukoc Biol 1998;64:358–367.

110. Luft T, et al. Type I IFNs enhance the

terminal differentiation of dendritic cells.

J Immunol 1998;161:1947–1953.

111. Santini SM, et al. Type I interferon as

a powerful adjuvant for monocyte-derived

dendritic cell development and activity in

vitro and in Hu-PBL-SCID mice. J Exp Med

2000;191:1777–1788.

112. Blanco P, Palucka AK, Gill M, Pascual V,

Banchereau J. Induction of dendritic cell

differentiation by IFN-alpha in systemic

lupus erythematosus. Science

2001;294:1540–1543.

113. Watanabe N, et al. Human thymic stromal

lymphopoietin promotes dendritic cell-

mediated CD4þ T cell homeostatic expan-

sion. Nat Immunol 2004;5:426–434.

114. Chomarat P, Dantin C, Bennett L, Banchereau

J, Palucka AK. TNF skews monocyte differ-

entiation from macrophages to dendritic

cells. J Immunol 2003;171:2262–2269.

115. Steinbrink K, Wolfl M, Jonuleit H, Knop J,

Enk AH. Induction of tolerance by IL-10-

treated dendritic cells. J Immunol

1997;159:4772–4780.

116. Sato K, Yamashita N, Yamashita N, Baba M,

Matsuyama T. Regulatory dendritic cells

protect mice from murine acute graft-

versus-host disease and leukemia relapse.

Immunity 2003;18:367–379.

117. Mohamadzadeh M, et al. Interleukin 15

skews monocyte differentiation into den-

dritic cells with features of Langerhans cells.

J Exp Med 2001;194:1013–1020.

118. Dubsky P, et al. IL-15-induced human DC

efficiently prime melanoma-specific naive

CD8þ T cells to differentiate into CTL. Eur J

Immunol 2007;37:1678–1690.

119. Macatonia SE, et al. Dendritic cells produce

IL-12 and direct the development of Th1

cells from naive CD4þ T cells. J Immunol

1995;154:5071–5079.

120. Trinchieri G, Pflanz S, Kastelein RA. The IL-

12 family of heterodimeric cytokines: new

players in the regulation of T cell responses.

Immunity 2003;19:641–644.

121. Lee E, et al. Increased expression of inter-

leukin 23 p19 and p40 in lesional skin of

patients with psoriasis vulgaris. J Exp Med

2004;199:125–130.

122. Uhlig HH, et al. Differential activity of IL-12

and IL-23 in mucosal and systemic innate

immune pathology. Immunity

2006;25:309–318.

123. Smits HH, et al. Commensal Gram-negative

bacteria prime human dendritic cells for

enhanced IL-23 and IL-27 expression and

enhanced Th1 development. Eur J Immunol

2004;34:1371–1380.

124. Kastelein RA, Hunter CA, Cua DJ. Discovery

and biology of IL-23 and IL-27: related but

functionally distinct regulators of inflamma-

tion. Annu Rev Immunol 2007;25:221–242.

125. Fossiez F, et al. T cell interleukin-17 induces

stromal cells to produce proinflammatory

and hematopoietic cytokines. J Exp Med

1996;183:2593–2603.

126. Langrish CL, et al. IL-23 drives a pathogenic

T cell population that induces autoimmune

inflammation. J Exp Med 2005;201:

233–240.

127. Harrington LE, et al. Interleukin

17-producing CD4þ effector T cells develop

via a lineage distinct from the T helper

type 1 and 2 lineages. Nat Immunol 2005;

6:1123–1132.

128. Park H, et al. A distinct lineage of CD4 T cells

regulates tissue inflammation by producing

interleukin 17. Nat Immunol 2005;6:1133–

1141.

129. Bettelli E, et al. Reciprocal developmental

pathways for the generation of pathogenic

effector TH17 and regulatory T cells. Nature

2006;441:235–238.

Ueno et al � Dendritic cell subsets

136 Immunological Reviews 219/2007



130. Batten M, et al. Interleukin 27 limits

autoimmune encephalomyelitis by

suppressing the development of interleukin

17-producing T cells. Nat Immunol

2006;7:929–936.

131. Stumhofer JS, et al. Interleukin 27 negatively

regulates the development of interleukin 17-

producing T helper cells during chronic

inflammation of the central nervous system.

Nat Immunol 2006;7:937–945.

132. Granucci F, et al. Inducible IL-2 production

by dendritic cells revealed by global gene

expression analysis. Nat Immunol

2001;2:882–888.

133. Mattei F, Schiavoni G, Belardelli F, Tough

DF. IL-15 is expressed by dendritic cells in

response to type I IFN, double-stranded

RNA, or lipopolysaccharide and promotes

dendritic cell activation. J Immunol

2001;167:1179–1187.

134. Greenwald RJ, Freeman GJ, Sharpe AH. The

B7 family revisited. Annu Rev Immunol

2005;23:515–548.

135. Caux C, et al. CD34þ hematopoietic pro-

genitors from human cord blood differenti-

ate along two independent dendritic cell

pathways in response to GM-CSFþTNF

alpha. J Exp Med 1996;184:695–706.

136. Hutloff A, et al. ICOS is an inducible T-cell

co-stimulator structurally and functionally

related to CD28. Nature 1999;397:

263–266.

137. Aicher A, et al. Characterization of human

inducible costimulator ligand expression

and function. J Immunol 2000;164:

4689–4696.

138. Akbari O, et al. Antigen-specific regulatory T

cells develop via the ICOS-ICOS-ligand

pathway and inhibit allergen-induced airway

hyperreactivity. Nat Med 2002;8:1024–

1032.

139. Ito T, et al. Plasmacytoid dendritic cells

prime IL-10-producing T regulatory cells by

inducible costimulator ligand. J Exp Med

2007;204:105–115.

140. Freeman GJ, et al. Engagement of the PD-1

immunoinhibitory receptor by a novel B7

family member leads to negative regulation

of lymphocyte activation. J Exp Med

2000;192:1027–1034.

141. Barber DL, et al. Restoring function in

exhausted CD8 T cells during chronic viral

infection. Nature 2006;439:682–687.

142. Day CL, et al. PD-1 expression on HIV-

specific T cells is associated with T-cell

exhaustion and disease progression. Nature

2006;443:350–354.

143. Trautmann L, et al. Upregulation of PD-1

expression on HIV-specific CD8þ T cells

leads to reversible immune dysfunction.

Nat Med 2006;12:1198–1202.

144. Flynn S, Toellner KM, Raykundalia C,

Goodall M, Lane P. CD4 T cell cytokine dif-

ferentiation: the B cell activation molecule,

OX40 ligand, instructs CD4 T cells to express

interleukin 4 and upregulates expression of

the chemokine receptor, Blr-1. J Exp Med

1998;188:297–304.

145. Ito T, et al. OX40 ligand shuts down IL-10-

producing regulatory T cells. Proc Natl Acad

Sci USA 2006;103:13138–13143.

146. Taraban VY, Rowley TF, Al-Shamkhani A.

Cutting edge: a critical role for CD70 in CD8

T cell priming by CD40-licensed APCs.

J Immunol 2004;173:6542–6546.

147. Schildknecht A, Miescher I, Yagita H, van

den Broek M. Priming of CD8þ T cell

responses by pathogens typically depends on

CD70-mediated interactions with dendritic

cells. Eur J Immunol 2007;37:716–728.

148. Arens R, et al. Tumor rejection induced by

CD70-mediated quantitative and qualitative

effects on effector CD8þ T cell formation.

J Exp Med 2004;199:1595–1605.

149. Hendriks J, Gravestein LA, Tesselaar K,

van Lier RA, Schumacher TN, Borst J. CD27

is required for generation and long-term

maintenance of T cell immunity. Nat

Immunol 2000;1:433–440.

150. Takahashi C, Mittler RS, Vella AT. Cutting

edge: 4-1BB is a bona fide CD8 T cell sur-

vival signal. J Immunol 1999;162:5037–

5040.

151. Bukczynski J, Wen T, Ellefsen K, Gauldie J,

Watts TH. Costimulatory ligand 4-1BBL

(CD137L) as an efficient adjuvant for human

antiviral cytotoxic T cell responses. Proc Natl

Acad Sci USA 2004;101:1291–1296.

152. Schneider P, et al. BAFF, a novel ligand

of the tumor necrosis factor family, stimulates

B cell growth. J Exp Med 1999;189:1747–

1756.

153. Balazs M, Martin F, Zhou T, Kearney J. Blood

dendritic cells interact with splenic marginal

zone B cells to initiate T-independent

immune responses. Immunity 2002;17:341.

154. Litinskiy MB, et al. DCs induce CD40-

independent immunoglobulin class switch-

ing through BLyS and APRIL. Nat Immunol

2002;3:822–829.

155. Gross JA, et al. TACI and BCMA are receptors

for a TNF homologue implicated in B-cell

autoimmune disease. Nature

2000;404:995–999.

156. Hengartner H, et al. Deletion of self-reactive

T cells before entry into the thymus medulla.

Nature 1988;336:388–390.

157. Watanabe N, Wang YH, Lee HK, Ito T, Cao

W, Liu YJ. Hassall’s corpuscles instruct

dendritic cells to induce CD4þCD25þ
regulatory T cells in human thymus. Nature

2005;436:1181–1185.

158. Steinman RM, Turley S, Mellman I, Inaba K.

The induction of tolerance by dendritic cells

that have captured apoptotic cells. J Exp Med

2000;191:411–416.

159. Hawiger D, et al. Dendritic cells induce

peripheral T cell unresponsiveness under

steady state conditions in vivo. J Exp Med

2001;194:769–779.

160. Kretschmer K, Apostolou I, Hawiger D,

Khazaie K, Nussenzweig MC, von Boehmer

H. Inducing and expanding regulatory T

cell populations by foreign antigen. Nat

Immunol 2005;6:1219–1227.

161. Yamazaki S, et al. Direct expansion of func-

tional CD25þ CD4þ regulatory T cells by

antigen-processing dendritic cells. J Exp Med

2003;198:235–247.

162. Tarbell KV, Yamazaki S, Olson K, Toy P,

Steinman RM. CD25þ CD4þ T cells,

expanded with dendritic cells presenting

a single autoantigenic peptide, suppress

autoimmune diabetes. J Exp Med

2004;199:1467–1477.

163. Banerjee DK, Dhodapkar MV, Matayeva E,

Steinman RM, Dhodapkar KM. Expansion of

FOXP3high regulatory T cells by human den-

dritic cells (DCs) in vitro and after injection of

cytokine-matured DCs in myeloma patients.

Blood 2006;108:2655–2661.

164. Moser M. Dendritic cells in immunity and

tolerance-do they display opposite func-

tions? Immunity 2003;19:5–8.

165. Battaglia M, Gianfrani C, Gregori S, Roncar-

olo MG. IL-10-producing T regulatory type

1 cells and oral tolerance. Ann NY Acad Sci

2004;1029:142–153.

166. Sakaguchi S. Naturally arising Foxp3-

expressing CD25þCD4þ regulatory T cells

in immunological tolerance to self and non-

self. Nat Immunol 2005;6:345–352.

167. McGuirk P, McCann C, Mills KH. Pathogen-

specific T regulatory 1 cells induced in the

respiratory tract by a bacterial molecule that

stimulates interleukin 10 production by

dendritic cells: a novel strategy for evasion of

protective T helper type 1 responses by

Bordetella pertussis. J Exp Med

2002;195:221–231.

168. Manavalan JS, et al. High expression of ILT3

and ILT4 is a general feature of tolerogenic

dendritic cells. Transpl Immunol

2003;11:245–258.

169. Suciu-Foca N, et al. Molecular characteriza-

tion of allospecific T suppressor and tolero-

genic dendritic cells: review. Int

Immunopharmacol 2005;5:7–11.

170. de Graaff PM, et al. Respiratory syncytial

virus infection of monocyte-derived den-

dritic cells decreases their capacity to activate

CD4 T cells. J Immunol 2005;175:5904–

5911.

Ueno et al � Dendritic cell subsets

Immunological Reviews 219/2007 137



171. Gilliet M, Liu YJ. Generation of human CD8

T regulatory cells by CD40 ligand-activated

plasmacytoid dendritic cells. J Exp Med

2002;195:695–704.

172. de Heer HJ, et al. Essential role of lung

plasmacytoid dendritic cells in preventing

asthmatic reactions to harmless inhaled

antigen. J Exp Med 2004;200:89–98.

173. Grouard G, Rissoan MC, Filgueira L, Durand

I, Banchereau J, Liu YJ. The enigmatic plas-

macytoid T cells develop into dendritic cells

with interleukin (IL)-3 and CD40-ligand.

J Exp Med 1997;185:1101–1111.

174. Maraskovsky E, et al. Dramatic increase in the

numbers of functionally mature dendritic

cells in Flt3 ligand-treated mice: multiple

dendritic cell subpopulations identified.

J Exp Med 1996;184:1953–1962.

175. Maraskovsky E, et al. In vivo generation of

human dendritic cell subsets by Flt3 ligand.

Blood 2000;96:878–884.

176. Pulendran B, et al. Flt3-ligand and granulo-

cyte colony-stimulating factor mobilize dis-

tinct human dendritic cell subsets in vivo.

J Immunol 2000;165:566–572.

177. Blom B, Ho S, Antonenko S, Liu YJ. Gener-

ation of interferon alpha-producing pre-

dendritic cell (Pre-DC)2 from human

CD34(þ) hematopoietic stem cells. J Exp

Med 2000;192:1785–1796.

178. Chen W, et al. Thrombopoietin cooperates

with FLT3-ligand in the generation of plas-

macytoid dendritic cell precursors from

human hematopoietic progenitors. Blood

2004;103:2547–2553.

179. McKenna HJ, et al. Mice lacking flt3 ligand

have deficient hematopoiesis affecting

hematopoietic progenitor cells, dendritic

cells, and natural killer cells. Blood

2000;95:3489–3497.

180. Valladeau J, Saeland S. Cutaneous dendritic

cells. Semin Immunol 2005;17:273–283.

181. Nestle FO, Turka LA, Nickoloff BJ. Charac-

terization of dermal dendritic cells in psori-

asis. Autostimulation of T lymphocytes and

induction of Th1 type cytokines. J Clin Invest

1994;94:202–209.

182. de Saint-Vis B, et al. The cytokine profile

expressed by human dendritic cells is

dependent on cell subtype and mode of acti-

vation. J Immunol 1998;160:1666–1676.

183. Caux C, et al. CD34þ hematopoietic pro-

genitors from human cord blood differenti-

ate along two independent dendritic cell

pathways in response to granulocyte-

macrophage colony-stimulating factor plus

tumor necrosis factor alpha: II. Functional

analysis. Blood 1997;90:1458–1470.

184. Vanbervliet B, et al. Sequential involvement

of CCR2 and CCR6 ligands for immature

dendritic cell recruitment: possible role at

inflamed epithelial surfaces. Eur J Immunol

2002;32:231–242.

185. Dubois B, et al. Critical role of IL-12 in

dendritic cell-induced differentiation of

naive B lymphocytes. J Immunol

1998;161:2223–2231.

186. Kissenpfennig A, et al. Dynamics and func-

tion of Langerhans cells in vivo: dermal

dendritic cells colonize lymph node areas

distinct from slower migrating Langerhans

cells. Immunity 2005;22:643–654.

187. Dudziak D, et al. Differential antigen pro-

cessing by dendritic cell subsets in vivo.

Science 2007;315:107–111.

188. Grouard G, Durand I, Filgueira L, Banchereau

J, Liu YJ. Dendritic cells capable of stimulating

T cells in germinal centres. Nature

1996;384:364–367.

189. O’Doherty U, et al. Dendritic cells freshly

isolated from human blood express CD4 and

mature into typical immunostimulatory

dendritic cells after culture in monocyte-

conditioned medium. J Exp Med

1993;178:1067–1076.

190. Olweus J, et al. Dendritic cell ontogeny:

a human dendritic cell lineage of myeloid

origin. Proc Natl Acad Sci USA

1997;94:12551–12556.

191. Strobl H, et al. Identification of CD68þ
lin- peripheral blood cells with dendritic

precursor characteristics. J Immunol

1998;161:740–748.

192. Yoneyama H, et al. Evidence for recruitment

of plasmacytoid dendritic cell precursors to

inflamed lymph nodes through high endo-

thelial venules. Int Immunol 2004;16:

915–928.

193. Ito T, et al. A CD1aþ/CD11cþ subset of

human blood dendritic cells is a direct pre-

cursor of Langerhans cells. J Immunol

1999;163:1409–1419.

194. MacDonald KP, Munster DJ, Clark GJ, Dzio-

nek A, Schmitz J, Hart DN. Characterization

of human blood dendritic cell subsets. Blood

2002;100:4512–4520.

195. Palucka AK, Blanck JP, Bennett L, Pascual V,

Banchereau J. Cross-regulation of TNF

and IFN-{alpha} in autoimmune diseases.

Proc Natl Acad Sci USA 2005;102:3372–

3377.

196. Rissoan MC, et al. Reciprocal control of T

helper cell and dendritic cell differentiation.

Science 1999;283:1183–1186.

197. Cella M, Facchetti F, Lanzavecchia A,

Colonna M. Plasmacytoid dendritic cells

activated by influenza virus and CD40 ligand

drive a potent Th1 polarization. Nat

Immunol 2000;1:305–310.

198. Chan CW, et al. Interferon-producing killer

dendritic cells provide a link between innate

and adaptive immunity. Nat Med

2006;12:207–213.

199. Taieb J, et al. A novel dendritic cell subset

involved in tumor immunosurveillance. Nat

Med 2006;12:214–219.

200. Sornasse T, et al. Antigen-pulsed dendritic

cells can efficiently induce an antibody

response in vivo. J Exp Med 1992;175:

15–21.

201. Delamarre L, Pack M, Chang H, Mellman I,

Trombetta ES. Differential lysosomal prote-

olysis in antigen-presenting cells determines

antigen fate. Science 2005;307:1630–1634.

202. Wykes M, Pombo A, Jenkins C, MacPherson

GG. Dendritic cells interact directly with

naive B lymphocytes to transfer antigen and

initiate class switching in a primary T-

dependent response. J Immunol

1998;161:1313–1319.

203. Bergtold A, Desai DD, Gavhane A, Clynes R.

Cell surface recycling of internalized antigen

permits dendritic cell priming of B cells.

Immunity 2005;23:503–514.

204. Dubois B, et al. Dendritic cells enhance

growth and differentiation of CD40-

activated B lymphocytes. J Exp Med

1997;185:941–951.

205. Sakurai D, Hase H, Kanno Y, Kojima H,

Okumura K, Kobata T. TACI regulates IgA

production by APRIL in collaboration with

HSPG. Blood 2007;109:2961–2967.

206. Fayette J, et al. Human dendritic cells skew

isotype switching of CD40-activated naive B

cells towards IgA1 and IgA2. J Exp Med

1997;185:1909–1918.

207. Jego G, Palucka AK, Blanck JP, Chalouni C,

Pascual V, Banchereau J. Plasmacytoid den-

dritic cells induce plasma cell differentiation

through type I interferon and interleukin 6.

Immunity 2003;19:225–234.

208. Mora JR, et al. Selective imprinting of gut-

homing T cells by Peyer’s patch dendritic

cells. Nature 2003;424:88–93.

209. Iwata M, Hirakiyama A, Eshima Y, Kagechika

H, Kato C, Song SY. Retinoic acid imprints

gut-homing specificity on T cells. Immunity

2004;21:527–538.

210. Mora JR, Cheng G, Picarella D, Briskin M,

Buchanan N, von Andrian UH. Reciprocal

and dynamic control of CD8 T cell homing

by dendritic cells from skin- and gut-

associated lymphoid tissues. J Exp Med

2005;201:303–316.

211. Sigmundsdottir H, et al. DCs metabolize

sunlight-induced vitamin D3 to ‘program’

T cell attraction to the epidermal chemokine

CCL27. Nat Immunol 2007;8:285–293.

212. Mullins DW, Sheasley SL, Ream RM, Bullock

TNJ, Fu YX, Engelhard VH. Route of

immunization with peptide-pulsed dendritic

cells controls the distribution of memory

and effector T cells in lymphoid tissues and

determines the pattern of regional tumor

control. J Exp Med 2003;198:1–13.

213. Eriksson U, et al. Dendritic cell-induced

autoimmune heart failure requires coopera-

tion between adaptive and innate immunity.

Nat Med 2003;9:1484–1490.

Ueno et al � Dendritic cell subsets

138 Immunological Reviews 219/2007



214. Bondanza A, et al. Cutting edge: dissociation

between autoimmune response and clinical

disease after vaccination with dendritic cells.

J Immunol 2003;170:24–27.

215. Banchereau J, Pascual V, Palucka AK. Auto-

immunity through cytokine-induced den-

dritic cell activation. Immunity

2004;20:539–550.

216. Feldmann M, Maini RN. Lasker Clinical

Medical Research Award. TNF defined as

a therapeutic target for rheumatoid arthritis

and other autoimmune diseases. Nat Med

2003;9:1245–1250.

217. Lowes MA, et al. Increase in TNF-alpha and

inducible nitric oxide synthase-expressing

dendritic cells in psoriasis and reduction

with efalizumab (anti-CD11a). Proc Natl

Acad Sci USA 2005;102:19057–19062.

218. Baechler EC, et al. Interferon-inducible gene

expression signature in peripheral blood

cells of patients with severe lupus. Proc Natl

Acad Sci USA 2003;100:2610–2615.

219. Bennett L, et al. Interferon and granulopoi-

esis signatures in systemic lupus erythema-

tosus blood. J Exp Med 2003;197:711–723.

220. Shodell M, Shah K, Siegal FP. Circulating

human plasmacytoid dendritic cells are

highly sensitive to corticosteroid adminis-

tration. Lupus 2003;12:222–230.

221. Braun D, Geraldes P, Demengeot J. Type I

interferon controls the onset and severity of

autoimmune manifestations in lpr mice.

J Autoimmun 2003;20:15–25.

222. Santiago-Raber ML, et al. Type-I interferon

receptor deficiency reduces lupus-like dis-

ease in NZBmice. J Exp Med 2003;197:777–

788.

223. Mathian A, Weinberg A, Gallegos M,

Banchereau J, Koutouzov S. IFN-{alpha}

induces early lethal lupus in preautoimmune

(New Zealand Black x New Zealand

White)F1 but not in BALB/c mice.

J Immunol 2005;174:2499–2506.

224. Banchereau J, Pascual V. Type I interferon in

systemic lupus erythematosus and other

autoimmune diseases. Immunity

2006;25:383–392.

225. Pisitkun P, Deane JA, Difilippantonio MJ,

Tarasenko T, Satterthwaite AB, Bolland S.

Autoreactive B cell responses to RNA-related

antigens due to TLR7 gene duplication.

Science 2006;312:1669–1672.

226. Hanada T, et al. Suppressor of cytokine sig-

naling-1 is essential for suppressing

dendritic cell activation and systemic auto-

immunity. Immunity 2003;19:437–450.

227. Savarese E, et al. U1 small nuclear ribonu-

cleoprotein immune complexes induce type

I interferon in plasmacytoid dendritic cells

through TLR7. Blood 2006;107:3229–

3234.

228. Boule MW, Broughton C., Mackay F, Akira S,

Marshak-Rothstein A, Rifkin IR. Toll-like

receptor 9-dependent and -independent

dendritic cell activation by chromatin-

immunoglobulin G complexes. J Exp Med

2004;199:1631–1640.

229. Guiducci C, et al. Properties regulating the

nature of the plasmacytoid dendritic cell

response to Toll-like receptor 9 activation.

J Exp Med 2006;203:1999–2008.

230. Barrat FJ, et al. Nucleic acids of mammalian

origin can act as endogenous ligands for

Toll-like receptors and may promote

systemic lupus erythematosus. J Exp Med

2005;202:1131–1139.

231. Means TK, Luster AD. Toll-like receptor

activation in the pathogenesis of systemic

lupus erythematosus. Ann NY Acad Sci

2005;1062:242–251.

232. Farkas L, Beiske K, Lund-Johansen F,

Brandtzaeg P, Jahnsen FL. Plasmacytoid

dendritic cells (natural interferon- alpha/

beta-producing cells) accumulate in cutane-

ous lupus erythematosus lesions. Am J Pathol

2001;159:237–243.

233. Dhodapkar KM, et al. Selective blockade of

inhibitory Fcgamma receptor enables human

dendritic cell maturation with IL-12p70

production and immunity to antibody-

coated tumor cells. Proc Natl Acad Sci USA

2005;102:2910–2915.

234. Boruchov AM, Heller G, Veri MC, Bonvini E,

Ravetch JV, Young JW. Activating and

inhibitory IgG Fc receptors on human DCs

mediate opposing functions. J Clin Invest

2005;115:2914–2923.

235. Blanco P, Pitard V, Viallard JF, Taupin JL,

Pellegrin JL, Moreau JF. Increase in activated

CD8þ T lymphocytes expressing perforin

and granzyme B correlates with disease

activity in patients with systemic lupus

erythematosus. Arthritis Rheum

2005;52:201–211.

236. Ronnblom LE, Alm GV, Oberg K. Autoim-

mune phenomena in patients with

malignant carcinoid tumors during inter-

feron-alpha treatment. Acta Oncol

1991;30:537–540.

237. Yurasov S, et al. Defective B cell tolerance

checkpoints in systemic lupus erythemato-

sus. J Exp Med 2005;201:703–711.

238. Yurasov S, et al. Persistent expression of

autoantibodies in SLE patients in remission.

J Exp Med 2006;203:2255–2261.

239. Isenberg D, Rahman A. Systemic lupus

erythematosus – 2005 annus mirabilis? Nat

Clin Pract Rheumatol 2006;2:145–152.

240. Nestle FO, et al. Plasmacytoid predendritic

cells initiate psoriasis through interferon-

alpha production. J Exp Med

2005;202:135–143.

241. Huang X, et al. Interferon expression in the

pancreases of patients with type I diabetes.

Diabetes 1995;44:658–664.

242. Tezak Z, et al. Gene expression profiling

in DQA1*0501þ children with untreated

dermatomyositis: a novel model of

pathogenesis. J Immunol 2002;168:

4154–4163.

243. Greenberg SA, et al. Interferon-alpha/beta-

mediated innate immune mechanisms in

dermatomyositis. Ann Neurol

2005;57:664–678.

244. Gottenberg JE, et al. Activation of IFN

pathways and plasmacytoid dendritic cell

recruitment in target organs of primary

Sjogren’s syndrome. Proc Natl Acad Sci

USA 2006;103:2770–2775.

245. Gill MA, Blanco P, Arce E, Pascual V, Ban-

chereau J, Palucka AK. Blood dendritic cells

and DC-poietins in systemic lupus erythe-

matosus. Hum Immunol 2002;63:1172–

1180.

246. Jacob CO, McDevitt HO. Tumour necrosis

factor-alpha in murine autoimmune ‘lupus’

nephritis. Nature 1988;331:356–358.

247. Hofman FM, Hinton DR, Johnson K,

Merrill JE. Tumor necrosis factor identified

in multiple sclerosis brain. J Exp Med

1989;170:607–612.

248. Rothuizen LE, et al. Influence of interferon

beta-1a dose frequency on PBMC cytokine

secretion and biological effect markers.

J Neuroimmunol 1999;99:131–141.

249. Mosmann TR, Coffman RL. TH1 and TH2

cells: different patterns of lymphokine

secretion lead to different functional

properties. Annu Rev Immunol 1989;7:

145–173.

250. Menges M, et al. Repetitive injections of

dendritic cells matured with tumor necrosis

factor alpha induce antigen-specific protec-

tion of mice from autoimmunity. J Exp Med

2002;195:15–21.

251. Verginis P, Li HS, Carayanniotis G. Tolero-

genic semimature dendritic cells suppress

experimental autoimmune thyroiditis by

activation of thyroglobulin-specific

CD4þCD25þ T cells. J Immunol

2005;174:7433–7439.

252. Tarbell KV, et al. Dendritic cell-expanded,

islet-specific CD4þ CD25þ CD62Lþ
regulatory T cells restore normoglycemia in

diabetic NOD mice. J Exp Med

2007;204:191–201.

253. Sakaguchi S, Sakaguchi N, Asano M, Itoh M,

Toda M. Immunologic self-tolerance main-

tained by activated T cells expressing IL-2

receptor alpha-chains (CD25). Breakdown

of a single mechanism of self-tolerance

causes various autoimmune diseases.

J Immunol 1995;155:1151–1164.

Ueno et al � Dendritic cell subsets

Immunological Reviews 219/2007 139



254. Kim JM, Rasmussen JP, Rudensky AY. Reg-

ulatory T cells prevent catastrophic autoim-

munity throughout the lifespan of mice.

Nat Immunol 2007;8:191–197.

255. Fujita S, et al. Regulatory dendritic cells act as

regulators of acute lethal systemic inflam-

matory response. Blood 2006;107:3656–

3664.

256. Huh JC, et al. Bidirectional interactions

between antigen-bearing respiratory tract

dendritic cells (DCs) and T cells precede the

late phase reaction in experimental asthma:

DC activation occurs in the airway mucosa

but not in the lung parenchyma. J Exp Med

2003;198:19–30.

257. van Rijt LS, et al. In vivo depletion of lung

CD11cþ dendritic cells during allergen

challenge abrogates the characteristic fea-

tures of asthma. J Exp Med 2005;201:981–

991.

258. Lambrecht BN, Hammad H. Taking our

breath away: dendritic cells in the patho-

genesis of asthma. Nat Rev Immunol

2003;3:994–1003.

259. Liu YJ, et al. TSLP: an epithelial cell cytokine

that regulates T cell differentiation by con-

ditioning dendritic cell maturation. Annu

Rev Immunol 2007;25:193–219.

260. Ito T, et al. TSLP-activated dendritic cells

induce an inflammatory T helper type 2 cell

response through OX40 ligand. J Exp Med

2005;202:1213–1223.

261. Wang YH, et al. Maintenance and polariza-

tion of human TH2 central memory T cells

by thymic stromal lymphopoietin-activated

dendritic cells. Immunity 2006;24:827–

838.

262. Yoo J, et al. Spontaneous atopic dermatitis in

mice expressing an inducible thymic stromal

lymphopoietin transgene specifically in the

skin. J Exp Med 2005;202:541–549.

263. Zhou B, et al. Thymic stromal lymphopoietin

as a key initiator of allergic airway inflam-

mation in mice. Nat Immunol

2005;6:1047–1053.

264. Bogiatzi SI, et al. Cutting edge: proinflam-

matory and Th2 cytokines synergize to

induce thymic stromal lymphopoietin pro-

duction by human skin keratinocytes.

J Immunol 2007;178:3373–3377.

265. Idzko M, et al. Local application of FTY720

to the lung abrogates experimental asthma

by altering dendritic cell function. J Clin

Invest 2006;116:2935–2944.

266. Idzko M, et al. Inhaled iloprost suppresses

the cardinal features of asthma via inhibition

of airway dendritic cell function. J Clin

Invest 2007;117:464–472.

267. Hammad H, et al. Activation of the D pros-

tanoid 1 receptor suppresses asthma by

modulation of lung dendritic cell function

and induction of regulatory T cells. J Exp

Med 2007;204:357–367.

268. Finlay BB, McFadden G. Anti-immunology:

evasion of the host immune system by

bacterial and viral pathogens. Cell

2006;124:767–782.

269. Marketon MM, DePaolo RW, DeBord KL,

Jabri B, Schneewind O. Plague bacteria target

immune cells during infection. Science

2005;309:1739–1741.

270. Grosjean I, et al. Measles virus infects human

dendritic cells and blocks their allostimula-

tory properties for CD4þ T cells. J Exp Med

1997;186:801–812.

271. Fugier-Vivier I, Servet-Delprat C, Rivailler P,

Rissoan MC, Liu YJ, Rabourdin-Combe C.

Measles virus suppresses cell-mediated

immunity by interfering with the survival

and functions of dendritic and T cells. J Exp

Med 1997;186:813–823.

272. Tortorella D, Gewurz BE, Furman MH,

Schust DJ, Ploegh HL. Viral subversion of the

immune system. Annu Rev Immunol

2000;18:861–926.

273. Raftery MJ, Schwab M, Eibert SM, Samstag Y,

Walczak H, Schonrich G. Targeting the

function of mature dendritic cells by human

cytomegalovirus: a multilayered viral

defense strategy. Immunity 2001;15:997–

1009.

274. Prechtel AT, et al. Infection of mature den-

dritic cells with herpes simplex virus type 1

dramatically reduces lymphoid chemokine-

mediated migration. J Gen Virol

2005;86:1645–1657.

275. Salio M, Cella M, Suter M, Lanzavecchia A.

Inhibition of dendritic cell maturation by

herpes simplex virus. Eur J Immunol

1999;29:3245–3253.

276. Granelli-Piperno A, Golebiowska A,

Trumpfheller C, Siegal FP, Steinman RM.

HIV-1-infected monocyte-derived dendritic

cells do not undergo maturation but can

elicit IL-10 production and T cell regulation.

Proc Natl Acad Sci USA 2004;101:7669–

7674.

277. Agrawal A, et al. Impairment of dendritic

cells and adaptive immunity by anthrax

lethal toxin. Nature 2003;424:329–334.

278. d’Ostiani CF, et al. Dendritic cells discrimi-

nate between yeasts and hyphae of the

fungus Candida albicans. Implications for

initiation of T helper cell immunity in vitro

and in vivo. J Exp Med 2000;191:1661–

1674.

279. Piemonti L, et al. Vitamin D3 affects differ-

entiation, maturation, and function of

human monocyte-derived dendritic cells.

J Immunol 2000;164:4443–4451.

280. Woltman AM, de Fijter JW, Kamerling SW,

Paul LC, Daha MR, van Kooten C. The effect

of calcineurin inhibitors and corticosteroids

on the differentiation of human dendritic

cells. Eur J Immunol 2000;30:1807–

1812.

281. Soumelis V, et al. Depletion of circulating

natural type 1 interferon-producing cells in

HIV-infected AIDS patients. Blood

2001;98:906–912.

282. Pacanowski J, et al. Reduced blood CD123þ
(lymphoid) and CD11cþ (myeloid)

dendritic cell numbers in primary HIV-1

infection. Blood 2001;98:3016–3021.

283. Gill MA, et al. Mobilization of plasmacytoid

and myeloid dendritic cells to mucosal sites

in children with respiratory syncytial virus

and other viral respiratory infections. J Infect

Dis 2005;191:1105–1115.

284. Geijtenbeek TB, et al. DC-SIGN, a dendritic

cell-specific HIV-1-binding protein that

enhances trans-infection of T cells. Cell

2000;100:587–597.

285. Halary F, et al. Human cytomegalovirus

binding to DC-SIGN is required for dendritic

cell infection and target cell trans-infection.

Immunity 2002;17:653–664.

286. Lozach PY, et al. DC-SIGN and L-SIGN are

high affinity binding receptors for hepatitis

C virus glycoprotein E2. J Biol Chem

2003;278:20358–20366.

287. Simmons G, et al. DC-SIGN and DC-SIGNR

bind ebola glycoproteins and enhance

infection of macrophages and endothelial

cells. Virology 2003;305:115–123.

288. de Witte L, et al. Langerin is a natural barrier

to HIV-1 transmission by Langerhans cells.

Nat Med 2007;13:367–371.

289. Dunn GP, Old LJ, Schreiber RD. The three

Es of cancer immunoediting. Annu Rev

Immunol 2004;22:329–360.

290. Darnell RB. Onconeural antigens and the

paraneoplastic neurologic disorders: at the

intersection of cancer, immunity, and the

brain. Proc Natl Acad Sci USA

1996;93:4529–4536.

291. Darnell JC, Albert ML, Darnell RB. Cdr2,

a target antigen of naturally occurring

human tumor immunity, is widely

expressed in gynecological tumors. Cancer

Res 2000;60:2136–2139.

292. Albert ML, Darnell JC, Bender A, Francisco

LM, Bhardwaj N, Darnell RB. Tumor-specific

killer cells in paraneoplastic cerebellar

degeneration. Nat Med 1998;4:1321–1324.

293. Rabinovich GA, Gabrilovich D, Sotomayor

EM. Immunosuppressive strategies that are

mediated by tumor cells. Annu Rev Immunol

2007;25:267–296.

294. Bromberg JF, et al. Stat3 as an oncogene. Cell

1999;98:295–303.

295. Wang T, et al. Regulation of the innate

and adaptive immune responses by Stat-3

signaling in tumor cells. Nat Med

2004;10:48–54.

296. Kortylewski M, et al. Inhibiting Stat3 sig-

naling in the hematopoietic system elicits

multicomponent antitumor immunity. Nat

Med 2005;11:1314–1321.

Ueno et al � Dendritic cell subsets

140 Immunological Reviews 219/2007



297. Gabrilovich DI, et al. Production of vascular

endothelial growth factor by human tumors

inhibits the functional maturation of

dendritic cells. Nat Med 1996;2:

1096–1103.

298. Ohm JE, Carbone DP. VEGF as a mediator of

tumor-associated immunodeficiency.

Immunol Res 2001;23:263–272.

299. Enk AH, Katz SI. Identification and induction

of keratinocyte-derived IL-10. J Immunol

1992;149:92–95.

300. Enk AH, Jonuleit H, Saloga J, Knop J. Den-

dritic cells as mediators of tumor-induced

tolerance in metastatic melanoma. Int J

Cancer 1997;73:309–316.

301. Steinbrink K, Jonuleit H, Muller G, Schuler

G, Knop J, Enk AH. Interleukin-10-treated

human dendritic cells induce a melanoma-

antigen- specific anergy in CD8(þ) T cells

resulting in a failure to lyse tumor cells.

Blood 1999;93:1634–1642.

302. Chomarat P, Banchereau J, Davoust J,

Palucka AK. IL-6 switches the differentiation

of monocytes from dendritic cells to

macrophages. Nat Immunol 2000;1:

510–514.

303. Pinzon-Charry A, Maxwell T, Lopez JA.

Dendritic cell dysfunction in cancer:

a mechanism for immunosuppression.

Immunol Cell Biol 2005;83:451–461.

304. Aarnoudse CA, Garcia Vallejo JJ, Saeland E,

van Kooyk Y. Recognition of tumor glycans

by antigen-presenting cells. Curr Opin

Immunol 2006;18:105–111.

305. Finn OJ, et al. MUC-1 epithelial tumor

mucin-based immunity and cancer vaccines.

Immunol Rev 1995;145:61–89.

306. Hiltbold EM, Vlad AM, Ciborowski P, Wat-

kins SC, Finn OJ. The mechanism of unre-

sponsiveness to circulating tumor antigen

MUC1 is a block in intracellular sorting and

processing by dendritic cells. J Immunol

2000;165:3730–3741.

307. Vlad AM, Kettel JC, Alajez NM, Carlos CA,

Finn OJ. MUC1 immunobiology: from dis-

covery to clinical applications. Adv Immunol

2004;82:249–293.

308. Carlos CA, Dong HF, Howard OM, Oppen-

heim JJ, Hanisch FG, Finn OJ. Human tumor

antigen MUC1 is chemotactic for immature

dendritic cells and elicits maturation but

does not promote Th1 type immunity.

J Immunol 2005;175:1628–1635.

309. Bell D, et al. In breast carcinoma tissue,

immature dendritic cells reside within the

tumor, whereas mature dendritic cells are

located in peritumoral areas. J Exp Med

1999;190:1417–1426.

310. Aspord C, et al. Breast cancer instructs den-

dritic cells to prime interleukin 13-secreting

CD4þ T cells that facilitate tumor

development. J Exp Med 2007;204:1037–

1047.

311. Kukreja A, et al. Enhancement of clonoge-

nicity of human multiple myeloma by

dendritic cells. J Exp Med 2006;203:1859–

1865.

312. Rissoan MC, et al. Subtractive hybridization

reveals the expression of immunoglobulin-

like transcript 7, Eph-B1, granzyme B,

and 3 novel transcripts in human plasmacy-

toid dendritic cells. Blood 2002;100:

3295–3303.

313. Liu S, Yu Y, Zhang M, Wang W, Cao X. The

involvement of TNF-alpha-related apoptosis-

inducing ligand in the enhanced cytotoxicity

of IFN-beta-stimulated human dendritic cells

to tumor cells. J Immunol 2001;166:5407–

5415.

314. Lu G, Janjic BM, Janjic J, Whiteside TL,

Storkus WJ, Vujanovic NL. Innate direct

anticancer effector function of human

immature dendritic cells. II. Role of TNF,

lymphotoxin-alpha(1)beta(2), Fas ligand,

and TNF-related apoptosis-inducing ligand.

J Immunol 2002;168:1831–1839.

315. Janjic BM, Lu G, Pimenov A, Whiteside TL,

Storkus WJ, Vujanovic NL. Innate direct

anticancer effector function of human

immature dendritic cells. I. Involvement of

an apoptosis-inducing pathway. J Immunol

2002;168:1823–1830.

316. Dhodapkar MV, et al. Rapid generation of

broad T-cell immunity in humans after

a single injection of mature dendritic cells.

J Clin Invest 1999;104:173–180.

317. Dhodapkar MV, Steinman RM, Krasovsky J,

Munz C, Bhardwaj N. Antigen-specific

inhibition of effector T cell function in

humans after injection of immature den-

dritic cells. J Exp Med 2001;193:233–238.

318. Schuler G, Schuler-Thurner B, Steinman RM.

The use of dendritic cells in cancer immu-

notherapy. Curr Opin Immunol

2003;15:138–147.

319. Dhodapkar MV, Krasovsky J, Steinman RM,

Bhardwaj N. Mature dendritic cells boost

functionally superior CD8(þ) T-cell in

humans without foreign helper epitopes.

J Clin Invest 2000;105:R9–R14.

320. Dhodapkar MV, Steinman RM. Antigen-

bearing immature dendritic cells induce

peptide-specific CD8(þ) regulatory T cells

in vivo in humans. Blood 2002;100:

174–177.

321. Thurner B, et al. Vaccination with mage-3A1

peptide-pulsed mature, monocyte-derived

dendritic cells expands specific cytotoxic

T cells and induces regression of some

metastases in advanced stage IV melanoma.

J Exp Med 1999;190:1669–1678.

322. Palucka AK, et al. Dendritic cells loaded with

killed allogeneic melanoma cells can induce

objective clinical responses and MART-1

specific CD8þ T-cell immunity.

J Immunother 2006;29:545–557.

323. Schuler-Thurner B, et al. Rapid induction of

tumor-specific type 1 T helper cells in met-

astatic melanoma patients by vaccination

with mature, cryopreserved, peptide-loaded

monocyte-derived dendritic cells. J Exp Med

2002;195:1279–1288.

324. Nestle FO, et al. Vaccination of melanoma

patients with peptide- or tumor lysate-pulsed

dendritic cells. Nat Med 1998;4:328–332.

325. Schadendorf D, et al. Dacarbazine (DTIC)

versus vaccination with autologous peptide-

pulsed dendritic cells (DC) in first-line

treatment of patients with metastatic

melanoma: a randomized phase III trial of

the DC study group of the DeCOG. Ann

Oncol 2006;17:563–570.

326. Hsu FJ, et al. Vaccination of patients with B-

cell lymphoma using autologous antigen-

pulsed dendritic cells. Nat Med 1996;2:

52–58.

327. Small EJ, et al. Immunotherapy of hormone-

refractory prostate cancer with antigen-

loaded dendritic cells. J Clin Oncol

2000;18:3894–3903.

328. Fong L, et al. Altered peptide ligand vacci-

nation with Flt3 ligand expanded dendritic

cells for tumor immunotherapy. Proc Natl

Acad Sci USA 2001;98:8809–8814.

329. Banchereau J, et al. Immune and clinical

responses in patients with metastatic

melanoma to CD34(þ) progenitor-derived

dendritic cell vaccine. Cancer Res

2001;61:6451–6458.

330. Jonuleit H, et al. Pro-inflammatory cytokines

and prostaglandins induce maturation of

potent immunostimulatory dendritic cells

under fetal calf serum-free conditions. Eur

J Immunol 1997;27:3135–3142.

331. Mailliard RB, et al. Alpha-type-1 polarized

dendritic cells: a novel immunization tool

with optimized CTL-inducing activity.

Cancer Res 2004;64:5934–5937.

332. Berzofsky JA, et al. Progress on new vaccine

strategies for the immunotherapy and pre-

vention of cancer. J Clin Invest

2004;113:1515–1525.

333. Mohty M, Vialle-Castellano A, Nunes JA,

Isnardon D, Olive D, Gaugler B. IFN-alpha

skews monocyte differentiation into Toll-

like receptor 7-expressing dendritic cells

with potent functional activities. J Immunol

2003;171:3385–3393.

334. Parlato S, et al. Expression of CCR-7, MIP-

3beta, and Th-1 chemokines in type I IFN-

induced monocyte-derived dendritic cells:

importance for the rapid acquisition of

potent migratory and functional activities.

Blood 2001;98:3022–3029.

335. Buelens C, et al. Interleukin-3 and interferon

beta cooperate to induce differentiation of

monocytes into dendritic cells with potent

helper T-cell stimulatory properties. Blood

2002;99:993–998.

Ueno et al � Dendritic cell subsets

Immunological Reviews 219/2007 141



336. Pulendran B, Dillon S, Joseph C, Curiel T,

Banchereau J, Mohamadzadeh M. Dendritic

cells generated in the presence of GM-CSF

plus IL-15 prime potent CD8þ Tc1

responses in vivo. Eur J Immunol

2004;34:66–73.

337. Peggs KS, Quezada SA, Korman AJ, Allison

JP. Principles and use of anti-CTLA4 anti-

body in human cancer immunotherapy.

Curr Opin Immunol 2006;18:206–213.

338. Watts TH. TNF/TNFR family members in

costimulation of T cell responses. Annu Rev

Immunol 2005;23:23–68.

339. North RJ. The murine antitumor immune

response and its therapeutic manipulation.

Adv Immunol 1984;35:89–155.

340. Ma J, Urba WJ, Si L, Wang Y, Fox BA,

Hu HM. Anti-tumor T cell response and

protective immunity in mice that received

sublethal irradiation and immune reconsti-

tution. Eur J Immunol 2003;33:2123–2132.

341. Asavaroengchai W, Kotera Y, Mule JJ. Tumor

lysate-pulsed dendritic cells can elicit an

effective antitumor immune response during

early lymphoid recovery. Proc Natl Acad Sci

USA 2002;99:931–936.

342. Casares N, et al. Caspase-dependent immu-

nogenicity of doxorubicin-induced tumor

cell death. J Exp Med 2005;202:1691–1701.

343. Spisek R, Charalambous A, Mazumder A,

Vesole DH, Jagannath S, Dhodapkar MV.

Bortezomib enhances dendritic cell (DC)

mediated induction of immunity to human

myeloma via exposure of cell surface heat

shock protein 90 on dying tumor cells:

therapeutic implications. Blood

2007;109:4839–4845.

344. Candido KA, et al. Local administration of

dendritic cells inhibits established breast

tumor growth: implications for apoptosis-

inducing agents. Cancer Res 2001;61:228–

236.

345. Tong Y, Song W, Crystal RG. Combined

intratumoral injection of bone marrow-

derived dendritic cells and systemic chemo-

therapy to treat pre-existing murine tumors.

Cancer Res 2001;61:7530–7535.

346. Song W, Levy R. Therapeutic vaccination

against murine lymphoma by intratumoral

injection of naive dendritic cells. Cancer Res

2005;65:5958–5964.

347. Pardoll D, Allison J. Cancer immunotherapy:

breaking the barriers to harvest the crop. Nat

Med 2004;10:887–892.

348. Martin-Fontecha A, et al. Regulation of

dendritic cell migration to the draining

lymph node: impact on T lymphocyte traffic

and priming. J Exp Med 2003;198:615–621.

349. Gabrilovich D. Mechanisms and functional

significance of tumour-induced dendritic-

cell defects. Nat Rev Immunol 2004;4:

941–952.

350. Bonifaz LC, et al. In vivo targeting of anti-

gens to maturing dendritic cells via the DEC-

205 receptor improves T cell vaccination.

J Exp Med 2004;199:815–824.

351. Trumpfheller C, et al. Intensified and pro-

tective CD4þ T cell immunity in mice with

anti-dendritic cell HIV gag fusion antibody

vaccine. J Exp Med 2006;203:607–617.

352. Kumar KA, et al. The circumsporozoite

protein is an immunodominant protective

antigen in irradiated sporozoites. Nature

2006;444:937–940.

353. Soares H, et al. A subset of dendritic cells

induces CD4þ T cells to produce IFN-

{gamma} by an IL-12-independent but

CD70-dependent mechanism in vivo.

J Exp Med 2007;204:1095–1106.

354. Delneste Y, et al. Involvement of LOX-1

in dendritic cell-mediated antigen cross-

presentation. Immunity 2002;17:

353–362.

355. Ramakrishna V, et al. Mannose receptor tar-

geting of tumor antigen pmel17 to human

dendritic cells directs anti-melanoma T cell

responses via multiple HLA molecules.

J Immunol 2004;172:2845–2852.

356. Schjetne KW, Fredriksen AB, Bogen B.

Delivery of antigen to CD40 induces pro-

tective immune responses against tumors.

J Immunol 2007;178:4169–4176.

357. Vingert B, et al. The Shiga toxin B-subunit

targets antigen in vivo to dendritic cells and

elicits anti-tumor immunity. Eur J Immunol

2006;36:1124–1135.

358. Tacken PJ, et al. Effective induction of naive

and recall T-cell responses by targeting

antigen to human dendritic cells via

a humanized anti-DC-SIGN antibody. Blood

2005;106:1278–1285.

359. Ramakrishna V, Vasilakos JP, Tario JD Jr,

Berger MA, Wallace PK, Keler T. Toll-like

receptor activation enhances cell-mediated

immunity induced by an antibody vaccine

targeting human dendritic cells. J Transl Med

2007;5:5.

Ueno et al � Dendritic cell subsets

142 Immunological Reviews 219/2007


