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Purpose of review

Dendritic cells are the most efficient inducers of all immune

responses, and are capable of inducing either productive

immunity or maintaining the state of tolerance to self-antigens

and allergens. The present review summarizes the emerging

literature on dendritic cells, with the emphasis on regulatory

function of dendritic cells in allergy and asthma. In particular we

summarize recent data regarding the relationship between

dendritic cell subsets and Th1, Th2 and regulatory T (TReg)

cells.

Recent findings

The diverse functions of dendritic cells have been attributed to

distinct lineages of dendritic cells, which arise from common

immature precursor cells that differentiate in response to

specific maturation-inducing or local microenvironment

conditions. These subsets induce different lineages of T cells

such as Th1, Th2 and TReg cells, including Th1Reg and Th2Reg
cells, which regulate allergic diseases and asthma.

Summary

Subsets of dendritic cells regulate the induction of a variety of T-

cell subtypes, which suppress the development of allergy and

asthma, thus providing antiinflammatory responses and

protective immunity.
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Introduction
Dendritic cells represent a phenotypically heteroge-

neous and malleable population endowed with an

important biologic function, namely, the presentation

of antigen to both B and T lymphocytes [1,2]. Antigen

presentation by dendritic cells can result in two opposite

outcomes: productive immunity or tolerance to antigens

and allergens. The fine regulation of these two distinct

functions is not completely understood. For example, in

lungs, the mucosal surfaces are continuously exposed to

infectious agents as well as innocuous environmental

antigens. Infectious microorganisms must be rapidly

eliminated by the pulmonary immune system, while

innocuous nonproliferating antigens must be cleared or

tolerated in a manner that does not injure the host.

Dendritic cells, therefore, must be capable of inducing

active immunity, characterized by the development of

subsets of effector and memory cells, as well as

tolerance, characterized by anergy, the development of

regulatory/suppressor cells or selection of autoreactive/

allergen-reactive cells. The following article will review

the spectrum of dendritic cells and subsets of regulatory

T cells that have been shown to critically regulate the

development of asthma and allergy.

Induction of Th2 cells and allergic disease by
dendritic cells
In humans, Th2 cells are induced primarily by dendritic

cells called DC2s [3,4]. Precursors of DC2s are called

pDC2s or plasmacytoid dendritic cells, which produce

large quantities of IFN-a/b [3,5,6]. Human pDC2s were

recognized initially by their plasma-cell-like morphology

and their unique surface phenotype (CD4+IL-3-recep-

tor+CD11c7, negative for most other lineage markers).

DC2s, which express few myeloid antigens, such as

CD11b, CD11c, CD13, and CD33, depend on IL-3, but

not granulocyte/macrophage colony-stimulating factor for

their survival and maturation [6,7]. They have a low

capacity for phagocytosis or macropinocytosis at all stages

of their maturation.

In patients with both atopic and nonatopic asthma,

Matsuda et al. [8] recently showed that the number of

DC2s is markedly increased. This finding is of course

consistent with the idea that Th2 cells and eosinophils

are prominent features of the cellular infiltrate in the

airway mucosa of patients with both atopic and

nonatopic asthma. A recent investigation from Hagen-

dorens et al. [9], however, compared dendritic cell

populations in cord blood from children at risk for the

development of atopy and found a reduction in
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plasmacytoid (DC2) cells in atopic (asthmatic) children

compared with healthy controls. The authors speculated

that the decrease may be due to increased migration of

DC2s to target organs. At this stage it is not clear why

numbers of circulating DC2s might be reduced in

children with asthma, but increased in adults with

asthma, so there is a continuing need to examine

dendritic cell function at various ages, both before and

after allergic sensitization.

pDCs were discovered first in humans and only recently

identified in mice. The murine pDCs are Gr-

1+B220+CD197, either CD4+ or CD8+, and localize

within T-cell zones of lymph nodes. Freshly isolated

CD11c+Gr-1+ cells express major histocompatibility

complex (MHC) class II at low levels, display a

plasmacytoid morphology, and survive poorly in culture

[10]. Their survival is increased and they develop a

dendritic cell-like morphology in IL-3 and CpG. Like

human pDCs, these CD11c+Gr-1+ cells stimulate T-cell

proliferation after activation with CpG and produce IFN-

a after stimulation with influenza virus. These cells are

reduced by 85% in the lymph nodes of L-selectin-

deficient mice, and display a strain-specific variation in

frequency, being fivefold increased in the lymph nodes

of BALB/c relative to C57BL/6 mice, correlating with

the increased propensity of BALB/c mice to develop

Th2-dominated immune responses.

It is unclear whether (1) pDCs constitute a separate

lineage [6], or (2) if they arise as a branch of the

committed lymphoid lineage [11], or (3) by lineage

conversion [12], or (4) if all dendritic cells arise from a

common precursor cell [13]. Furthermore, it is not clear

how DC2s differ from CD11c+CD8a7 dendritic cells

(also previously known as ‘myeloid’ dendritic cells),

which have also been shown to induce Th2 responses to

soluble Ags [14,15]. pDCs differ from all other dendritic

cell subsets with respect to expression of CIITA, a MHC

class II regulator gene [16], in which pDCs rely strictly

on the CIITA promoter pIII (also utilized by B cells),

whereas macrophages and all other dendritic cells

depend on pI. This suggests that pDCs are related to

B cells and are distinct from other monocytes and

dendritic cells. Shigematsu et al. [17], however, recently
examined progenitors of pDCs and found that pDCs as

well as conventional dendritic cells could be derived

from both myeloid and lymphoid committed progenitors

cells, but not from myeloid-erythroid progenitors or from

pro-B cells. These studies suggest that pDCs have the

same origin as conventional dendritic cell subsets, and

that the function of dendritic cells is malleable and

depends on how they differentiate.

Dendritic cells greatly influence the differentiation of

CD4 cells towards Th2 by producing IL-10 but not IL-

12. IL-12 enhances IFN-g production in T cells and

natural killer cells and inhibits the development of IL-4

synthesis, while IL-10 inhibits dendritic cell production

of IL-12, increases T-cell production of IL-4, or

enhances the development of regulatory T cells, which

can suppress allergic inflammation (see below). Dendritic

cells respond to a variety of signals (e.g. immune

complexes as well as IL-10) by reducing the production

of IL-12p35, which allows increased Th2 responses to

occur [18 .]. A recent study showed that dendritic cells

from children with allergic rhinitis, or allergic rhinitis

with asthma, produced less IL-10 but comparable levels

of IL-12 compared with healthy individuals [19],

suggesting that IL-10 can function less as a Th2 cytokine

but more as an agent that induces regulatory T cells,

which may reduce the inflammatory effects of Th2 cells.

While IL-12 and IL-10 have significant effects on T-cell

differentiation, other cytokines such as IL-18 and thymic

stromal lymphopoietin (TSLP) play important roles by

affecting dendritic cell function in allergy and asthma. IL-

18 receptor (IL-18R) a and b chains were demonstrated

by Kaser et al. [20] to be expressed on DC2 cells. pDC2s

exposed to IL-18 skewed the development of Th cells

toward Th1 development in coculture experiments of

DC2s and allogeneic naive T cells. IL-18 is synergistic

with IL-12, since IL-18 enhances IL-12R expression, and

the IFN-g enhancing effects of IL-18 are inhibited by

neutralization of IL-12 p70. In 25% of allergic patients,

the IFN-g enhancing effects of IL-18 + IL-12 are

impaired, which appears to result in enhanced Th2

cytokine production. The impairment in the induction of

IFN-g was completely restored by IL-2 + IL-18 [21],

suggesting that IL-18 enhances IFN-g production

through an IL-12 and IL-2-dependent pathway. In

contrast to IL-18, IL-6 was reported to play a role, via

negative regulation of IL-12, in favoring of Th2 responses

in lymph nodes draining the airway mucosa [22].

Another cytokine which has marked effects on Th2

cytokine production is TSLP. The human TSLP

receptor, composed of an IL-7Ra chain and a TSLP-

specific receptor chain, is specifically expressed on

CD11c+ dendritic cells. Interaction of TSLP with its

receptor triggers activation of CD11c+ dendritic cells, and

transforms dendritic cells such that they induce T cells to

produce IL-4, IL-5, IL-13 but not IL-10, a profile that is

prototypic of Th2 cells [23]. TSLP is highly expressed by

keratinocytes from skin of patients with atopic dermatitis,

and in human tonsil, suggesting that human TSLP may

play a very important role in the induction of allergic

inflammation in mucosal tissues [24].

Other factors that may enhance the capacity of dendritic

cells to induce Th2 responses include the expression by

dendritic cells of molecules such as MHC class II-

Immunotherapy534



associated invariant chain peptide (CLIP), and of

‘jagged’, which induces specific Notch signaling path-

ways. Mature dendritic cells selectively express CLIP,

on their surface, which appears to favor polarization of

autologous naive T cells toward Th2 [25..]. This is

consistent with the fact that H2-DM-deficient mice,

which have a CLIPhi phenotype on their mature

dendritic cells, and generate considerably more Th2

cells than Th1 cells. Notch proteins also regulate the

Th1/Th2 cell fate. The Notch pathways have been

known to regulate a broad spectrum of cell fate decisions

and differentiation processes during fetal and postnatal

development [26]. Notch proteins have been found to

be expressed on mature T cells, and its ligands, jagged

and delta, have been found to be expressed on activated

antigen presenting cells and dendritic cells. Jagged

expression is induced by certain Th2-activating stimuli

such as cholera toxin and prostaglandin E2, and results in

Notch signaling that specifically induces Th2 IL-4 and

IL-5 production, independent of the IL-4 receptor

pathway [27]. In contrast, delta signaling induces T cells

to produce IFN-g, but not IL-4 or IL-5. Thus,

production of IL-10 but not IL-12 in dendritic cells,

and expression of specific cell surface molecules such as

CLIP, jagged but not delta, allow DC2s to induce Th2

responses.

Induction of Th1 cells by dendritic cells
DC1s produce large quantities of IL-12 and selectively

enhance the differentiation of naive T cells into Th1

cells. Blood monocytes, termed pDC1, are commonly

used as precursor cells for generating human DC1s in

culture. In the presence of granulocyte/macrophage

colony-stimulating factor and IL-4, DC1s are generated

within 6 days with little or no proliferation, but in the

presence of macrophage colony-stimulating factor,

monocytes differentiate into macrophages [5,28–30].

The Th2 cytokine IL-4 enhances DC1 maturation and

kills pDC2, an effect potentiated by IL-10 but blocked

by CD40 ligand and IFN-g. This negative feedback loop

from the mature Th2 cells may selectively inhibit

vigorous Th2 responses and enhance Th1 responses by

regulating survival of dendritic cell subsets [5]. Like

human DC1, mouse CD8a+ dendritic cell subsets,

previously known as ‘lymphoid’ dendritic cells, promote

differentiation of naive T cells into Th1 effector cells

[14,15,31]. Dendritic cells have also been subdivided on

the basis of the relative expression of the myeloid-

related marker CD11b. About half of the splenic

CD11bdull population are CD8a+ dendritic cells [15,32],

which are the major dendritic cell subset that produces

IL-12, particularly after cross-linking of CD40 [33–35].

Although Th1 cells can limit the development of Th2

cells, effector Th1 cells cannot counterbalance the

function of effector Th2 cells. In fact, Th1 cells that

enter mucosal tissues exacerbate inflammation codomi-

nantly with Th2 cells [36,37], and are likely to cause

tissue damage. Thus, because both Th1 and Th2 cells

are proinflammatory, other mechanisms exist to down-

regulate inflammation in the respiratory mucosa and

skin. These mechanisms include tolerance mediated by

anergy, clonal deletion and the development of regula-

tory T (TReg) cells.

Induction of regulatory T cells by dendritic
cells
Dendritic cells induce the development not only of Th1

and Th2 cells but also of TReg cells. The term TReg cell

refers to cells that actively control or suppress the

function of other cells, generally in an inhibitory fashion.

TReg cells appear to control the development of

autoimmune disease and transplant rejection, and may

also play a critical role in controlling the expression of

asthma and allergy. The specific mechanisms by which

these TReg cells function, or the specific characteristics of

these cells, are still being investigated. TReg cells have

been studied primarily in the context of tolerance to self-

antigens. However, tolerance is also important in the

peripheral immune system, in terms of immune

responses to antigens or allergens encountered in the

respiratory and intestinal tracts. Normally, these sites are

continuously exposed to a wide variety of environmen-

tal, nonreplicating, nonpathogenic antigens, which gen-

erally induce tolerance or hyporesponsiveness rather

than active immunity. For example, exposure to cats or

dogs in the first year of life reduces subsequent risk of

allergic sensitization to multiple allergens [38,39]. Other

studies have shown that children growing up on farms,

particularly those with direct contact with animals, were

less likely to be allergic than children growing up in

urban environments [40,41], possibly due to exposure to

allergens in the presence of endotoxin [42]. In any case,

tolerance to environmental allergens encountered at

mucosal surfaces such as the lungs or intestinal tract

could be mediated by the development of TReg cells

[31], or alternatively by clonal deletion or anergy in

allergen-specific cells. It appears that in allergic indivi-

duals, antigen-specific TReg cells that produce IL-10 are

present in much lower frequencies than are present in

nonallergic individuals [43 ..], whereas allergen-specific

Th1 cells are present in allergic and nonallergic

individuals at equivalent frequencies. These observa-

tions strongly suggests that IL-10 producing antigen-

specific TReg cells, rather than Th1 cells, prevent the

development of symptoms in nonallergic individuals.

TReg cells can be divided into those that develop

centrally in the thymus and are specific for autoantigens

(natural CD25+ TReg cells) and those that develop in the

periphery on exposure to exogenous antigen (adaptive

TReg cells). The dendritic cells that activate natural
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CD25+ TReg cells are not fully known, and those that

activate/induce adaptive TReg cells are only now being

identified (see below). Patients with a syndrome known

as XLAAD or IPEX, due to mutations in the transcrip-

tion factor Foxp3, specifically lack CD25+ TReg cells, and

develop severe eczema, elevated IgE levels, eosinophilia

and food allergy [44]. It is very likely that these patients

lack both natural CD25+ and adaptive TReg cells, and

that both natural CD25+ and adaptive TReg cells are

related, although adaptive TReg cells might be more

important in controlling the development of allergic

disease and asthma.

Induction of adaptive TReg cells

For many years, it was thought that immature dendritic

cells, expressing low levels of costimulatory molecules,

were the major dendritic cells responsible for the

induction of adaptive TReg cells [45,46]. These imma-

ture dendritic cells take up self-antigen without becom-

ing activated and induce anergy in T cells. Although the

anergic T cells may have regulatory activity, more recent

studies indicate that mature rather than immature

dendritic cell types, expressing high levels of costimu-

latory molecules, actively induce the development of

TReg cells that have potent inhibitory/regulatory activity.

These dendritic cells include pDCs, CD8a7 dendritic

cells, as well as CD8a+ dendritic cells.

Several years ago, pDCs were observed to be capable of

inducing TReg cells [47]. These CD11clowCD45RBhigh

pDCs display a plasmacytoid morphology, are present in

the spleen and lymph nodes of normal mice and are

significantly enriched in the spleens of IL-10 Tg mice.

These pDCs secrete high levels of IL-10 after activation,

and when pulsed with Ag specifically induce TReg cell

development and tolerance. However, in the lung, both

CD8a7 (myeloid) as well as pDCs take up inhaled

antigen, and both have been shown to be capable of

inducing the development of tolerance to antigen

[48,49 .]. The CD8a7 dendritic cells appear in the

bronchial lymph nodes of mice exposed to respiratory

antigen, produce IL-10 transiently, and induce the

development of TReg cells via an ICOS–ICOS-L depen-

dent pathway [48]. Adoptive transfer of CD8a7 dendritic

cells producing IL-10 from tolerized mice inhibited the

development of airway hyperreactivity (AHR), and

induced the development of antigen-specific TReg cells.

Alternatively, depletion of pDCs rather than CD8a7

dendritic cells prior to respiratory exposure to antigen

led to IgE production associated with airway inflamma-

tion (AHR was not examined), and Th2 cell cytokine

production. When cultured in vitro, the pDCs sup-

pressed the generation of effector T cells induced by

CD8a7 dendritic cells. Furthermore, adoptive transfer of

pDCs before sensitization prevented respiratory disease

in this murine asthma model [49 .]. Thus, CD8a7

dendritic cells (from the bronchial lymph nodes) as well

as pDCs (in the lung parenchyma) play important roles

in the protection against the development of respiratory

inflammatory responses to inhaled allergens.

While CD8a7 dendritic cells induce TReg cells, CD8a+

dendritic cells have also been shown to induce TReg cells

that prevent respiratory inflammation [50,51,52..]. Re-

cently, Stock et al. [52..] showed that immunization with

bacterial products (heat-killed Listeria monocytogenes) as

adjuvant activated CD8a+ dendritic cells producing both

IL-10 and IL-12 to induce the development of a novel

TReg cell, which potently inhibited the development of

airway inflammation and AHR. These TReg cells

produced both IFN-g and IL-10, expressed foxp3 (the

master TReg cell transcription factor [53]) as well as T-bet
(the master Th1 transcription factor). The combination

of expression of T-bet and foxp3 and induction by

CD8a+ dendritic cells suggested the term Th1Reg for

these regulatory cells [52..]. In contrast, TReg cells

induced by respiratory CD8a7 dendritic cells, and which

develop through an IL-4 intermediate stage, expressed

IL-10, foxp3 and Gata-3 (the master Th2 transcription

factor), warranting the term Th2Reg cells [31,52
..]. Thus,

TReg cells can be classified into at least two subgroups,

termed Th1Reg and Th2Reg cells based upon their

cytokine secretion patterns, signaling pathways and

requirement of distinct types of dendritic cells. Both

Th1Reg and Th2Reg cells can inhibit the development of

Th2-driven AHR, and inflammation.

The development of allergy and asthma may be due to

an aberrant development of Th2 cells rather than TReg

cells in allergic individuals [54]. The specific mechan-

isms by which dendritic cells induce TReg cells rather

than Th2 responses are not known, but are likely to

involve specific costimulatory molecules. These costi-

mulatory molecules expressed by dendritic cells include

OX40L, ICOSL and PD-L1/PD-L2. The function of a

dendritic cell is not immutably fixed, but is influenced

by the maturation state of the dendritic cells, which

determines the expression of specific costimulatory

molecules. OX40L, a member of the tumor necrosis

factor family of receptors, is expressed on dendritic cells

and binds to its ligand, OX40, on T cells. In OX40-

deficient mice, goblet cell hyperplasia, mucus produc-

tion, eosinophilia, IgE production, Th2 cytokine produc-

tion and AHR are inhibited, illustrating the importance

of the OX40–OX40L pathway in the development of

Th2 responses [55,56]. ICOSL is a member of the B7

family, and binds to ICOS, a member of the CD28

family. ICOS is expressed on recently activated T cells,

and preferentially on Th2 cells. Costimulation of T cells

through ICOS results in enhanced production of IL-4,

IL-5 and IL-10 [57], and ICOS-deficient mice have

Immunotherapy536



reduced IgE production, reduced Th2 cytokine produc-

tion, and reduced AHR [58,59]. However, the ICOS–

ICOSL pathway is also required in the development of

respiratory tolerance and the function of Th2Reg cells,

and blockade of this pathway prevents the development

of tolerance [48,60 ..]. PD-L1 and PD-L2 are also

members of the B7 family and are expressed on

dendritic cells as well as on lung epithelial cells after

allergen challenge. Both PD-L1 and PD-L2 bind to PD-

L1 (programmed death), which is a member of the

CD28/CTLA-4 family. PD-L1 has been shown to

regulate the development of peripheral tolerance [57].

Treatment of mice with a blocking anti-PD-L2 mAb at

the time of allergen challenge, but not at the time of

sensitization, significantly increased AHR, airway eosi-

nophilia, production of IL-5 and IL-13, and decreased

IFN-g production in the lungs and draining lymph node

cells [61]. Consistent with this, an agonistic PD-L2 cross-

linking antibody reduced lung inflammation and AHR in

a mouse model of allergic airway disease. The suppres-

sive effect on AHR was dependent on cross-linking of

PD-L2 on dendritic cells, which increased IL-12

production in a Stat4 dependent manner, reduced Th2

cytokine production and increased IL-10 production

[62], indicating that the PD-L2–PD-L1 pathway criti-

cally regulates allergic asthma. These studies indicate

that expression of costimulatory molecules by dendritic

cells can influence whether tolerance or Th2 responses

develop in allergen-specific T cells.

Conclusion
Dendritic cells control the development of productive

immunity and tolerance to self-antigens and allergens,

thus regulating the development of allergic disease and

asthma. Subsets of dendritic cells exist with distinct

functions, but the relationship between these subsets

and the mechanisms by which these dendritic cells

induce immunity versus tolerance are not fully known.

One mechanism by which dendritic cells regulate

tolerance is the induction of a variety of distinct TReg

cell types, which actively suppress the development of

allergy and asthma, providing antiinflammatory re-

sponses and protective immunity. Better understanding

of the factors determining development and function of

dendritic cells will be a prerequisite to the future design

of improved strategies for prevention and treatment of

allergic diseases and asthma.
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