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Th2 cell immunity is required for host defense against hel-

minths, but it is detrimental in allergic diseases in humans. 

Unlike Th1 cell and Th17 cell subsets, the mechanism by 

which dendritic cells modulate Th2 cell responses has been 

obscure, in part because of the inability of dendritic cells to 

provide IL-4, which is indispensable for Th2 cell lineage 

commitment. In this regard, immune cells other than den-

dritic cells, such as basophils and innate lymphoid cells, 

have been suggested as Th2 cell inducers. More recently, 

multiple independent researchers have shown that speci-

alized subsets of dendritic cells mediate Th2 cell respon-

ses. This review will discuss the current understanding re-

lated to the regulation of Th2 cell responses by dendritic 

cells and other immune cells.
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INTRODUCTION

Dendritic cells (DCs) bridge innate and adaptive immunity 

by activating antigen-specific CD4
＋

 T cells via the provi-

sion of three signals. Signal 1 comprises the antigen-speci-

fic stimulation of T-cell receptor (TcR) through MHC 

class II together with an antigen-specific peptide complex. 

Signal 2 comprises costimulation mediated by the inter-

action of costimulatory molecules on DCs (e.g., CD80 and 

CD86) and their ligands on T cells (e.g., CD28), and is 

crucial for the clonal expansion of TcR-stimulated T cells. 

Signal 3 is mediated by cytokines provided mainly by acti-

vated DCs (1) and triggers the polarization of naïve T cells 

into effector T cells.

  All of these signals 1, 2, and 3 contribute to the polar-

ization of naïve T cells to effector T cells; however, the 

type of STAT activation in T cells triggered by signal 3 

is crucial in determining the effector lineages of helper T 

cells via inducing distinct transcription factors in the acti-

vated T cells. In other words, distinct cytokine(s) stim-

ulation is required for the commitment of T cells to each 

helper T cell lineage. For instance, IL-12 and IL-4 induce 

the polarization of Th1 and Th2 cells, respectively. IL-6 

together with TGF-β drives Th17 cell polarization, while 

IL-6, IL-12, IL-21 or IL-27 has been shown to promote 

the polarization of follicular helper T cells (2).

  Upon stimulation by infectious agents, allergens, or en-

dogenous inflammatory signals, DCs produce various types 

of cytokines such as IL-1, IL-6, IL-10, IL-12, IL-23, 

IL-27, and TNFα that function as signal 3 (3). However, 
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IL-4, a key signal 3 for Th2 polarization, is not produced 

by DCs. Nevertheless, a series of studies have reported 

that DCs are required for optimal Th2 responses in vivo, 

indicating the requirement of DCs in Th2 differentiation. 

This review focuses on our current understanding of how 

DCs affect Th2 responses despite their inability to produce 

IL-4.

DENDRITIC CELL REGULATION OF Th1, Th17, 

AND REGULATORY T CELLS

Th1 cells

IFNγ-producing Th1 cells are generally induced in re-

sponse to viruses, intracellular pathogens, and protozoa. 

Th1 cells activate macrophages, NK cells, and CD8
＋

 cyto-

toxic T cells to efficiently clear pathogens and patho-

gen-infected cells. These pathogens are first recognized by 

pattern recognition receptors expressed on innate immune 

cells, including DCs. TLRs expressed on the surface or en-

dogenous compartment are important in priming DCs to 

induce Th1 differentiation. Surface-expressed TLR4 and 

TLR5 recognize the pathogen-derived molecules LPS and 

flagellin, respectively. TLRs in the endogenous compart-

ment include TLR3, which recognizes double-stranded 

RNA, TLR7 and TLR8, which recognize single-stranded 

RNA, and TLR9, which recognizes unmethylated CpG 

DNA. TLR signaling eventually triggers the production of 

IL-12p70 from DCs, which functions as a key factor for 

Th1 differentiation (4). However, TLR signaling is known 

to promote the induction of Th1 or Th2 differentiation in 

a context-dependent manner. The type of microorganism 

from which LPS is derived, as well as the dose of LPS, 

seems to determine whether DCs induce Th1 or Th2 

responses. Escherichia coli LPS strongly induces Th1 re-

sponses through the production of IL-12p70 from DCs, 

whereas Porphyromonas gingivalis LPS was found to in-

duce Th2 differentiation (5). It has also been proposed that 

CD4
＋

 cells receiving low-affinity TcR signals differentiate 

into Th2 cells, whereas high-affinity TcR signals trigger 

Th1 responses (6). However, the specific identity of the 

Th1-priming DC subset is still under discussion. Some 

studies have reported that CD103
＋

CD207
＋

 DCs are re-

quired for Th1 induction (7), while others have claimed 

that Th1 priming can occur in the absence of that DC sub-

set under certain immunization conditions (8).

Th17 cells

Th17 cells play a protective role against extracellular patho-

gen and fungi, and also play a pathogenic role in various 

autoimmune diseases. IL-23 was initially identified as an 

important cytokine for Th17 differentiation. IL-23 is com-

posed of an IL-12p40 subunit and an IL-12p19 subunit; 

therefore, it shares its IL-12p40 subunit with IL-12p70. 

TGF-β and IL-6 were later revealed to be necessary and 

sufficient for Th17 differentiation. A recent study suggested 

that an IRF4-dependent CD11b
＋

CD103
＋

 DC subset drives 

Th17 differentiation in mice. CD1c
＋

 DCs are known to 

be a human counterpart of the CD11b
＋

CD103
＋

 DC subset 

in mice, and these DCs also express IRF4, secrete IL-23, 

and promote Th17 responses (9,10). In addition to murine 

CD11b
＋

CD103
＋

 DCs, Langerhans cells were also shown 

to be necessary and sufficient for Th17 polarization in the 

Candida albicans skin infection model (11).

  Inflammasome activation in DCs is important for Th17 

cell differentiation, since IL-1β promotes Th17 cell differ-

entiation. In the experimental autoimmune encephalomyeli-

tis (EAE) model, heat-killed Mycobacterium tuberculosis 

used for inducing EAE in Freund’s complete adjuvant acti-

vates the inflammasome and caspase-1 in DCs, leading to 

the production of IL-1β. Similarly, hyperlipidemic mice ex-

hibited enhanced circulating IL-17, probably due to in-

creased IL-1β and IL-6 from DCs and macrophages via in-

flammasome-dependent and independent pathways (12,13). 

In addition, the transfer of autoantigen-pulsed DCs caused 

EAE in naïve recipient mice, indicating the role of DCs 

in inducing autoimmune Th17 cells (14).

Regulatory T cells

Foxp3-expressing Treg cells are crucial for preventing auto-

immunity by inhibiting immune responses against self-anti-

gens. Treg cells also function to suppress effector T cell 

responses against pathogens to prevent harmful infection- 

induced immunopathology such as excessive immune re-

actions. For this reason, some microorganisms have evolved 

to prime DCs to induce Treg cells. For instance, C. albicans 

triggers different types of intracellular signals in DCs to 

modulate distinct T helper responses depending on their 

fungal morphotypes. DCs induce Th2/Th17 responses to 

yeast and Th1/Treg differentiation to hyphae (15). In addi-

tion, Bordetella pertussis induces DCs to produce IL-10, 

leading to the generation of IL-10
＋

 Treg cells (Tr1) (16). 

Zymosan and LcrV from Yersinia pestis activate DCs 
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through TLR2 and/or TLR6 and this signaling pathway in-

duces Treg cells (17,18). 

  Soluble factors of DCs reported to induce Foxp3
＋

 Treg 

are TGF-β and retinoic acids (19). DCs convert the in-

active form of pro-TGF-β to active TGF-β via integrin 

αvβ8 on their cell surface. Active TGF-β functions as 

signal 3 for the polarization of peripheral Treg cells and 

Th17 cells in the absence or presence of an IL-6 signal, 

respectively (20). In contrast to Th1, Th2, and Th17 differ-

entiation by DCs, the induction of Treg cells does not re-

quire mature DCs expressing high levels of MHC class II 

and costimulatory molecules and can be induced by im-

mature or partially mature DCs. T cells activated by im-

mature DCs express the coinhibitory molecules CTLA-4 

and PD-1 (21). It was reported that CD103
＋

 DCs in the 

gut induce the differentiation of peripheral Treg cells by 

providing retinoic acid that drives the Treg cell lineage 

program (19,22).

ROLE OF DENDRITIC CELLS IN Th2 CELL 

IMMUNITY

Evidences that DCs are necessary for Th2 cell responses

While the role of DCs in inducing Th1, Th17, and Treg 

cell responses via signal 3 is well established, whether 

DCs have a similar role in inducing Th2 cells has re-

mained relatively unclear. Nevertheless, a series of studies 

has suggested that DCs are required for optimal Th2 cell 

responses in vivo. A study using CD11c-diphtheria toxin 

receptor (DTR) transgenic mice showed that the depletion 

of CD11c
＋

 DCs in the lung abrogated Th2 cell-mediated 

asthmatic features such as eosinophilia, goblet cell hyper-

plasia, and airway hyper-responsiveness (23,24). Diphthe-

ria toxin can deplete both CD11c
＋

 DCs and alveolar mac-

rophages in CD11c-DTR mice. The adoptive transfer of 

CD11c
＋

 DCs, but not macrophages, restored Th2-type 

asthmatic symptoms in CD11c
＋

 DC-depleted mice. In a 

model of infection with the parasitic helminth Schistosoma 

mansoni, CD11c
＋

 DC depletion caused severely impaired 

Th2 responses and enhanced IFNγ production from CD4
＋

 

T cells (25). Similar diminished Th2 responses in the gut 

were observed with chronic Heligmosomoides polygyrus 

infection combined with CD11c
＋

 DC depletion in mice 

(26).

  DCs in mouse spleens can be categorized into CD8α
＋

 

and CD8α
−

 DCs. When adoptively transferred, CD8α
＋

 

DCs induce Th1 cell responses, while CD8α
−

 DCs lead 

to Th2 cell responses. The induction of Th1-type responses 

by CD8α
＋

 DCs is due to the production of a large amount 

of IL-12p70 by CD8α
＋

 DCs. In contrast, CD8α
−

 DCs 

induce T cells to produce the type 2 cytokines IL-4 and 

IL-10, although the exact mechanism by which Th2 cell 

responses can be enhanced by CD8α
−

 DCs is not clear 

(27,28). 

  In a mouse model of house dust mite-induced asthma, 

both CD11b
＋

 conventional DCs (cDCs) and CD11b
＋

 mo-

nocyte-derived DCs (moDCs) are key factors in initiating 

and maintaining type 2 immune responses. CD11b
＋

 cDCs 

migrate to the lung draining lymph node (LN) and mediate 

Th2 differentiation, while CD11b
＋

 moDCs produce che-

mokines that attract granulocytes to the lung (29). In addi-

tion, in a mouse model of atopic dermatitis, CCL17
＋

CD11b
＋

 DCs have been shown to mediate Th2 cell re-

sponses in a thymic stromal lymphopoietin (TSLP)-depen-

dent manner (30). These studies collectively demonstrate 

that DCs are necessary for inducing and/or enhancing Th2 

cell responses in allergic inflammation and helminthic 

infection.

Stimuli that enable DCs to enhance Th2 cell responses

Various types of stimuli can trigger DCs to promote Th2 

cell responses (summarized in Fig. 1).

Pathogen-associated molecular patterns (PAMPs): 

PAMPs found in microbial pathogens can activate innate 

immune cells, including DCs, through pattern recognition 

receptors. Soluble egg antigens from the eggs of the trem-

atode S. mansoni include a glycosylated T2 ribonuclease, 

termed omega-1, that conditions DCs to induce Th2 cell 

polarization (31). Omega-1 is one of the PAMPs recog-

nized by the mannose receptor. After being taken up by 

DCs, omega-1 degrades rRNA and mRNA and thus pre-

vents DCs from synthesizing proteins. This RNase-medi-

ated pathway was found to seemingly program DCs to 

drive Th2 cell responses (32).

  Certain TLRs are known to also induce Th2 cell re-

sponses via DCs. For example, Pam-3-Cys, a synthetic 

TLR2 ligand, conditions DCs to favor Th2 cell responses 

(33). Pam-3-Cys activates ERK, which subsequently phos-

phorylates the transcription factor c-Fos, leading to the in-

hibition of IL-12p70 production and Th1 cell responses. 

A low dose of LPS was reported to enhance Th2 responses 

against inhaled antigens through the TLR4-dependent path-
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Figure 1. Modulation of DC functions by Th2 cell-skewing stimuli. The stimulation of epithelial cells by allergens and infectious agents 
results in the production of TSLP, IL-25, and IL-33, leading to the upregulation of the Notch ligand Jagged 1, OX40L, and chemokine 
release. These chemokines attract basophils that release IL-4 and cooperate with DCs to induce Th2 responses. Glycans from HDM are 
recognized by Dectin-2 and induce Th2 responses by producing cysteinyl leukotrienes. The enzyme omega-1 from S. mansoni is 
internalized by mannose receptors of DCs and degrades rRNA and mRNA, leading to the inhibition of protein synthesis. Pam-3-Cys 
signals through TLR2 and activates ERK. c-Fos phosphorylation by ERK inhibits the production of IL-12p70, which is a key inducer 
of Th2 differentiation. LPS from P. gingivalis induces Th2 responses through TLR4 signaling. Alum or damage causes necrosis and 
release of HMGN1 and uric acid crystals, which function as a danger signal. HMGN1 polarize DCs to induce Th2 responses in a 
TLR4-dependent manner. Abbreviations: HDM, house dust mite; HMGN1, high-mobility group nucleosome-binding protein 1; MR, 
mannose receptor; TLR, toll-like receptor; TSLP, thymic stromal lymphopoietin; Th, T helper cell.

way in DCs, whereas a high dose of LPS induced Th1 re-

sponses (34). In addition, LPS from distinct pathogens was 

shown to be capable of conditioning DCs to induce Th2 

responses. When LPS from E. coli was used, it induced 

IL-12p70 production in CD8α
＋

 DCs while LPS from P. 

gingivalis did not. For T cell responses, E. coli LPS in-

duced Th1 responses with the production of IFNγ, where-

as P. gingivalis LPS induced the differentiation of Th2 

cells with the production of IL-5, IL-10, and IL-13 (5). 

Dectin-2, a member of the myeloid C-type lectin receptor 

family, recognizes house dust mite (HDM) glycans and ac-

tivates DCs to generate Th2 immune responses through the 

generation of cysteinyl leukotrienes (35).

Danger signals: Danger-associated molecular patterns re-

leased upon tissue damage are usually potent Th2 inducers 

and are linked to tissue repair process. Adjuvant alum in-

duces Th2 responses in a DC-dependent manner. The un-

derlying mechanism is that alum releases uric acid crystals, 

which act as a danger signal and activate DCs to induce 

Th2 cell responses (36). High-mobility group nucleosome- 

binding protein 1 (HMGN1) is another danger signal that 

alerts the host defense system, including DCs. HMGN1 

was recently reported to play an important role in media-

ting LPS-induced Th2 responses via DC activation (37). 

CELLS OTHER THAN DCs THAT CAN 

PROMOTE Th2 CELL IMMUNITY

Several types of cells other than DCs are known to medi-

ate Th2 cell immunity either by directly interacting with 

T cells or by inducing Th2 cell-favoring DCs.

Epithelial cells

Epithelial cells are the first barrier of our body against in-

vading microbes or substances and they secrete various cy-

tokines such as TSLP, IL-25 (IL-17E), and IL-33 in re-
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sponse to allergens and infectious agents. TSLP is ex-

pressed in the lungs, intestines, and tonsils (38). TSLPR- 

deficient mice were reported to show impaired type 2 re-

sponses (39) and mice overexpressing TSLP were found 

to show increased asthmatic symptoms (36). TSLP is 

known to induce OX40 ligand, which signals T cells via 

OX40 to potentiate Th2 cell polarization (37). TSLP is al-

so reported to induce the release of chemokines from DCs 

to attract basophils (38). Basophils can cooperate with DCs 

in mediating Th2 cell responses by producing IL-4.

  DCs highly express IL-33R. The intranasal administra-

tion of IL-33 results in type 2 responses, including eosino-

philia, IgE secretion, and mucus production (40). In addi-

tion, IL-33 stimulates basophils to produce IL-4 in the 

presence of IL-3 (41) and enhances the release of hista-

mine and IL-13 from mast cells (MCs) and basophils 

through IgE crosslinking or an IgE-independent pathway. 

This promotes MC- or basophil-driven inflammation and 

anaphylaxis (42). IL-33 induces the development of type 

2 innate lymphoid cells (ILC2s) that can mediate Th2 cell 

responses (as described in detail below). 

  IL-25 is expressed in lung epithelial cells. Overexpres-

sion in airway epithelial cells or intranasal administration 

of IL-25 promotes type 2 inflammation in the lung (43). 

Lung epithelial cell-derived IL-25 activates DCs to upregu-

late Jagged 1, a Notch ligand, leading to the induction of 

Th2 cell responses. IL-25 was also shown to directly stim-

ulate CD4
＋

 T cells to commit to the Th2 lineage (43). 

In contrast, Th1 and Th17 differentiation is inhibited by 

IL-25. For example, in autoimmune inflammation, Th17 

function was shown to be suppressed by IL-25 (44). Th1- 

driven inflammation in the gut was also found to be in-

hibited by IL-25 (45). 

  These observations collectively demonstrate that cyto-

kines derived from epithelial cells favor Th2 cell immune 

responses in vivo.

Type 2 innate lymphoid cell

Innate lymphoid cells (ILCs) are TcR-negative innate lym-

phocytes that can produce T cell cytokines. Like their cor-

responding helper T cells, ILC1, ILC2, and ILC3 cells ex-

press T-bet, GATA3, and RORγt and produce Th1 (IFN

γ), Th2 (IL-5 and IL-13), and Th17 (IL-17 and IL-22) 

cytokines, respectively (46). ILC2s are present in the gut 

and the airway mucosa of mice. In humans, ILC2s are 

found in both the gut and lungs of fetuses and adults, and 

in the palatine tonsils and blood of adults (47). ILC2s en-

hance Th2-like immune responses, including IgE secretion 

and eosinophilia, in response to IL-25 and IL-33 (48). 

Accordingly, increased frequencies of ILC2s are found in 

diverse allergic diseases such as asthma (49), chronic rhi-

nosinusitis (47), and atopic dermatitis (50). Moreover, 

ILC2s are one of the major cell types that mediate allergic 

inflammation against protease allergens in the absence of 

T and B cells (51). 

  Interestingly, recent studies have shown that ILC2s can 

interact with T and B cells. In addition, some ILC2s ex-

press MHC class II, which allows them to act as APCs 

for T cell activation in an antigen-specific manner (52). 

Furthermore, ILC2s enhances immunoglobulin production 

from B cells in vitro via IL-5 and costimulatory molecules 

such as ICOS and CD40L (52,53). ILCs generally reside 

in the tissues rather than lymph nodes and it is unclear 

whether ILCs can capture antigens in the periphery and 

then prime naïve T cells in the draining lymph nodes. 

Further studies are needed to dissect the roles of different 

ILCs as APCs in vivo.

Basophil

Basophils represent a small population in the circulation. 

Previously, DCs were known to be dominant APCs for 

Th2 differentiation. However, recent studies by multiple 

independent researchers have suggested that basophils act 

as APCs that trigger Th2 cell responses (54,55). The DCs- 

restricted expression of MHC class II was reported to be 

insufficient to induce Th2 responses against helminth 

infection. In this case, basophils are the dominant ac-

cessory cell population for Th2 cytokine-dependent im-

munity (55). A study using a CD11c-DTR bone marrow 

chimera demonstrated that DCs are neither necessary nor 

sufficient for inducing Th2 responses, while basophils are 

responsible for presenting antigens to CD4
＋

 T cells and 

inducing Th2 responses against the protease allergen pa-

pain (54). However, in this experimental model, tissue-res-

ident, wild-type, diphtheria toxin-resistant DCs still exist 

and need to be considered. A subsequent study that carried 

out a transient systemic depletion of DCs by the injection 

of diphtheria toxin into CD11c-DTR mice showed that mi-

gratory skin-derived dermal DCs are required for Th2 in-

duction in response to papain and cooperate with IL-4
＋

 

basophils (56).

  Basophils promote Th2 responses by producing IL-4. 
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Three pathways of IL-4 production by basophils have been 

suggested. First, the binding of allergen-IgE complexes to 

FcεRI triggers IL-4 secretion from basophils. Similarly, 

IL-3 and IL-33 can stimulate basophils to secrete IL-4 

(57). Lastly, PAMPs such as peptidoglycan and other TLR 

ligands are known to directly stimulate basophils to pro-

duce IL-4 (57).

  Taken together, basophils represent an important link in 

the development of Th2 cell immunity, in part by acting 

as Th2-promoting APCs in certain experimental settings. 

However, the fact that mice depleted of DCs failed to 

mount Th2 cell responses raises the question of whether 

basophil-initiated Th2 cell immunity can be achieved in 

the absence of DCs.

Mast cell

MCs mainly reside in the tissues, especially in those lo-

cated at internal-external boundaries where pathogens, al-

lergens, and other external agents continuously invade. 

Such boundaries include the epithelial surface of the skin 

and the submucosa of the airways and intestine. This spe-

cialized distribution allows MCs to participate in the early 

recognition of pathogens or allergens (58,59). MCs are 

critical mediators of allergic and anaphylactic reactions 

and drive IgE-mediated hypersensitivity. MCs contribute 

to host defenses against parasites such as Trichinella spi-

ralis and Nippostrongylus brasiliensis (41,58). It is also 

proposed that they are involved in autoimmune diseases, 

including arthritis (60), psoriasis (61), and multiple scle-

rosis (62). 

  MCs can be stimulated over timescales of seconds, mi-

nutes, and hours by various stimuli such as aggregation of 

surface FcεRI (the main pathway of MC activation in al-

lergic responses) and the activation patterns of receptors 

or signaling molecules (59). Once MCs are activated, they 

secrete a variety of pro-inflammatory mediators, including 

histamine, serotonin, proteases (tryptase and chymase), and 

cytokines such as IL-1, -2, -5, -6, -8, -9, and -13, and TNF

α (41,58). These cytokines result in the induction of leu-

kocyte chemotaxis, smooth muscle contraction in the bron-

chial (bronchoconstriction) and gastrointestinal (gastrointe-

stinal motility) tracts, increased vascular permeability, and 

mucus production by goblet cells. 

  MCs have been shown to directly and indirectly commu-

nicate with DCs and T cells (63,64). MC-derived products 

enhance the maturation and function of DCs. Interestingly, 

MC-derived histamine (IgE-dependent) and/or type 2 cyto-

kines (IgE-independent) such as IL-25, IL-33, and TSLP 

inhibit IL-12 production by DCs and subsequent Th1 cell 

polarization (65,66). Moreover, MCs release exosomes that 

harbor antigen-derived peptides, and these antigen-contain-

ing exosomes can stimulate the maturation of DCs leading 

to enhanced antigen presentation to T cells (66). Thus, it 

seems likely that MCs also affect Th2 cell immunity by 

modulating the function of DCs. 

FEATURES OF Th2-SKEWING DC SUBSETS

The common features of Th2-inducing DC (Th2 DC) 

subsets

Unlike other Th cell responses, the mechanisms of Th2 ini-

tiation and development associated with Th2 DCs have 

been poorly understood. Allergic and Th2 immune re-

sponses are induced by exposure to allergens, parasites, 

and proteases (26,56,67). To drive Th2 DCs, Th2-associa-

ted cytokines (e.g., TSLP, IL-33, and IL-25) and the ex-

pression of FcεRIII, which has affinity to IgG1 and 

drives DCs to produce IL-33, are required. DC-produced 

IL-10 is also needed (38,68). Several reports showed that 

the specific DC subsets are required for facilitating Th2 

responses and these specific DC subsets are located in the 

spleen, lung, and skin. These DC subsets are more efficient 

in inducing Th2 responses (see above). 

  Recent studies have defined two surface markers that 

preferentially expressed on DC subsets specialized in pro-

moting Th2 cell responses. One is macrophage galactose- 

type C-type lectin 2 (MGL2/CD301b) and the other is pro-

grammed death ligand-2 (PDL2) (69). PDL2
＋

 or CD301b
＋

 

DCs express Th2 cell-associated molecules, including 

IL-33R, CD40, CD80, CD86, and OX40L (23,70,71). These 

DCs also express a specific transcription factor, interferon 

regulatory factor 4 (IRF4) (9). IRF4 binds to the Il10 gene 

promoter and induces Th2 cell responses in vivo (72). 

Mice with Irf4-deficient DCs failed to enhance allergic air-

way responses, but their impaired Th2 differentiation could 

be restored by the addition of exogenous IL-10 and IL-33 

(70,72). In addition, ILC2-derived IL-13 was reported to 

condition DCs to elicit Th2 responses via the induction of 

CCL17 (73). TSLP promotes IRF4 expression in DCs 

through a STAT5-dependent pathway and develops Th2 

cell responses through OX40L (74,75). However, IRF4 is 

not sufficient for complete Th2 induction due to its in-
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Figure 2. Proposed phenotypes of type 2 DCs. Conventional 
DCs commonly express CD11c and MHC class II. Type 2 DCs 
exhibit the specialized surface markers CD301b, PDL2, and 
CD11b and several receptors for Th2 cell-related cytokines such 
as IL-4R, IL-13R, IL-25R, TSLPR, and T1/ST2 (IL-33R). 
Signaling through cytokine receptors upregulates the expression 
of PDL2 and CD301b. Additionally, the ERK and STAT5 
pathway upregulates CD40, OX40L, and Jagged. Activation of 
the major transcription factors IRF4 and KLF4 inhibits IL-12 
production and increases IL-10 secretion. FcεRIII displayed by 
type 2 DCs is responsible for inducing IgG1-related Th2 
responses. Altogether, these factors trigger Th2 polarization.

volvement in promoting both Th2 and Th17 responses. 

Kruppel-like factor 4 (KLF4) facilitates Th2 responses in 

vivo (76) and acts as a partner molecule to support IRF4 

in inducing Th2 cell responses. In addition, CXCR5 is im-

portant in Th2 immunity, and H. polygyrus infection-driven 

Th2 immunity is impaired in mice lacking CXCR5 on DCs 

or T cells (77). Th2 DCs are not sufficient for the initiation 

of Th2 responses, although they are necessary for Th2 cell 

development. With the help of Th2 cytokines and other in-

nate cell populations, Th2 DCs trigger Th2-mediated aller-

gic and inflammatory diseases, including asthma, contact 

and atopic dermatitis, and delayed-type hypersensitivity. 

Therefore, targeting Th2 DCs could be a new therapeutic 

strategy for the treatment of Th2 cell-mediated disease. 

The proposed phenotypes of Th2 DCs are shown in Fig. 2.

Th2-inducing DC (Th2 DC) subsets

CD301b
＋

 DC: MGL2 (CD301b) is a type II transmem-

brane lectin (78). CD301b
＋

 DCs are most frequently ob-

served in the dermis and submucosa (71,79). CD301b
＋

 

DCs were identified as a new type of dermal DCs (dDCs) 

that polarize Th2 responses and are distinct from migratory 

Langerhans cells, CD103
＋

 dDCs, CD8α
＋

 DCs, or plas-

macytoid DCs in the skin (78). A transcriptomic analysis 

demonstrated distinct transcript expression profiles be-

tween CD301b
＋

 dDCs and CD103
＋

 dDCs, which is a Th1- 

polarizing DC subset. The CD301b
＋

 DCs expressed lower 

Th1- and antigen cross-presentation-related molecules than 

CD103
＋

 DCs did. For example, the expression of the neu-

trophil attractants Cxcl2 and Cxcl3 was higher, whereas 

that of Il12b, which is essential for Th1 differentiation, 

was lower in CD301b
＋

 DCs, compared with the corre-

sponding expression of the same transcripts in CD103
＋

 

DCs. CD301b
＋

 DCs also showed lower expression levels 

of Xcr1, Tlr3, and Clec9a, all of which are involved in 

antigen cross-presentation. Similar to the gene expression 

profile, the secretion of IL-12 from CD301b
＋

 DCs was 

significantly lower than that from CD103
＋

 DCs (78). 

Additionally, high expression of Th2 cell-promoting mole-

cules such as OX40L, Jagged 1, and IL-33R was observed 

in CD301b
＋

 DCs (79).

  The skin-resident CD301b
＋

 DC subset is a critical ini-

tiator of contact hypersensitivity responses (CHR) in vivo 

(71,78). The subcutaneous injection of fluorescein isothio-

cyanate (FITC)
＋

CD301b
＋

 dDCs isolated from mice sensi-

tized with FITC (80) to naïve mice sufficiently induced 

CHR and Th2 immune responses. In contrast, FITC
＋

CD301b
−

 DCs failed to induce CHR and Th2 humoral re-

sponses (71,78). In addition, CD301b
＋

 DC-induced Th2 

responses in CHR are dependent on TSLP (30). CD301b
＋

 

DC-depleted mice showed an impaired Th2 cell-mediated 

immune response against subcutaneous immunization with 

ovalbumin (OVA) plus papain or alum and N. brasiliensis 

infection accompanied by severely abrogated IL-4 pro-

duction from T cells (70). Particularly, DCs bearing anti-

gens of N. brasiliensis are CD301b
＋

IRF4
＋

 and have an 

elevated expression of OX40L. These parasite-specific 

CD301b
＋

IRF4
＋

 DCs promote Th2 polarization in a 

TSLP- and OX40L-independent manner (69). BM-derived 

CD301b
＋

 DCs promote Th2 responses in effector or mem-

ory CD4
＋

 T cells but cannot polarize naïve CD4
＋

 T cells 

into Th2 cells. (70). For the induction of Th2 cell re-

sponses, this DC subset requires maturation by CD301b- 

targeting antigens and additional help from other cells in-

volved in Th2 immunity (e.g., basophils). According to 

current reports, there are two main mechanisms for pro-
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moting Th2 responses by CD301b
＋

 DCs. The first mecha-

nism involves the upregulation of Th2-associated mole-

cules on CD301b
＋

 DCs, for example, IL-33R and CD40 

(71,79). The other mechanism involves the provision of 

signals by CD301b
＋

 DC that regulate LNs to maintain an 

optimal environment for the Th2 cell differentiation of an-

tigen-specific CD4
＋

 T cells (70).

  Though mice encode both Clec10a and Mgl2, which are 

translated into CD301a and CD301b, respectively, humans 

do not have a gene that encodes CD301b (81). Therefore, 

further studies need to be performed to identify the human 

counterparts of mouse CD301b
+
 DCs.

PDL2
＋

 DC: PDL2 is the ligand for PD-1, a negative reg-

ulator of CD4
＋

 T cells, and type I transmembrane glyco-

protein (82). PDL2 is expressed in the lung, liver, spleen, 

LNs, and even thymus. It is also expressed in macrophages 

and DCs (82,83). PDL2 expression on DCs, either those 

in the lung or those derived from the bone marrow, is 

strongly induced by anti-CD40 antibody, GM-CSF, IL-4, 

and IL-13, and inhibited by IFNγ together with LPS, 

IL-12, and TGF-β (84-87).

  PDL2
＋

 DCs include both dermal DCs and Langerhans 

cells, and can be divided into CD301b
−

 and CD301b
＋

 

subsets. PDL2
＋

 DCs are enriched in the skin- and intes-

tine-draining LNs. Skin draining LN-resident PDL2
＋

 DCs 

exhibit high levels of CD80, CD86, and CD40 (88). Like 

CD301b
＋

 DCs, PDL2
＋

 DCs can also enhance the Th2 re-

sponses of effector and memory T cells but cannot induce 

Th2 differentiation (70).

  The function of PDL2
＋

 DCs in pulmonary allergic in-

flammation is well characterized in mouse models. In an 

OVA-alum-sensitized airway inflammation model, in-

creased expression of PDL2 on lung DCs was observed 

(23). In addition, the intra-tracheal injection of HDM in-

creased the abundance of HDM-bearing PDL2
＋

 DCs in 

lung (86). Along with these observations in mice, the ex-

pression level of PDL2 in biopsies from human asthmatics 

correlated with the severity of asthma (86). Besides, ex-

posure to aerosol cigarette smoke combined with OVA in-

creased the expression of MHC class II, CD86, and PDL2 

on airway DCs. Similar to CD301b
＋

 DCs, PDL2
＋

 DCs 

do not require OX40L for the induction of Th2 responses. 

Interestingly, PDL2 expression on pulmonary DCs was re-

ported to be regulated by Th2 cells (84). Additionally, an-

ti-PDL2 antibody treatment in mice challenged with HDM 

extract suppressed airway hyperresponsiveness while en-

hancing the production of IgG2a and IL-12p40, both of 

which are associated with Th1 cell-mediated immunity 

(86).

CD11b
＋

 DCs: CD11b
＋

 cDCs and moDCs are associated 

with the development of Th2 responses (78). Upon activa-

tion, CD11b
＋

 DCs migrate to LNs by upregulating CCR7 

and CD47 expression and induce Th2 polarization (89,90). 

CD11b
hi
 DCs are partly positive for the Th2 DC markers 

CD301b and PDL2. In particular, CD11b
＋

CD301b
＋

 DCs 

were characterized as a crucial DC subset for inducing Th2 

responses in a dibutyl phthalate-FITC-induced mouse mod-

el of hypersensitivity (71,78,79).

  In an HDM-induced asthma model, CD11b
＋

 DCs could 

sufficiently induce Th2 responses in lung by producing 

CCL17 and CCL22 (91). The CCL17
＋

CD11b
hi
 DC subset 

is dedicated to Th2-mediated skin inflammation by stim-

ulating Th2 differentiation in skin-draining LNs. CD11b
＋

 

DCs have also been identified in the Peyer's patches in the 

intestine and can drive the differentiation of Th2 cells in 

response to bacteria (92). Th2-mediated responses by 

CD11b
＋

 DCs are due to epithelial cell-produced TSLP in 

part. In this regard, TSLPR could be a marker of Th2 DCs 

(93,94). Furthermore, both GM-CSF and IL-4 could pro-

mote the expression of IRF4 in mouse CD11b
＋

 DCs and 

human DCs (95). Although the CD11b
＋

 DC subset is con-

sidered to be one of the Th2 DCs, CD11b
＋

 DCs could 

not be used as a target for the treatment of Th2-related 

diseases, since this molecule is also expressed on other 

types of innate immune cells.

Concluding Remarks

Since aberrant Th2 cell responses to environmental anti-

gens causes diverse immune disorders in mucosal tissues 

and in the skin, it is important to understand the polar-

ization and maintenance of Th2 cells. Although the source 

of IL-4 for initial Th2 cell polarization remains unclear, 

the identification of specialized subsets of dendritic cells 

that preferentially enhance Th2 cell responses has shed 

new light on the intricate mechanisms of type 2 immunity 

and related diseases. Further studies are needed to identify 

(i) the environmental cues that generate (or differentiate) 

the Th2-promoting dendritic cells, (ii) the molecular mech-

anisms by which they mediate Th2 cell responses, and (iii) 

their role in Th2-related human diseases. The outcomes of 

such further studies will not only broaden our under-

standing of Th2 cell responses, but may also facilitate the 
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development of new therapeutic approaches for allergic 

disorders in humans.
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