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Summary
Allergic inflammation is a type 2 immune disorder classically characterized by high lev-
els of immunoglobulin E (IgE) and the development of Th2 cells. Asthma is a pulmonary 
allergic inflammatory disease resulting in bronchial hyper-reactivity. Atopic asthma is 
defined by IgE antibody-mediated mast cell degranulation, while in non-atopic asthma 
there is no allergen-specific IgE and more involvement of innate immune cells, such as 
basophils, group 2 innate lymphoid cells (ILC2), and eosinophils. Recently, protease al-
lergens were shown to cause asthmatic responses in the absence of Th2 cells, suggest-
ing that an innate cell network (IL-33/TSLP-basophil-ILC2-IL-5/IL-13 axis) can facilitate 
the sensitization phase of type 2 inflammatory responses. Recent evidence also indi-
cates that in the chronic phase, these innate immune cells directly or indirectly contrib-
ute to the adaptive Th2 cell responses. In this review, we discuss the role of Th2 
cytokines (IL-4 and IL-13) and innate immune cells (mast cells, basophils, ILC2s, and 
dendritic cells) in the cross-talk between innate and adaptive inflammatory responses.
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1  | INTRODUCTION

Type 2 immune responses to allergens and parasitic infection are char-
acterized by the presence of Th2 cells and immunoglobulin E (IgE). The 
type 2 response contributes to allergic inflammatory disorders, including 
allergic asthma, allergic rhinitis, atopic dermatitis (AD), and anaphylaxis. 
Repeated exposure to persistent allergen leads to chronic allergic inflam-
mation. Asthma is a long-term pulmonary allergic inflammatory disease 
resulting in airway hyperresponsiveness (AHR), mucus hypersecretion, 
airway remodeling, and irreversible airflow obstruction. The asthmatic 
reaction can be provoked by specific allergen as well as by non-specific 
stimuli like cold air in exercise-induced asthma. The disease is very com-
mon, worldwide approximately 300 million people are afflicted. The 
number of people with asthma continues to grow. In the United States, 
8.6% of children and 7.4% of adults had asthma in 2014, and in Japan, 
11-14% of children and 6-10% of adults had asthma in 2015.

Asthma was originally defined as a type 2-mediated allergic inflamma-
tory disease that promotes barrier defenses at mucosal surfaces. The type 
2 responses are regulated by various cytokines, such as IL-4, IL-5, IL-9, and 
IL-13.1,2 Th2 cell-derived IL-4 is thought to promote IgE production by B 
cells in response to a particular allergen, and the allergen-specific IgE an-
tibodies bind to the high-affinity Fcε receptor 1 (FcεR1) on basophils and 
mast cells. The allergen-specific IgE antibodies can be detected by measur-
ing their levels in serum by ELISA and derivative techniques, or by a skin 
prick test in which a small amount of allergen is placed on or below the 
skin to see if a reaction develops. IgE antibodies to substances including 
house dust mite (HDM), skin dander from dog and cat, basidiomycete cap, 
mycelia, or spores of fungi, plant or tree pollen, and foods (e.g. wheat, pea-
nuts, eggs, milk, fish, and shellfish) have been detected by these methods. 
IgE crosslinking on basophils and mast cells activates and releases a variety 
of mediators to control inflammation through degranulation. On the other 
hand, IL-5 and IL-9 are independently responsible for eosinophilia and mast 
cell hyperplasia. IL-13 regulates goblet cell proliferation, followed by the 
induction of mucin and mucus production, a hallmark of allergic asthma.3–5
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Conventional asthma mouse models have clearly indicated the 
importance of Th2 cells, IgE antibody-mediated mast cell degranula-
tion, and eosinophilic inflammation (Figure 1).1 In contrast, non-atopic 
asthma is defined by the absence of serum IgE antibody reactive to 
allergens and more involvement of innate immune cells, such as group 
2 innate lymphoid cells (ILC2), basophils, and eosinophils (Figure 2). 
Non-allergic asthma inflammation is induced by allergen proteases, 
including those from papain and HDM. The HDM-derived protease 
Derp1 causes the airway influx of eosinophils and bronchoconstric-
tion in asthma patients.6 The plant-derived cysteine protease, papain, 
causes occupational asthma.7 The protease activity of papain causes 
epithelial cell barrier disruption and the stress of tissue injury leads 
to the elevation of damage-associated cytokines, including IL-25, IL-
33, and thymic stromal lymphopoietin (TSLP). These proteases cause 
T-cell-independent occupational asthma, because asthma-like airway 
inflammation, including eosinophilia, mucus formation, and AHR, was 
found in Rag2−/− mice, which lack T and B cells.8 This suggests that 
Th2 cells are dispensable in the acute phase of allergic lung inflam-
mation. On the other hand, IL-33-deficient lungs failed to show eo-
sinophilic inflammation and mucus production following intranasal 
administration of a protease allergen,8 indicating an intrinsic role of 
IL-33 in AHR induced by protease allergens. IL-33 directly or indirectly 
activates ILC2s to induce robust production of IL-5 and IL-13. ILC2s 
are needed during the early phase to provide an interface between 

IL-33 and eosinophilic lung inflammation,9,10 because ILC-deficient 
mice (Rag2−/−Il2rg−/−) had a marked reduction in the characteristic 
features of lung allergic inflammation, mucus production, and eosino-
philia. Therefore, the IL-33-ILC2-IL-5/IL-13 axis is thought to be a crit-
ical pathway for protease-induced airway inflammation. Interestingly, 
basophil-deficient mice failed to show infiltration of eosinophils into 
the lung or airways, mucus formation, and AHR, suggesting an import-
ant contribution of basophils to protease-induced eosinophilic inflam-
mation.11 It has been recently discovered that innate immune cells 
directly or indirectly influence Th2 cell-mediated lung inflammation 
through production of Th2 cytokines.12 Th2 cytokines secreted from 
innate immune cells, including ILC2s and eosinophils, have multiple 
functions, influencing not only the acute phase as direct effector mol-
ecules, but also in the chronic phase as an initiator for Th2 polarization 
as part of their cross-talk with adaptive immunity. This review de-
scribes and discusses the role of IL-4 and IL-13 from basophils, ILC2s, 
and eosinophils in the acute and chronic phases.

2  | IL-­33 AND TSLP IN ALLERGIC LUNG  
INFLAMMATION

IL-33 is a ligand for IL-1RL1 and is expressed not only by immune 
cells, such as macrophages, dendritic cells (DCs), and mast cells, but 
also by non-immune cells, such as fibroblasts and endothelial cells, 
epithelial cells, smooth muscle cells, and synovial cells.13,14 IL-33 pro-
tein is attached to heterochromatin in the nucleus via a helix-turn-
helix motif, and tissue damage cause a release of IL-33 from necrotic 
cells. Thus, IL-33 is defined as an alarmin or a damage-associated 

F IGURE  1 Classical model of pulmonary allergic lung 
inflammation. In atopic asthma, soluble protein allergen is acquired by 
dendritic cells (DCs) which then migrate into a secondary lymphoid 
organ, the draining LN, where naive T cells are sensitized with 
processed and presented allergen peptides. After their activation by 
DC, naive T cells develop into either adaptive Th2 cells or TFH cells. 
TFH cells are a specialized T-cell subset that interacts with antigen-
specific B cells to induce IgE production. The allergen-specific IgE 
antibodies bind to the high-affinity FcεR on mast cells. Crosslinking 
of this IgE by allergen activates mast cells and they release a variety 
of inflammatory mediators, such as histamine, prostaglandin D2 
(PGD2), and leukotriene B4 (LTB4). Th2 cells migrate into the site of 
inflammation and produce Th2 cytokines after antigen challenge. IL-5 
and IL-9 promote tissue eosinophilia and mast cell hyperplasia. IL-13 
promotes mucus production by goblet cells and AHR

F IGURE  2 Non-atopic lung inflammation. Proteases activity 
contained in proteases allergens cause barrier disruption in epithelial 
cells, leading to elevation of IL-33 and TSLP, which activate basophils 
and ILC2s to induce different Th2 cytokines. The basophil-derived 
IL-4 synergistically activates ILC2s together with IL-33 to release 
chemoattractants, such as CCL11, that are required for eosinophilia 
in the lung. The activated ILC2s also produce IL-5 and IL-13, 
which cause eosinophilia and mucus production in early airway 
inflammation. IL-33 also leads to Treg expansion through IL-2 
secreted by the activated mast cells
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molecular pattern molecule. The IL-33 receptor (IL-33R) complex 
comprised IL-1RL1 (also called T1/ST2) and IL-1 receptor accessory 
protein (IL-1RAcP). The IL-33R is a member of the toll/IL-1 receptor 
superfamily, whose members activate NF-κB and AP-1 through the 
MyD88-IRAK1/4-TRAF6/MAPK pathway.14

Large-scale genome-wide association studies have demonstrated that 
the IL33 and IL1RL1 genes are associated with human asthma.15,16 IL-33 
is highly expressed in asthmatic patients, AD patients, and after anaphy-
lactic shock.17,18 In a mouse model, IL-33 injection directly induces eo-
sinophilic inflammation and AHR.19 Interestingly, in Il1rl1-deficient mice, 
there was a clear reduction in AHR and eosinophilic inflammation after 
short-term sensitization,18 but no effect on chronic sensitization.20,21

TSLP resembles the cytokine IL-7, originally characterized as a 
family of B-cell-stimulating factors. The receptor for TSLP is a heterod-
imer comprised of TSLP receptor (TSLPR) and IL-7Rα, and receptor en-
gagement activates STAT5 signaling.22 Genetic association with TSLP 
has been reported in several allergic diseases, including asthma and 
eosinophilia, and with serum IgE levels.23–26 These observations are 
supported by the high levels of TSLP expression in skin lesions and in 
sera from AD patients.27,28 TSLP expression is also known to be a risk 
factor for food allergies.29–31 The importance of TSLP in lung inflam-
mation has been demonstrated in that Tslpr−/− mice are resistant to 
AHR responses in a classical antigen sensitization model.32 Therefore, 
TSLP promotes allergic inflammation by direct or indirect functions of 
Th2 cells, basophils, and other granulocyte populations.

3  | MAST CELLS IN ALLERGIC LUNG  
INFLAMMATION

Mast cells and basophils have specified effector functions in type 2 
immunity, originally established in response to parasitic worms (hel-
minths), but also contribute to pro-inflammatory responses to allergens. 
These two lineages might have a common precursor cell, a granulo-
cyte/monocyte progenitor-type cell, which was responsible for protec-
tion from pathogenic infection in primitive chordates. Their functional 
specification is determined by environment factors and the cytokine 
milieu in local tissue. Mast cells and basophils express an overlapping 
set of cytokines and biochemical compounds stored in their cytosolic 
granules, and many of these compounds are rapidly released by acti-
vation of the high-affinity FcεRI with allergen-mediated cross-linking 
and by other ligand-receptor interactions. The cytosolic granules con-
tain cytokines (IL-4, IL-5, IL-6, and IL-13), biogenic amines (histamine 
and serotonin), serglycin, proteoglycans, mast cell-derived proteases 
(chymase and tryptase), and lipid mediators (platelet-activating factor 
[PAF], leukotrienes, prostaglandins, and sphingolipids). In mouse mast 
cells, mMCP1, mMCP2, mMCP4, mMCP5, mMCP9, and mMCP10 are 
specific proteases, and mMCP6 and mMCP7 are specific tryptases.33,34 
On the other hand, in mature basophils, mMCP8 is a specific protease 
and mMCP11 is a specific tryptase.35 Degranulation and release of 
these mast cell- and basophil-associated substances subsequently con-
trol the recruitment of inflammatory cells, smooth muscle constriction, 
and increased vascular permeability.

Mast cell activation through aggregation of the FcεRI by cross-
linking of IgE with polyvalent antigen is the major driver of allergic 
inflammation, the passive cutaneous anaphylaxis (PCA) reaction, aller-
gic rhinitis, food allergy, and systemic anaphylaxis (Figure 2). PCA, the 
classical experimental model for the anaphylactic reaction, is caused 
by the release of vasoactive substances including histamine as the re-
sult of IgE-mediated mast cell activation. Mast cells are also activated 
by complement components C3a and C5a through binding to their 
cognate receptors, C3aR and C5aR (CD88), as well as by nerve growth 
factor. Human mast cells are also activated through TLR3 by double 
stranded RNA.36

Several mutant mice and genetically modified mice have proven use-
ful to address the in vivo function of mast cells.37–39 These include the 
Kit-based mast cell-deficient mice, WBB6F1-KitW/W-v and KitW-sh/W-sh,  
and the selective mast cell-deficient mouse models, Mcpt5-Cre,40 
Cpa3-Cre (Hello Kitty),41 Cpa3Cre,38 and Mas-TRECK, which uses a 
diphtheria-toxin receptor (DTR) transgene under the control of the 
DNase I hypersensitive site 2 (HS2) region of the Il4 locus (Figure 3). 
Passive systemic anaphylaxis is well-studied allergic mouse model 
that has been thought for years to be mediated by mast cells.42–44 
However, recent studies with the mast cell-deficient Mas-TRECK 
mouse and the alum-OVA asthma model showed AHR responses 
and eosinophil recruitment comparable to control mice. The relative 
contribution of mast cells has been demonstrated in some deletion 
models, using sensitization that omits strong adjuvant effects and that 
immunizes with low concentrations of antigen. Indeed, reconstitution 
of KitW-sh/W-sh and/or KitW/W-v mice with mast cells caused lung eosin-
ophilia, tissue remodeling, and enhanced AHR in the absence of adju-
vant.45 Furthermore, DT-mediated conditional depletion of mast cells 
in Mas-TRECK mice resulted in reduction of AHR responses using a 
similar sensitization protocol.39 These observations suggest that mast 
cells mainly contribute to the IgE-mediated allergic inflammation. This 
type of allergic lung inflammation may be effectively controlled by a 
combination of inhaled corticosteroids and a β2-adrenergic agonist, 
treatments that are routinely used for atopic asthma patients.

Recently, a role for mast cells in regulatory T (Treg) cell biology has 
been reported in protease allergen- and IL-33-induced lung eosino-
philia models.46 Mast cells activated by a plant-derived protease aller-
gen induced IL-33 and secreted several cytokines, including IL-2. Mast 
cell deficiency in KitW-sh/W-sh mice caused exacerbation in lung inflam-
mation and reduced numbers of Treg cells, suggesting that the mast 
cell-derived IL-2 suppressed ILC2 function through the expansion of 
Treg cells. This finding suggests that mast cells have a role in multiple 
layers of lung allergic inflammation (Figure 2).

4  | BASOPHILS IN ALLERGIC LUNG  
INFLAMMATION

Basophils are relatively short-lived circulating cells (about 2-3 days) under 
steady-state conditions and are recruited to inflammatory sites under al-
lergic conditions, while mast cells are long-lived tissue resident cells.47,48 
Runx1 is a transcriptional factor critical for development of basophils, and 
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mice lacking distal promoter-derived Runx1 (P1-Runx1) do not have any 
basophils, but mast cells are intact.49 Basophils specifically express FcεRIα 
and CD49b, basogranulin, and CD203c,50–52 and have some degree of 
functional heterogeneity depending on the cytokine environment. It has 
been reported that basophil lineage effector functions are determined by 
TSLP, which promotes high levels of IL-18Rα, T1/ST2, IL-4, CCL3, CCL4, 
CCL12, and CXCL2. TSLP thus controls basophil recruitment to sites of 
inflammation to promote further Th2 cytokine-mediated inflammation.53

The contribution of basophils to the allergic response has been 
highlighted in IgE-mediated chronic allergic inflammation (IgE-CAI), 
which is induced by subcutaneous injection of multivalent antigens in 
mice sensitized with antigen-specific IgE. Delayed-onset ear swelling 
with massive infiltration of eosinophils is the major pathology seen in 
IgE-CAI, which is a basophil-dependent allergic response.54 Basophils 
also appear to control the anti-inflammatory function of M2 macro-
phages, which inhibit recruitment of inflammatory monocytes.55 It has 
been shown in mouse asthma models that basophil depletion with anti-
bodies against the orphan-activating receptor CD200R3 only partially 
reduced the number of infiltrated eosinophils into the bronchoalveolar 
lavage56 fluid.57 Constitutive and selective basophil-deficient mouse 
systems: Mcpt8IRES-YFP-Cre, Mcpt8-Cre and Bas-TRECK (using a 
DTR transgene under the control of the HS4 region of the Il4 locus, 
see Figure 3), BasoDTR (using a DTR transgene under the control of 
CD203c promoter) have been useful for exploring in vivo basophil 
functions.39,58–60 In two independent deletion systems, Bas-TRECK 
and Mcpt8-Cre mice, the alum-OVA sensitization model showed AHR 
responses and eosinophil infiltration comparable to control mice.39,59 

In contrast, human studies indicated that basophils have a role in the 
late phase of allergic asthma.61 These observations are supported 
by recent findings in the T-independent protease allergen-mediated 
acute lung inflammation model. Basophil deletion in Bas-TRECK mice 
resulted in resolution of the eosinophilia and mucus production in-
duced by nasal administration of a protease allergen.11

Importantly, there are some functional differences between human 
and mouse basophils. In mouse anaphylaxis model, activated basophils 
profoundly produce the vasoactive lipid mediator PAF, which contrib-
ute to the development of IgG1-dependent anaphylaxis.62 Classical 
anaphylaxis is known to be promoted by crosslinking of IgE on mast 
cells, leading to the release of histamine and lipid mediators by de-
granulation.63 Studies of KitW/W−v and Ige−/− mice indicated the pres-
ence of mast cell- and IgE-independent pathways for anaphylaxis,64,65 
and treatment with basophil-depleting antibodies implicated the 
PAF-mediated pathway, activated in response to crosslinking of IgG1 
bound to the FcγRIIIA. However, human basophils are not the case 
and fail to bind to IgG immune complexes.50,62 Bas-TRECK mice and 
control mice had comparable anaphylactic responses, suggesting still 
a questionable role of basophils in such responses (data not shown).

5  | BASOPHIL-­DERIVED IL- ­4 IN ALLERGIC 
LUNG INFLAMMATION

Basophils express relatively high levels of IL-4 compared to other in-
nate cells including mast cells, ILC2s, and eosinophils.19,66,67 Therefore, 

F IGURE  3 Overview of cis-regulatory elements in the Il13/Il4 locus. (A) The Il4 locus contains several high homology regions. The bottom 
column in this figure display homology between human and mouse. These high homology regions significantly overlap with conserved  
non-coding sequences. The Il4 locus contains conserved non-cording sequence 1 (CNS1), DNaseI hypersensitive (HS)2, 3′ untranslated region 
(3′ UTR), HS4, and CNS-2. (B, C) Each enhancer has different activity in different cell lineages. (B) Summary of each Il4 enhancer based on the 
results from knockout and transgenic mice. (CGFP expression under the control of the HS2 and 3′ UTR/HS4 enhancers in reporter transgenic 
mice. HS2 controls IL-4 expression in Th2, TFH, NKT, and mast cells. 3′ UTR controls IL-4 expression in basophils. CNS2 controls IL-4 expression 
in TFH, NKT, mast cells, and basophils

(A)

(B)
(C)



166  |     KUBO

basophils have been in the spotlight as a major IL-4 source to promote 
Th2 differentiation. In earlier work, basophil depletion by treatment 
with the anti-FcεRI antibody (MAR-1) led to the loss of Th2 differ-
entiation.68,69 Basophils were thought to be important as antigen-
presenting cells, because basophils constitutively express detectable 
level of MHC class II and costimulatory molecules, including CD80, 
CD86, and CD40.69,70 However, later work using mice constitutively 
lacking either basophils or DCs indicated that Th2 cell polarization in-
duced by papain treatment requires DCs but not basophils.59 Genetic 
ablation of basophils resulted in normal development of Th2 cells in 
response to immunization with OVA plus alum adjuvant.39,58 These 
findings have called into question the contribution of basophils as 
antigen-presenting cells in Th2 polarization.

In asthma patients, administration of an antibody against the IL-4 
receptor α-chain (dupilumab), which blocks downstream of IL-4 and 
IL-13 signaling, reduces the frequency of exacerbation in moderate 
to severe cases and improves lung function.71 However, in a mouse 
model of asthma induced by protease allergens, a possible role for IL-4 
remained less clear for a long time.12 On the other hand, in the context 
of a chronic AD model, basophil-derived IL-4 appears to promote the 
accumulation of eosinophils in the skin50,53,72 as well as ILC2-mediated 
proinflammatory responses in mouse models of TSLP-induced AD and 
protease allergen-induced asthma.53,73 Food allergy mouse models 
have also highlighted a critical role for basophil-derived IL-4.74–76 It 
has been reported that the accumulation of TSLP-elicited basophils 
promotes epicutaneous Th2 sensitization to food antigens and is crit-
ical for the development of IgE-mediated food allergy.77 TSLP-elicited 
basophils rather than Th2 cells are the dominant source of IL-4 in in-
flamed AD skin.78 A number of mouse studies have demonstrated that 
skin barrier defects contribute to the emergence of allergic inflamma-
tion at the epithelial barrier through epicutaneous antigen sensitiza-
tion.79,80 In this context, antigen sensitization at an AD-like skin lesion 
eventually leads to IgE-mediated intestinal food allergy.77

To understand the role of IL-4 derived from innate and adaptive 
immune cells, several regulatory elements were characterized in the 
Il13/Il4 locus (Figure 3); conserved sequence 1 (HSS1 and HSS2), lo-
cated between Il13 and Il4, HS0, located in the 5′ region of Il4, HS1, 
located in the promoter region, HS2 and HS3 in the second exon, and 
HS5a and HS5, located 3′ of Il4.81–83 HS2 in the Il4 locus is a critical 
enhancer that regulates Th2- and mast cell-specific Il4 expression.84,85 
The HS5a and HS5 region, also called conserved non-coding sequence 
2, is an essential enhancer for IL-4 expression in mast cells and T fol-
licular helper (TFH) cells, but not in Th2 cells.86,87 IL-4 expression in 
basophils is controlled by distinct enhancers, the 3′ UTR is a unique 
enhancer controlling basophil-specific IL-4. This series of studies indi-
cated that IL-4 expression is regulated by distinct enhancers in mast 
cells, basophils and Th2 cells, and this distinct regulatory arrangement 
provides us a useful way to investigate a role of IL-4 in basophil-
specific IL-4-deficient mice and to establish the DT-mediated in vivo 
mast cell and basophil depletion system, Mas-TRECK and Bas-TRECK.

There was a reduction of protease allergen-induced lung inflam-
mation with the loss of basophil-derived IL-4, as shown in mice lack-
ing the Il4 3′ UTR and by reconstitution of basophil-deficient mice 

with Il4-deficient basophils. Therefore, basophil-derived IL-4 has a 
critical role for ILC2 activation in acute papain challenge (Figure 2).11 
However, ILC2s also secrete IL-4 in a particular case of in vivo antigen 
challenge, which raises the possibility that ILC2-derived IL-4 might 
act as an autocrine factor.88 The importance of basophil-derived IL-4 
was also demonstrated in allergic skin reactions in a mouse model. 
Skin administration of a vitamin D analog (MC903) induced epithelial 
cell-derived TSLP that initiated basophil activation and accumulation 
of ILC2s, which contribute to Th2 cytokine-mediated AD-like skin 
lesions.35,49 The basophil-derived IL-4 was required for the optimal 
accumulation of ILC2s in the inflamed skin lesions78 and for epicuta-
neous sensitization to food antigens in the skin and in food allergy ef-
fector responses.89 Indeed, mice lacking the Il4 3′ UTR fail to develop 
IgE-mediated food allergy.

6  | ILC2 IN ALLERGIC INFLAMMATION

ILC2 were originally discovered in the gut-associated mucosal 
tissues.66,90,91 They were identified in different laboratories and 
originally had several designations—innate helper type 2 (Ih2) cells, 
multipotent progenitor type 2 (MPPtype2) cells, natural helper cells, and 
nuocytes—but are now classified as ILC2s.92 ILC2s produce high levels 
of IL-5, IL-6, and IL-13 in response to epithelial or myeloid cell-derived 
IL-25, IL-33, and TSLP after exposure to protease allergens, chemi-
cals, or helminth parasites.9,67,89,93–97 These innate lymphocytes have 
also been found in several other tissues including the liver, spleen, 
and lung.67 The importance of ILC2s cells has been reported in viral-
induced airway inflammation in BALB/c mice.98 Furthermore, it has 
been suggested that IL-13-producing ILCs may play a role in lung 
eosinophilic inflammation and asthma.2,99

The functional importance of ILC2s in type 2 immunity has been 
demonstrated using reconstitution with ILC2 cells in gene targeted 
mice, genetically deleted mice, or temporarily ablated mice.19,66 
Expansion of ILC2s has been shown not only in asthmatic inflamma-
tion observed in both human and mouse,9,56,93,98,100 but also in the 
nasal polyps of human patients with chronic rhinosinusitis.94 ILC2s 
have been also found circulating in the blood of asthma patients101 
and in the BALF from idiopathic pulmonary fibrosis patients.102 ILC2 
commonly express CD90.2 (Thy1), CD127 (IL7Rα), KLRG1, and ICOS, 
T1/ST2 (IL33R), and CD25 (IL-2Rα), and contain Il13, Il5, IL4, Il9r, and 
Il17rb transcripts. These varied among tissues, but show quite char-
acteristic signatures of transcriptome in comparison with ILC1 and 
ILC3.103,104 Early studies demonstrated that IL-2 and IL-7 potently in-
duce proliferation of ILC2s and that signaling through the common γ 
(γc) receptor (also called IL-2Rγ) is critical for ILC2 development.66,67,90 
More complex patterns of γc-ligands, IL-4 and IL-9, have been identi-
fied as regulators of ILC2 function and activation.11,105 Recently, higher 
expression of KLRG1 by ILC2s has been reported to dictate inflamma-
tory function in the response to IL-25, thus KLRG1high ILCs are po-
tentially the inflammatory subset.106 Therefore, cytokine-dependent 
expansion of effector-type ILC2s may drive a chronic inflammatory 
situation in the lung.
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However, the in vivo contributions of ILC2 cells in allergic lung in-
flammation still remain unclear. ILC2-deficient mice (CD45 congenic 
chimeric mice transferred with bone marrow from RAR-related orphan 
receptor alpha [Rorasg/sg] mice) exhibited less-severe lung inflamma-
tion and about one-third the levels of eosinophil migration and IL-13 
production in comparison with ILC2-sufficient mice. The reduction 
was only seen in the response to intranasal administration of protease 
allergens, such as papain and HDMs, but not systemically to the Th2-
inducing antigen OVA.107 Moreover, the process of airway remodeling 
was impaired by ILC2 depletion, but not by CD4+ T-cell depletion, in 
an experimental mouse model of chronic asthma, suggesting that ILC2 
cells contribute to airway remodeling.108 ILC2 cells constitutively ex-
press the epidermal growth factor family member amphiregulin, which 
is a key molecule to control airway remodeling by acting on repair 
processes of fibroblasts and epithelial cells.93,109 Moreover, ILC2 cells 
have been shown to control macrophage activation, which promotes 
airway wall remodeling through collagen synthesis.110 Therefore, ILC2 
cells are also required for tissue repair in the chronic phase of allergic 
lung inflammation.

7  | TH2 POLARIZATION IN ALLERGIC  
INFLAMMATION AND THE DC  
CONTRIBUTION

The exposure to allergens causes Th2 cell activation and secretion of 
various type 2 cytokines including IL-4. IL-4 was originally identified 
as B-cell-stimulating factor,111 and induces germline γ1 and ε tran-
scripts, subsequently leading to class switch recombination and pro-
duction of IgG1 and IgE,112–114 and antigen cross-linking of the IgE 
on mast cells and basophils is strongly implicated in atopic and al-
lergic disease. Classically, TH2-derived IL-4 has been thought to be 
responsible for IgE responses, but TFH cells are currently considered 
an alternative IL-4 source to mainly regulate IgE responses to soluble 
antigen and to parasitic infection (Figure 1).86,87 It had been thought 
that IL-4 was critical for Th2 cell differentiation, which is controlled by 
the expression of the key transcription factor GATA3.85 However, the 
driving signal for Th2 polarization has been a long-standing question. 
Indeed, the initial IL-4 source responsible for the Th2 differentiation 
has been undefined, although there are several candidates, including 
naive CD4 T cells,115 memory phenotype T cells,116 natural killer T 
cells, basophils,11,84 and DCs.

Accumulating recent evidence has suggested that a CD11b+ DC 
subset might trigger Th2 differentiation. DT-mediated depletion of 
CD11c+ cells in DTR transgenic mice under control of the CD11c/Itgax 
promoter markedly impairs Th2 responses,117 and CD11b+ DC cells 
expressing FcεR1 are responsible for in vivo type 2 immune responses 
in the response to HDM.57 These CD11b+ conventional DCs (cDCs) 
are the only DC subset able to migrate into the LN to trigger Th2 re-
sponses.118 On the other hand, both CD11b+ cDCs and monocyte-
derived DCs (moDCs) induced recruitment of Th2 cells to lung airways 
in the response to HDM. The moDC is a lung residential DC subset 
able to induce Th2 cell-mediated AHR only at a high dose of HDM. 

In contrast, under conditions of physiological low-dose exposure to 
HDM, CD11b+ cDCs have the exclusive function to induce Th2 cell-
mediated AHR, because Flt3l−/− mice lacking migratory and resident 
cDCs showed no eosinophilic airway inflammation.119

Recent studies indicated involvement of the IRF4+ cDC in Th2 re-
sponses induced by HDM (Figure 4).120 Two other studies argued that 
CD301b+ and/or PD-L2+ dermal DCs control IRF4-dependent Th2 re-
sponses,121,122 although the Irf4−/− mice showed an impairment in DC 
migration from local tissues to LNs.123 IRF4 is known to control the ex-
pression of MHC class II antigen and costimulatory molecules, which 
are required for tight interaction between antigen presentation and T 
cells.124 However, IRF4 was dispensable for the in vivo expression of 
MHC II,123 indicating that the defect in DC migration is not related to 
class II expression. A subset of CD11b− IRF4+ cDCs has been reported 
to be essential for Th2 responses, and the generation of this subset in 
the skin draining LNs is dependent on the transcription factor KLF4.125 
Involvement of CD326loCD103loCD11blo dermal DCs has also been 
suggested in Th2 responses during contact sensitization in mice.126

IRF4 is also necessary for development of CD11b+CD172 
(SIRP1α)+ cDCs, which are sufficient to induce allergic sensitization.127 
Moreover, Klf4 deficiency caused a reduction in the number of CD11b+ 
cDCs in the spleen,128 and CD11c-specific Klf4 conditional knockout 
mice had a reduction of Th2 cell responses after HDM challenge and 
selective loss of IRF4 expressing cDC.125

8  | AMPLIFICATION OF TH2 IMMUNITY  
BY CELLULAR ORCHESTRATION VIA  
CYTOKINES

ILC2 cells directly or indirectly influence Th2 cell-mediated lung in-
flammation through the Th2 cytokines. Although, based on in vitro 
evidence, the Th2 differentiation process is mainly controlled by IL-4, 
several recent studies have suggested the importance of IL-13 for Th2 
cell-mediated lung inflammation in the initial response to protease al-
lergens such as papain and HDM. ILC2 cells may be an early source 
of IL-13 required for polarization of naive CD4+ T cells into Th2 cells. 
Indeed, it has been reported that ILC2-derived IL-13 is critical to pro-
mote the migration of CD11b+ cDCs into the draining LN where they 
drive naive T cells to become Th2 cells (Figure 4).12 Thus, this migra-
tion is important and sufficient for Th2 development. The IL-13 de-
rived from ILC2s also induces CCL17 production from IRF4+CD11b+ 
DCs to attract Th2 cells.129,130 However, how IL-13 controls the mi-
gratory function of cDCs still remains to be defined.

Interestingly, ILC2 and ILC3 cells seem to express MHC class II and 
ICOS.66,131 The expression level of MHC class II was found at a low 
level in the steady state, but the expression increased during the sen-
sitization phase. MHC expression was required for efficient Th2 cell 
generation during Nippostrongylus brasiliensis infection,88 leading to 
the hypothesis that ILC2 cells may act as antigen-presenting cells. ILC2 
cells present OVA peptide and induce proliferation of OVA-specific 
T cells in OTII transgenic (OTII Tg) mice when antigenic peptides are 
present in the culture. Furthermore, human ILC2 cells could drive the 
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ex vivo proliferation of CD4+ T cells specific for HDM.88 However, a 
recent report indicated that loss of MHC class II expression on ILC2s 
made no difference in the number of lung ILC2s, eosinophils, or IL-5-
expressing effector Th2 cells.132 Therefore, whether ILC2 cells are nec-
essary for antigen presentation and, if so, how ILC2 cells can migrate 
into the draining LN in vivo both remain to be addressed.

Re-exposure to the same allergens induces a robust activation of 
memory Th2 cells or long-lived Th2 cells in the draining LN. The mem-
ory Th2 cells acquire high levels of T1/ST-2 expression, and epithelial 
cell-derived IL-33 promotes Th2 activation in the pathogenesis of al-
lergic airway inflammation in both mouse and human. The activated 
memory OTII Th2 cells secreted large amounts of Th2 cytokines in 
response to OVA, and IL-5 production only depended on IL-33.133 
Allergen non-specific Th2 cells also make critical contributions to the 
cysteine protease-induced eosinophilic inflammation as a result of re-
localizing from the draining LN into the inflammatory site. These Th2 
cells can express high levels of IL-5 and IL-13 in response to IL-33 but 
independent of antigen recognition, which is generally required for 
initial T-cell activation.134 Targeted depletion of ILC2 cells profoundly 
impairs Th2 cell localization to the lungs after allergen re-challenge, 

suggesting that ILC2 cells are crucial for Th2 cell-mediated responses 
(Figure 4). However, it was also reported that substantial deletion of 
ILC2s in a Rag-deficient background with T-cell reconstitution had no 
effect on activation of adaptive Th2 cell responses during infection 
with N. brasiliensis.132

These findings also suggest that ILC2s are not the only source 
of IL-13 required for DC licensing in the activation of Th2 cells. 
Involvement of other cell types remains to be further defined. A 
role for eosinophils was reported in DC regulation to promote the 
Th2 polarization characteristic of the pulmonary microenvironment 
in asthmatic responses (Figure 4).135 Experimental reconstitution of 
eosinophil-deficient PHIL mice with eosinophils from Il4−/− or Il13−/− 
mice indicated a critical role of eosinophil IL-13, but not of IL-4, in 
Th2 cell-mediated lung inflammation.136 On the other hand, mast 
cell-derived IL-13 also has a role to increase the frequency of PD-
L2+ cDCs that control Th2 cell-mediated responses in the lung after 
a single dose of intranasal Aspergillus fumigatus protease (M. Cho, H. 
Lim, Y. Chung, unpublished data). Further investigations of the link 
between innate and adaptive responses will be beneficial to our un-
derstanding of the complexity of asthmatic pathology and to improve 
treatments based on knowledge of different disease mechanisms in 
individual asthma patients.

9  | CLOSING REMARKS

IL-13 secreted from innate immune cells, including ILC2s and eosino-
phils, promotes the migration of IRF4+CD11b+ DCs into the draining 
LN in the acute phase, and the CD11b+ DCs then initiate Th2 polariza-
tion. However, major questions remain regarding how IL-13 controls 
the phenotypic change and the migratory function of the cDCs. There 
is no clear understanding of the molecular mechanisms underlying 
Th2 polarization controlled by the IRF4+CD11b+ DCs in the LN or how 
the polarized Th2 cells then migrate back to the pulmonary allergic 
inflammatory site. Although IL-33-mediated Th2 activation is clearly 
occurring, its signaling cascade remains unclear, and it still unclear 
why IL-33 selectively controls IL-5 and IL-13, but not IL-4 expression, 
in the primed Th2 cells. Moreover, if IL-4 is dispensable in the chronic 
phase of Th2-mediated pulmonary allergic inflammation, what is the 
main role of IL-4? It will also be important to determine if DC subsets 
corresponding to DCs in the mouse exist in humans. Answering these 
questions is important to reevaluate therapeutic strategies and targets 
and to develop new ones.
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F IGURE  4  Innate and adaptive immunity crosstalk during the 
sensitization and challenge phase of lung inflammation. In the 
sensitization phase (solid lines), pulmonary epithelial cells can be 
activated directly by protease allergens. In response, lung epithelial 
cells release IL-33 that directly or indirectly activates ILC2 to produce 
IL-13. In some cases, lung eosinophils could be an alternative source 
of IL-13. IL-13 drives the maturation of CD11b+ cDCs, which depend 
on the transcription factor IRF4 for their maturation from pre-
cDCs. After activation, the CD11b+ cDCs migrate into the draining 
mediastinal lymph nodes, where naive T cells differentiate into Th2 
cells. During the challenge phase (dashed lines), DCs again have a 
predominant role in Th2 effector function. A high dose of protease 
allergen activates monocytic DCs (moDCs) and recruits effector 
Th2 cells through the production of CCL17 and CCL22. In this case, 
moDCs need to express pattern-recognition receptors, such as TLR, 
to stimulate release of these chemokines. The pulmonary epithelial 
cell-derived IL-33 directly activates effector Th2 cells to produce IL-5 
and IL-13, while the allergen-acquired DCs activated the production 
of all Th2 cytokines, including IL-4, IL-5, and IL-13, in the response to 
allergen
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