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Roles of IL-5-producing group 2 innate lymphoid
cells in eosinophil regulation
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   Group 2 innate lymphoid cells (ILC2s) mediate rapid immune responses against microbial
infection by secreting large amounts of T helper type 2 (Th2) cytokines. Exposure to environ-
mental stimuli including parasites, viruses, bacteria and protease allergens, damages epithelial
cells, resulting in the secretion of thymic stromal lymphopoietin (TSLP), interleukin (IL)-25 and
IL-33. These cytokines are potent inducers of Th2 cytokines from ILC2s. ILC2-produced Th2
cytokines result in the recruitment of eosinophils, mast cells and basophils to inflammatory
sites, thus initiating type 2 innate immunity. Immunological information from the innate immu-
nity is then received by Th2 cells, leading to pathogen-specific antibody production and persis-
tent eosinophil activation. Among Th2 cytokines, IL-5 acts particularly on eosinophil regulation.
In cooperation with Th2 cells, IL-5-producing ILC2s regulate eosinophil biology in the steady
state and innate immunity.
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Discoveries of group 2 innate lymphoid
cell
   Innate lymphoid cell (ILC) is a newly identified and char-

acterized lymphocyte population that has been described

as having a role in mediating acute innate immune reac-

tions. Distinct types of T helper (Th) cells secrete charac-

teristic cytokines to regulate adaptive immunity. Th type 2

(Th2) cells produce Th2 cytokines including interleukin

(IL)-4, IL-5 and IL-13 and play roles in antigen-specific an-

tibody production and eosinophil regulation. According to

cytokine expression profile of ILCs, they are currently di-

vided into three groups and given names analogous to Th
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cell subsets1) (Table 1). Among them, group 2 ILCs (ILC2s)

such as natural helper cells and nuocytes are character-

ized by the production of IL-4, IL-5, IL-9 and IL-13.

　Recent advances in our understanding of ILC2s began

with several seminal investigations in 20102-4). It had been

long believed that the major producers of Th2 cytokines

were CD4+ Th2 cells. Prior to 2010, however, several re-

ports suggested the presence of a Th2 cytokine-producing

non-B/non-T lymphocyte population in wild type and recom-

bination activating gene (Rag)-deficient mice that had been

administered IL-25 or infected with parasites5-7). Since 2010,

intensive research aimed at characterization, identifying

their effector functions and elucidating the hematopoietic

development of this lymphocyte population has been con-

ducted8-11). This lymphocyte population is now termed ILC2.

IL-5 is the predominant cytokine that regu-
lates eosinophils
　Numerous studies have revealed that eosinophil regula-

tion is largely dependent on IL-512-14). IL-5 is produced by

many types of cells such as CD4+ Th2 cells, mast cells,

eosinophils, basophils and ILC2s. IL-5 is a homodimeric

glycoprotein that binds the IL-5 receptor (IL-5R) complex

that consists of an IL-5Rα chain, specific for IL-5, and a

common β chain. The recently determined crystal struc-

ture of IL-5 in complex with IL-5Rα revealed that the IL-5

dimer associates with IL-5Rα in a wrench-like structure15,16).

This IL-5/IL-5R binding rapidly induces tyrosine phospho-

rylation of several proteins including Janus kinase 1(JAK1),

JAK2, signal transducer and activator of transcription 5

(STAT5), phosphoinositide 3-kinse (PI3K) and mitogen-

activated protein kinases (MAPKs)17-20). Phosphorylation of

these molecules is evident in eosinophils19, 21) and plays

critical roles in eosinophil recruitment22, 23), degranulation24)

and survival25).

　Mice deficient for IL-5 or IL-5Rα display severe defects

in eosinophil development and activation26, 27). Under aller-

gic conditions or helminth infection, IL-5 is specifically re-

sponsible for differentiation and proliferation of eosino-

phil progenitors in the bone marrow28, 29), recruiting eosino-

phils in concert with eotaxin30-32) and prolonging eosinophil

survival in local inflammatory sites33). These studies have

established that IL-5 significantly determines eosinophil

regulation.

　

Eosinophils are involved in host defense,
host homeostasis and disease
　Eosinophils are a multitalented leukocyte that possesses

opposing roles in health and various diseases34-36). Cer-

tainly, eosinophils play a protective role against invading

pathogens including viruses, bacteria and, especially, para-

sites. Activation of eosinophils leads to the production of

granule proteins, including major basic protein (MBP), eosi-

nophil cationic protein (ECP), and eosinophil peroxidase,

each of which is toxic to invading microorganisms. In addi-

tion to secreting cytotoxic molecules, eosinophils are

equipped with a unique weapon against bacteria. IL-5 sig-

naling induces eosinophils to release mitochondrial DNA

bound to MBP and ECP to trap and kill bacteria in the gas-

trointestinal tract37). Eosinophils provide defenses against

not only exogenous pathogens, but also endogenous ab-

normal cells, tumors. Priming by Th2 cytokines induces

eosinophil influx into tumor-growing sites38, 39) and IL-5 is

potent to enhance antitumor activity of eosinophils40).

Table 1  Groups of ILCs and their unique features

GATA, GATA-binding protein; IFN, interferon; Ih2, innate type 2 helper; LTi, lymphoid tissue inducer; NH, natural helper; NK,

natural killer; ROR, retinoic acid receptor-related orphan receptor; TF, transcription factor
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　Eosinophils also support adaptive immunity by modulat-

ing cytokine production from Th2 cells41) and presenting

antigens to Th2 cells. Antigen-presenting eosinophils mi-

grate into lymph nodes42-44) where they perform as antigen

presenting cells45-48). Interestingly, eosinophils are involved

in the maintenance of immunoglobulin production. In the bone

marrow, eosinophils were shown to produce IL-6 and a pro-

liferation-inducing ligand (APRIL), which have been dem-

onstrated to maintain IgG1 production by plasma cells49).

Our unpublished data also indicate a role for eosinophils in

T cell-independent IgA production in the intestine.

　Beyond their many roles in innate and adaptive immu-

nity, homeostatic roles for eosinophils have been suggested

in mammary gland development50), pregnancy51), and epi-

thelial barrier function52), although precise mechanisms re-

main obscure. Thus, eosinophils contribute to homeosta-

sis in our bodies in a variety of ways.

　In contrast, inappropriate and prolonged activation of eosi-

nophils is strongly associated with allergic diseases such

as asthma. Asthma is characterized by airway type 2 in-

flammation including eosinophilia and elevated production

of Th2 cytokines, airway hyperresponsiveness (AHR), en-

hanced mucus secretion and airway remodeling. Two kinds

of eosinophil-deficient mice, PHIL53) and Δdbl-GATA54),

were developed and have been examined to elucidate the

contribution of eosinophils in asthma. PHIL mice demon-

strated that eosinophils are involved in AHR and mucus

secretion53). Conversely, Δdbl-GATA mice exhibited an in-

volvement of eosinophils in airway remodeling but not in

AHR and mucus secretion55). Although there are some con-

flicting findings from the two eosinophil-deficient mice, these

studies clearly showed crucial roles of eosinophils in asthma

development. Eosinophils are also associated with gas-

trointestinal diseases such as food allergy, allergic colitis,

eosinophil esophagitis and inflammatory bowel diseases56).

In order to manipulate these eosinophil-associated dis-

eases, we must understand the precise mechanisms un-

derlying eosinophil regulation.

Function and characterization of ILC2
　ILC2s produce large amounts of IL-5, IL-9 and IL-13, and

play pivotal roles in various kinds of immune reactions such

as allergic lung inflammation57), parasitic infection3, 4, 58), an-

tiviral immunity59, 60) and obesity61). In these reactions, one

important role for ILC2s is to recruit and activate effector

cells such as eosinophils. ILC2 effector functions are regu-

lated by various cell surface cytokine receptors.

　Although ILC2s lack surface lineage markers expressed

by the known immune cell populations including T cells, B

cells, NK cells, dendritic cells, macrophages, granulocytes

and erythrocytes, they do express phenotypic markers in-

cluding c-kit, Sca-1, Thy1, CD25 (IL-2Rα), IL-7Rα, TSLPR,

IL-17BR (IL-25R) and ST2 (a component of IL-33R)8, 11).

During their hematopoietic development in the bone mar-

row, ILC2s arise from a common lymphoid progenitor where

their development is dependent upon transcription factors,

such as inhibitor of DNA binding 2 (Id2)4, 62), retinoic acid

receptor-related orphan receptor-α(RORα)63) and GATA-

binding protein 3 (GATA3)64, 65). Using reporter systems

targeting IL-5 or IL-13, ILC2s were revealed to localize to

many different organs and tissues in the steady state, such

as lung, mesenteric lymph nodes, skin, peritoneal cavity,

Fig.1 Analysis for IL-5-producing ILC2s in dif-

ferent organs and tissues
Lymphoid cells in IL-5/Venus knock-in (KI) reporter

mice66) were analyzed by flow cytometry. Panels show

percentages of gated Venus+ (IL-5-producing) cells with

Venus expression and cell size (FSC) in the lamina

propria of small intestine (S-LP), large intestine (L-LP),

peritoneal cavity (PC), lung, spleen (SP), bone mar-

row (BM), Peyer's patch (PP) and mesenteric lymph

node (MLN). Higher frequencies of IL-5-producing cells

are present in the S-LP, L-LP, PC and lung in the steady

state.
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intestine and adipose tissues2, 3, 61, 66)(Fig.1). These findings

suggest a role for ILC2s in supporting the homeostatic roles

of eosinophils throughout a living body in the steady state.

Cytokines that regulate ILC2 effector
functions
　External inflammatory stimuli due to invading bacteria,

viruses and parasites induce damage to epithelial barriers

and result in the release of thymic stromal lymphopoietin

(TSLP), IL-25 and IL-33. As indicated by the expression

pattern of cytokine receptors on ILC2s, these cytokines

stimulate neighboring ILC2s near epithelial cells, leading

to the immediate secretion of large quantities of Th2

cytokines (Fig.2). This, in turn, recruits and activates effec-

tor cells to expel invading pathogens (Fig.3).

　Responsiveness to these cytokines, however, seems to

be varied according to the location of the ILC2s. In the lung,

IL-33 mediates type 2 inflammation more efficiently than

IL-2566, 67), whereas in the skin TSLP induces ILC2-medi-

ated inflammation independently of IL-3368). Moreover, IL-

25 was demonstrated to be critical for promoting IL-13 se-

cretion from ILC2 in oxazolone-induced colitis69). Precise

roles for each of these cytokines as yet remain unclear.

Exploring each cytokine's impact on ILC2s in different tis-

sues and organs will inform the development of appropri-

ate therapies for asthma and atopic dermatitis, for example,

where the etiologic cytokines appear to be different.

IL-5-producing ILC2s regulate eosino-
phils in the steady state
　A number of studies have now established roles for ILC2s

in eosinophil regulation in cases of parasitic infection3, 4, 58)

and allergic reactions10, 11, 70). In order to respond immedi-

ately to pathogens, eosinophils must be recruited to mu-

cosal surfaces prior to infection. This is likely facilitated by

ILC2s as they produce certain levels of Th2 cytokines in

the absence of apparent pathogenic stimuli. We investi-

gated the roles of ILC2s in the steady state and revealed

that they were important to maintain basal levels of eosi-

nophils in the lung66). This likely contributes to eosinophil

tumor surveillance40, 66). Consistent with our results, IL-5-

producing ILC2s have been reported to control circadian

Fig.2 Expansion of lung IL-5-producing ILC2s in response to

IL-25 and IL-33
IL-5/Venus KI mice were treated with PBS, recombinant IL-25 or IL-

33 for three consecutive days. Upper panels show percentages of

gated Venus+ cells. Lower left panel shows c-kit and CD3ε expres-

sion on Venus+ cells and the majority of these cells (squared in red)

are not positive for lineage markers (lower middle) and express IL-

33R (lower right), that is, ILC2s.

Fig.3 Schematic of lung eosinophil accumulation in

the steady state and during inflammation
Basal eosinophil accumulation in the lung is carried out by

IL-5-producing ILC2s. ILC2s are thought to be stimulated

by IL-33 released spontaneously by epithelial cells. In in-

flammatory contexts, exogenous pathogenic stimuli induce

damage to epithelial cells, leading to secretion of cytokines

such as IL-25 and IL-33. Upon stimulation, ILC2s produce

a large amount of IL-5 and mediate eosinophilia.
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cycling and basal tissue accumulation of eosinophils, and

this is regulated through food intake71). In the study, the

neuropeptide, vasoactive intestinal peptide (VIP), was sug-

gested to be a key molecule for IL-5 production through its

receptor, VIP receptor type 2 (VPAC2), on ILC2s.

　The regulation of Th2 cytokine production by ILC2s in

the steady state still remains largely unknown. IL-33 may

play such a role, as living cells are able to secrete IL-33

without necrosis induced by infection or tissue damage72).

In addition, IL-33 signaling blockade in unprimed mice leads

to a significant reduction of eosinophils in the intestine (our

unpublished data). These observations suggest a role for

IL-33 in inducing the constitutive production of IL-5 from

ILC2s, leading to eosinophil recruitment (Fig.3).

Concluding remarks
　Research utilizing animal models of human diseases will

assist in the characterization of ILC2s in humans73) and

accelerate translational research. Asthma is one of the

best-characterized allergic disorders associated with ILC2s

and eosinophils, and it may be a candidate for therapies

that specifically target ILC2s. Several studies have exam-

ined the effects of blockade of IL-25 or IL-33 signaling on

asthma development. Anti-IL-25 monoclonal antibodies

(mAbs)74, 75), polyclonal anti-IL-33 antibodies76) and anti-ST2

mAb77) all successfully reduced asthmatic symptoms in

animal models of asthma. In addition, the specific func-

tions of IL-5 in eosinophil regulation prompted us to em-

ploy IL-5 as a therapeutic target specifically for asthma treat-

ment. In clinical trials, targeting IL-5 or IL5Rα has been

shown to reduce peripheral and sputum eosinophils, as well

as symptomatic exacerbations in severe asthmatic patients

with eosinophilia78). These results provide a promising foun-

dation for further studying ILC2 as a therapeutic target. Al-

though human clinical studies are warranted, further stud-

ies of murine ILC2s will be helpful for better understanding

human ILC2s and developing next-generation treatments

for allergic diseases.
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