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Biological basis and clinical implications of
immunological molecules involved in eosinophilic
inflammation in allergic rhinitis, chronic rhinosinusitis,
and asthma
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Eosinophils are specialized and multifunctional immune cells that are involved in both protection and

pathology in human health and disease. Eosinophils have been thought to play an important role in parasitic

infection, and defense against parasites is one of the main functions of eosinophils. Eosinophils also have

damaging effects on the pathogenesis of numerous diseases, especially allergic disorders. A large number of

inflammatory mediators including cytokines, chemokines, and adhesion molecules are associated with the

development and chemotaxis of eosinophils. Allergic rhinitis and asthma are typical respiratory diseases with

eosinophilic inflammation, and eosinophils are also involved in the onset and development of some types of

chronic rhinosinusitis. The purpose of this review is to summarize the physiology of eosinophils and to discuss

potential therapeutic targets related to eosinophils in allergic rhinitis, chronic rhinosinusitis, and asthma.
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E
osinophils are a type of white blood cell produced

in the bone marrow and are particularly involved

in immune responses to allergic inflammation and

parasitic infection. Since the discovery regarding the capa-

city of causing tissue damage by eosinophil-derived granule

proteins, eosinophils have become recognized as one of

the main players in the immune system. Eosinophils also

have the ability to synthesize a variety of inflammatory

mediators and play an important role in homeostatic

mechanisms.

Eosinophils play an important role in pathophysiology

in upper and lower respiratory diseases including aller-

gic rhinitis, chronic rhinosinusitis, and asthma (1�5).

Allergic rhinitis is a typical type 1 [immunoglobulin (Ig)

E-mediated] hypersensitivity immune response to envir-

onmental allergens. Eosinophilic infiltration of the nasal

mucosa and subepithelial edema are characteristic features

of allergic rhinitis. The presence of eosinophils in nasal

secretions is an important finding in the diagnosis of

allergic rhinitis. Chronic rhinosinusitis is usually classified

into three categories: chronic rhinosinusitis without nasal

polyposis (CRSsNP), chronic rhinosinusitis with nasal poly-

posis (CRSwNP), and allergic fungal rhinosinusitis (AFRS)

(3, 6, 7). Eosinophilia is more commonly associated with

CRSwNP than with CRSsNP, and recent studies show

that CRSwNP and CRSsNP have disparate clinical featu-

res based on distinct inflammatory pathways, cytokine

profiles, and different tissue remodeling (8�19). AFRS is

a non-invasive form of fungal rhinosinusitis that repre-

sents an allergic hypersensitivity disorder (IgE mediated

in some cases) (20). The presence of allergic mucin in the

sinonasal cavity containing fungal hyphae and a large

number of degranulating eosinophils is a significant find-

ing in AFRS (21, 22). Asthma is a common but complex

disease involving type I hypersensitivity reactions (23).

Eosinophils and Th2 cytokines such as interleukin (IL)-4,

IL-5, and IL-13 play an important role in the pathophy-

siology of asthma. Chemokine (C-C motif) ligand (CCL)
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11 (also known as eotaxin-1), CCL24 (also known as

eotaxin-2), and CCL26 (also known as eotaxin-3) derived

from epithelial cells mediate eosinophil recruitment into

the asthmatic lung under the influence of cytokines such

as IL-13 (24).

The similarity of anatomical and immunological find-

ings in the upper and lower airway has been reported,

and numerous studies show a close relationship between

sinonasal diseases and lower respiratory diseases (25�31).

The purpose of this review is to summarize the role of

eosinophils in allergic rhinitis, chronic rhinosinusitis, and

asthma, as well as to describe recent advances in the thera-

peutic targets related to eosinophils in the management

of allergic rhinitis, chronic rhinosinusitis, and asthma.

Differentiation of eosinophils
Eosinophils are produced in bone marrow from pluripo-

tent stem cells. In regulating eosinophil development, IL-3,

IL-5, granulocyte�macrophage colony-stimulating factor

(GM-CSF), and several transcription factors including

GATA-1 (a zinc finger family member), PU.1 (an Ets

family member), and CCAAT/enhancer-binding protein

(c/EBP) family members (c/EBPa, c/EBPb, and c/EBPo)

are particularly important factors, and synergistically

regulate activity (32, 33). In these transcription factors,

GATA-1 is clearly the most important in specifying

eosinophil lineage. The experimental study reveals that

mice with a targeted deletion of the high-affinity GATA-

binding site present in the GATA-1 promoter gene show

loss of the eosinophil lineage (34); these findings are sup-

ported by eosinophil differentiation experiments in vitro

(35, 36). IL-3 and GM-CSF also induce the proliferation

of neutrophils and basophils and are not relatively specific

for the development of eosinophils. However, IL-5 po-

tently and specifically stimulates eosinophil production in

bone marrow (37).

Adhesion and migration of eosinophils
Eosinophil migration from bone marrow into circulating

blood is primarily regulated by IL-5 (38). Under normal

conditions, most eosinophils in peripheral organs are

found in the gastrointestinal tract except the esophagus,

mammary gland, uterus, and thymus. Among these organs,

the gastrointestinal eosinophil is predominant (39). In

healthy individuals, eosinophils in the gastrointestinal

tract are regulated by the interaction between CCL11 and

its receptor [CCR3, chemokine (C-C motif) receptor 3]

and are present independent of adaptive immunity and

enteric flora (40, 41). Under baseline condition, eosino-

phils in the thymus, mammary gland, and uterus are also

controlled by CCL11 (42).

Several molecules, including a number of cytokines

(IL-4, IL-5, and IL-13), adhesion molecules (b1-, b2-, and

b7-integrins), RANTES (regulated on activation, normal T-

cell expressed and secreted, also known as CCL5), eotaxins,

intercellular adhesion molecule 1 (ICAM-1, also known as

CD54), vascular cell adhesion molecule 1 (VCAM-1, also

known as CD106), and mucosal addressin cell adhesion

molecule 1 (MadCAM-1) are involved in the trafficking

of eosinophils into inflammatory sites and adhesion

of eosinophils in endothelial cells (43�49). In addition,

a recent study shows that the CD2 subsets of immuno-

globulin superfamily co receptors (CD48/2B4) have an

important role in human eosinophil adhesion and inter-

cellular adhesion, and CD48 is a useful marker for the

severity of eosinophilic inflammation (50). The eotaxin/

CCR3 axis has a central regulatory role in allergic airway

inflammation (51, 52). Tissue eosinophils can likely sur-

vive for at least two weeks based on in vitro observations

(44). Of the cytokines implicated in modulating leukocyte

recruitment, only IL-5 and the eotaxins selectively regu-

late eosinophil trafficking (53).

Eosinophil activation
Human eosinophils are activated by many different mole-

cules including IL-3, IL-4, IL-5, IL-13, and GM-CSF

(54, 55). A Th1-type cytokine, interferon-gamma (IFN-g),

and cytokines derived from the epithelium, such as IL-33

and thymic stromal lymphopoietin (TSLP), also stimulate

human eosinophils (56�59). In addition to endogenous

receptors, human eosinophils also express receptors for

pathogen-associated molecular patterns (PAMPs) and

danger-associated molecular patterns (DAMPs), includ-

ing the family of Toll-like receptors (TLRs), nucleotide-

binding oligomerization domain (NOD)-like receptors

(NLRs: NOD1 and NOD2), retinoic acid-inducible gene

I-like receptor (RIG-I), C-type lectin receptor (Dectin-1),

and the receptor for advanced glycation end products

(RAGE) (60, 61). Human eosinophils are reported to

express TLR-1, 2, 3, 4, 5, 6, 7, 9, and 10. These TLRs

recognize a wide variety of products that are expressed or

produced by microbes (62�67). For example, ligands for

TLR-2 (peptidoglycan), TLR-5 (flagellin), and TLR-7

[imiquimod (R837)] induce eosinophil activation and the

release of inflammatory mediators (62, 68). Proteases are

frequently found in microbes and allergens, and human

eosinophils are capable of recognizing proteases including

serine protease, aspartate protease, and cysteine protease.

Eosinophils activated by proteases demonstrate the active

release of pro-inflammatory mediators (69�72). The role

of fungi in the development of asthma is well known, and

b-glucan, a major fungal cell wall component, activates

eosinophils via the b2 integrin molecule (CD18) pathway

(33, 73). Human eosinophils also recognize damaged

tissue/cell components and endogenous molecules in-

duced from tissue injury, including uric acid, adenosine

triphosphate (ATP), high mobility group box (HMGB)-1,

and S100 calcium-binding protein family members,

resulting in tissue homeostasis (74�76).
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Eosinophil granule proteins
Eosinophil cytoplasm contains large specific granules that

are the principal identifying feature of eosinophils. Activated

eosinophils release granule-stored cationic proteins (MBP,

major basic protein; ECP, eosinophil cationic protein;

EPO, eosinophil peroxidase; and EDN, eosinophil-derived

neurotoxin), which exert a range of biological effects on

host cells and microbial targets.

MBP is a small cytotoxic protein and is one of the

principal and specific proteins present in eosinophils. It

is implicated in many pathological conditions including

direct cytotoxic effects, allergic reactions, parasitic infec-

tions, and stimulation for a variety of cells to produce

inflammatory molecules. MBP is classified as two homo-

logs (MBP-1 and MBP-2) encoded by two different genes.

MBP-1 is an arginine- and cysteine-rich polypeptide

(13.8 kDa) composed of 117 amino acids. MBP-1 is

highly toxic to parasites, bacteria, and mammalian cells

by disrupting the lipid bilayer membrane or altering the

activity of enzymes within tissues (77, 78). MBP-2 is

less potent than MBP-1 in in vitro biological activities.

However, MBP-2 is present only in eosinophils and may be

a useful biomarker for eosinophil-associated diseases (79).

ECP is a basic secretion protein involved in the im-

mune response system. ECP also belongs to the RNase

A superfamily and is known as ribonuclease 3 (RNase-3).

The cDNA sequence for ECP codes for a preprotein

of 160 amino acids and a protein of 133 amino acids.

The molecular weight of ECP ranges between 16 and

21.4 kDa (32, 80). ECP has marked toxicity for a variety

of helminth parasites, hemoflagellates, bacteria, single-

stranded RNA viruses, and host tissues (81). In vitro, ECP

plays a beneficial role in host defense against single-

stranded RNA respiratory syncytial virus (82). ECP is

also active against both Gram-negative and Gram-

positive strains of bacteria by the mechanism of toxicity

involving both the bacterial cell wall and the cytoplasmic

membrane (78). The bacterial agglutinating activity of

ECP is driven by the formation of amyloid-like aggre-

gates at the bacterial cell surface (83). These recent find-

ings suggest that the amyloidogenic behavior of ECP

participates in antibacterial host responses to infection,

and that the biophysical property of bactericidal N-

terminal peptides of ECP is the novel therapeutic target

in the development of antimicrobials (84).

EPO is a two-chain protein and is a major enzyme

present in eosinophils. The light chain has a molecular

mass of 11�15 kDa and the heavy chain a molecular mass

of 50�57 kDa (32). EPO is the abundant cationic matrix

protein of the specific granule; human eosinophils have

12 mg of EPO per cell (85). EPO catalyzes the forma-

tion of cytotoxic oxidants implicated in asthma, allergic

inflammatory disorders, and cancer. Oxidant production

begins with the generation of superoxide by the nicoti-

namide adenine dinucleotide phosphate (NADPH) oxidase

enzymatic system, and the superoxide dismutates into

hydrogen peroxide (H2O2) (86). H2O2 is converted by

EPO to highly reactive halogenating acids, such as hypo-

bromous acid (HOBr), hypochlorous acid (HOCl), or

xanthine oxidase (XO) (87). In addition to the ability to

produce oxidants, EPO has some cytotoxic effects as a

cationic toxin in parasites and mammalian cells in the

absence of H2O2 and a halide co-factor. Furthermore,

EPO exerts both anti-inflammatory and pro-inflammatory

activities (88�91).

EDN, also known as RNase-2, is a member of the ribo-

nuclease A superfamily and is a single-chain polypeptide

with an observed molecular mass of 18.6 kDa (92). EDN

is localized in the matrix of the secondary granule of

the eosinophil, but is also detected in mononuclear cells

and neutrophils (93). EDN plays a protective role in

respiratory syncytial virus infection in the bronchial tract

(94, 95). In addition, EDN induces the migration and

maturation of dendritic cells. Recent studies show that

EDN is an endogenous ligand of TLR-2 and can activate

dendritic cells and monocytes/macrophages by triggering

the TLR-2-myeloid differentiation factor 88 (Myd88)

signaling pathway, resulting in enhanced antigen-specific

Th2-biased immune responses and cytokine production

(IL-5, IL-6, IL-10, and IL-13) (96, 97).

Among these eosinophil granule proteins, MBP and ECP

were extensively examined. Serum ECP concentration

can be used as a marker of local and systemic eosinophil

expression (98). MBP and ECP have the clinical im-

portance in monitoring eosinophilic activity in allergic

rhinitis, chronic rhinosinusitis, and asthma (99�102).

Eosinophils in innate and adaptive immunity
Human eosinophils have the ability to secrete a large

number of important inflammatory and regulatory factors

including cytokines, chemokines, and growth factors,

and express numerous receptors (Tables 1 and 2) (43,

93, 103�107). Eosinophils modulate the immune response

in both the innate or non-specific immune system and the

adaptive or specific immune system.

In the innate immunity system, eosinophils primarily

have a defensive role against large, non-phagocytosable

organisms and fungi by the production of cationic pro-

teins, cytokines, and chemokines. However, the excessive

reaction in activated eosinophils sometimes has harmful

effects on humans, and direct activation of eosinophils by

microbe-derived molecules exacerbates allergic inflamma-

tion following bacterial and/or viral infections (38). Innate

immunity serves as the first line of defense against infec-

tion, and pattern recognition receptors including TLR

constitute an important class of immune recognition recep-

tors that can recognize pathogenic molecules. Expression

of several TLRs in eosinophils has been reported, and the

TLR-7 system may represent an important mechanism for

host defense against viral infections (62�65). Proteases
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from various microbes and allergens, such as house dust

mites and fungi, induce production of several inflamma-

tory mediators through a family of G-protein-coupled

protease-activated receptors (PAR), and human eosino-

phils constitutively transcribe mRNA for PAR-2 and

PAR-3 (69, 108, 109). Eosinophils have multifunctional

b2 integrin molecules (also known as CD18) that recognize

b-glucan, a major cell wall component of fungus, and

release their cytotoxic granule proteins into the extra-

cellular milieu and onto the surface of fungal organisms,

killing the fungus in a contact-dependent manner (110, 111).

Antibodies are the key components of adaptive immu-

nity, and eosinophils play a significant role in adaptive

immune responses thorough Fc receptors including FcaR,

FcgR, and FcoR. In addition, a large number of adhesion

molecules and receptors are involved in the activation

and degranulation of eosinophils (Table 3) (43, 93, 103,

104, 112, 113). The Fc receptor for IgA (FcaR, also

known as CD89) is expressed in human eosinophils, and

IgA2 is a highly potent stimulus for eosinophil killing

of Schistosoma mansoni (114). IgG is also considered to

be involved in eosinophil activation via FcgR pathways,

both in human and mouse (115, 116). IgG, platelet-

activating factor (PAF), and GM-CSF stimulate human

eosinophils, and increase eosinophil adhesion by activat-

ing integrins. Among these integrins, aMb2 integrin (also

known as Mac-1, CR3, or CD11b/CD18) and a4b1

integrin (also known as VLA-4 or CD49d/CD29) play

a critical role for eosinophil granule protein release

(117�119). IgE plays a critical role in respiratory diseases

related to allergic reactions including asthma, allergic

rhinitis, and chronic rhinosinusitis. Both the high-affinity

Table 1. Inflammatory molecules and growth factors generated

by human eosinophils

Cytokines Chemokines Growth factors Lipid mediators

IL-1a CCL2 (MCP-1) CXCL1 (GRO-a) Leukotriene C4

IL-1b CCL3 (MIP-1a) NGF Leukotriene D4

IL-2 CCL5 (RANTES) PDGF Leukotriene E4

IL-3 CCL6 (C10) SCF Prostaglandin E1

IL-4 CCL7 (MCP-3) EGF Prostaglandin E2

IL-5 CCL8 (MCP-2) APRIL 15-HETE

IL-6 CCL9 (MIP-1g) VEGF Thromboxane B2

IL-9 CCL11 (Eotaxin-1) HB-EGF-LBP PAF

IL-10 CCL13 (MCP-4)

IL-11 CXCL1 (GRO-a)

IL-12 CXCL5 (ENA-78)

IL-13 CXCL8 (IL-8)

IL-16 CXCL9 (MIG)

IL-17 CXCL10 (IP-10)

IL-18 CXCL11 (I-TAC)

IL-22 CXCL12 (SDF-1)

IL-25

IFN-g
GM-CSF

SCF

TGF-a
TGF-b
TNF-a
TNF-b

IL: interleukin, IFN: interferon, GM-CSF: granulocyte macrophage
colony-stimulating factor, SCF: stem cell factor, TGF: transforming

growth factor, TNF: tumor necrosis factor, CCL: chemokine (C-C

motif) ligand, CXCL: chemokine (C-X-C motif) ligand, MCP: mono-

cytes chemoattractant protein, MIP: macrophage inflammatory
protein, RANTES: regulated upon activation, normal T-cell expres-

sed, and secreted, GRO: growth-regulated oncogene, ENA:

epithelial-derived neutrophil-activating peptide, MIG: monokine
induced by gamma interferon, IP: interferon gamma-induced

protein, I-TAC: interferon inducible T-cell alpha chemoattractant,

SDF: stromal cell-derived factor, NGF: nerve growth factor,

DGF: platelet-derived growth factor, EGF: epidermal growth factor,
APRIL: a proliferation-inducing ligand, VEGF: vascular endothelial

growth factor, HB-EGF-LBP: heparin-binding epidermal growth

factor-like binding protein, 15-HETE: 15-hydroxyeicosatetraenoic

acid, PAF: platelet-activating factor.

Table 2. Receptors expressed by human eosinophils for cytokines,

chemokines, and lipid mediators

Cytokine receptors

Chemokine

receptors

Receptors for

lipid mediators

IL-2R (CD25/CD122) CCR1 (CD191) CysLT1R

IL-3R (CD123/CD131) CCR2 (CD192) CysLT2R

IL-4R (CD124/CD132) CCR3 (CD193) Leukotriene B4R

IL-5R (CD125/CD131) CCR4 (CD194) DP1

IL-9R (CD129/CD132) CCR5 (CD195) DP2 (CRTH2)

IL-12R CCR6 (CD196) Prostaglandin E2R

IL-13RA1 (CD213a1) CCR8 (CD198) PAFR

IL-17A/F R (IL17RA/IL17RC) CCR9 (CDw199) fMLPR

IL-23R (IL-23R/IL-12Rb1) CXCR2

IL-27R (CD130/WSX-1) CXCR3

(CD182, CD183)

IL-31R (IL-31RA/OSMRb) CXCR4

IL-33R (ST2)

GM-CSFR (CD116/CD131)

IFN-gR (CDw119)

SCFR (c-kit, CD117)

TNF-aR1 (CD120a)

TNF-aR2 (CD120b)

TGF-bR

R: receptors, CD: cluster of differentiation, IL: interleukin, OSMR:

oncostatin M receptor, IFN: interferon, GM-CSF: granulocyte

macrophage colony-stimulating factor, SCF: stem cell factor,
TNF: tumor necrosis factor, TGF: transforming growth factor,

CCR: chemokine (C-C motif) ligand receptor, CXCR: chemokine

(C-X-C motif) ligand receptor, CysLT: cysteinyl leukotriene, DP:
prostaglandin D2 receptor, CRTH2: chemoattractant-homologous

receptor expressed on Th2 cells, PAF: platelet-activating factor,

fMLP: N-formyl-L-methionyl-L-leucyl-phenylalanine.
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IgE receptor (FcoRI) and the low-affinity IgE receptor

(FcoRII, also known as CD23) are found in eosinophils.

FcoRI in eosinophils from patients with eosinophilia

induce various functions of eosinophils, including degra-

nulation and parasite cytotoxicity (120).

Therapeutic targets related to eosinophils
in allergic rhinitis
Allergic rhinitis is a common disease. Its pathophysiology

is based on IgE-mediated type I hypersensitivity. Inhaled

allergens binding to dendritic cells and mast cells in the

upper airway initiate an immune-inflammatory process

in allergic rhinitis. Dendritic cells located in the nasal

mucosa capture the allergens and act as antigen-presenting

cells. In sensitized individuals, allergens deposited onto

the nasal mucosa bind the allergen-specific IgE to the

surface of mast cells resulting in rapid release of inflam-

matory mediators such as histamine (1). Histamine, tumor

necrosis factor a (TNF-a), and lipid mediators such as

leukotriene C4 and prostaglandin D2 contribute to the

influx of eosinophils into the upper airway by stimula-

tion of the expression of adhesion molecules (ICAM-1,

VCAM-1, and E-selectin) in the vascular endothelium,

and induce late allergic responses such as nasal obstruc-

tion (1, 121). IL-5 also plays a key role in eosinophilic

inflammation in allergic rhinitis through the transen-

dothelial migration of eosinophils from circulating blood

to the mucosal tissue in the upper airway and eosinophil

survival in tissue.

A number of available therapies are recommended

in several guidelines including ARIA (Allergic Rhinitis

and its Impact on Asthma) guidelines for a step-wise

approach to the management of allergic rhinitis (26).

Currently available pharmacological agents, immunother-

apy, and other therapeutic options for allergic rhinitis

include antihistamines, corticosteroids, antileukotrienes,

nasal decongestants, mast cell stabilizers, anticholinergic

agents, allergen-specific immunotherapy, monoclonal anti-

IgE antibody, capsaicin desensitization, and complemen-

tary treatments (2).

Glucocorticoids inhibit the production of cytokines

including IL-5 and GM-CSF by glucocorticoid receptor

agonism and anti-inflammatory action through mul-

tiple effects. Glucocorticoids can shorten the half-life of

Table 3. Adhesion molecules, complement receptors, immunoglobulin (Ig) receptors, and members of Ig superfamily related to human

eosinophils

Adhesion molecules Complement receptors Ig receptors and members of Ig superfamily

a4b7 integrin (CD49d/Ly69) CR1 (CD35) FcaR (CD89)

a4b1 integrin (VLA-4, CD49d/CD29) CR3 (aMb2 integrin, CD11b/CD18) FcgRII (CD32)

a6b1 integrin (VLA-6, CD49f/CD29) CR4 (aXb2 integrin, CD11c/CD18) FcgRIIIa (CD16a)

aDb2 integrin (CD11d/CD18) CD103 FcgRIIIb (CD16b)

aEb7 integrin (CD103/Ly69) C1qR FcoRI

aLb2 integrin (LFA-1, CD11a/CD18) C3aR FcoRII (CD23)

aMb2 integrin (CR3, CD11b/CD18) C5aR (CD88) Receptor for IgD

aXb2 integrin (CR4, CD11c/CD18) Receptor for IgM

LFA-3 (CD58) Siglec-3 (CD33)

L-selectin (CD62L) Siglec-7

PSGL-1 (CD162) Siglec-8

Sialyl-Lewis x (CD15s) Siglec-10

CD44 ICAM-1 (CD54)

CD156 ICAM-3 (CD50)

CD174 Semaphorin-4D (CD100)

IGSF2 (CD101)

HLA class I

HLA-DR

CD4

CD47

CD48

CD66

CD244

CD300a

CD: cluster of differentiation, VLA: very late antigen, LFA: lymphocyte function-associated antigen, CR: complement receptor, PSGL:
P-selectin glyocoprotein ligand, Siglec: sialic acid-binding immunoglobulin-like lectin, ICAM: intercellular adhesion molecule, IGSF2:

immunoglobulin superfamily member 2, HLA: human leukocyte antigen.
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eosinophils and reduce eosinophil survival in nasal tissue.

Glucocorticoids also reduce nasal lavage eosinophilia.

The long-term use of systemic corticosteroids induces

adverse effects including inhibition of growth in children,

disturbances of metabolism, glaucoma and cataract for-

mation, immunosuppression, skin thinning, behavioral

abnormalities, and osteoporosis (122). However, adminis-

tration of intranasal steroids is relatively safe, and the

efficacy of topical steroid therapy exceeds the risk of any

systemic side effects (123).

Leukotrienes are a family of inflammatory lipid media-

tors synthesized from arachidonic acid in macrophages,

mast cells, and eosinophils. Among the leukotrienes,

leukotriene C4, leukotriene D4, and leukotriene E4 have

the ability to contract the bronchial smooth muscles and

cause eosinophil locomotion, mucous production, edema,

and increased vascular permeability (124). In addition,

leukotriene D4 increases P-selectin-dependent leukocyte

rolling flux and eosinophil adhesion through b2-integrin

expression in eosinophils (125, 126). The production and

the physiological activity of leukotrienes are inhibited by

blocking their receptors or specific enzymes. Cysteinyl

leukotriene 1 receptor antagonist (montelukast) is a useful

drug for treating allergic rhinitis. However, montelukast

is less effective than intranasal corticosteroids.

Mast cells are an important therapeutic target in the

treatment of allergic rhinitis. In sensitized patients, Fc

receptors and specific IgE antibodies in mast cells can

rapidly recognize the previously met allergen, and activa-

ted mast cells synthesize and degranulate mediators such

as histamine, tryptase, leukotrienes, proteases, cytokines

(IL-1, IL-3, IL-4, IL-5, IL-13, TNF-a), and chemokines

(IL-8, GM-CSF, MCP-1, RANTES). Intranasal cromo-

lyns are able to inhibit the degranulation of mast cells

and the migration or survival of eosinophils resulting in

the inhibition of both early and late phases of allergic

reactions. Cromolyns can prevent as well as treat the

symptoms of allergic rhinitis (127�129).

A large body of evidence regarding the pathways and

factors involved in allergic rhinitis suggests possible thera-

peutic agents for novel management of allergic rhinitis.

These factors, which have been extensively examined, in-

clude glucocorticoid receptor agonists, histamine receptor

antagonists,prostaglandin D2 receptor antagonists (CRTH2

antagonists), phosphodiesterase 4 inhibitors, bradykinin

B2 receptor antagonists, MAP kinase inhibitors, human

neutrophil elastase inhibitors, cytokine synthesis inhibi-

tors, a4b1 integrin antagonists, tryptase inhibitors, ion

channel blockers, nitric oxide synthase inhibitors, TLR

signaling mediators, and a member of the CD2 subset

of the immunoglobulin superfamily receptors (CD244,

also known as natural killer cell receptor 2B4) blocker

(2, 130). For example, prostaglandin D2 is one of the

major cellular regulators synthesized from arachidonic

acid and plays an important role in development and

maintenance of allergic response including recruitment

of eosinophils (131, 132). CRTH2 receptor antagonists

are promising agents for the treatment of chronic

allergic diseases including allergic rhinitis (133, 134).

Several orally active CRTH2 antagonists are under clinical

development (135).

Therapeutic targets related to eosinophils in
chronic rhinosinusitis
Chronic rhinosinusitis is usually divided into three sub-

types: CRSsNP, CRSwNP, and AFRS (136). The cytokine

profile of CRSsNP is mainly Th1 dominant, and the in-

flammatory cell infiltration is made up of mostly neutro-

phils, with a low percentage of eosinophils, mast cells, and

plasma cells. In contrast, patients with CRSwNP have a

predominantly Th2-biased eosinophilic inflammation, and

AFRS is defined as chronic rhinosinusitis accompanied

by allergic mucin containing degranulated eosinophils and

fungal hyphae, and IgE-mediated fungal allergy (3, 6, 7).

CRSwNP is associated with increased levels of IL-4, IL-5,

IL-13, RANTES, CXCL8, ECP, eotaxin, GM-CSF, VEGF,

IgE, ICAM-1, VCAM-1, E-selectin, P-selectin, matrix

metalloproteinase (MMP)-1, MMP-2, MMP-7, MMP-9,

and Th2-associated transcription factor (GATA-3). These

factors play a significant role in the 1) development and

activation of eosinophils, 2) downregulation of eosino-

philic apoptosis, and 3) eosinophil infiltration in sinonasal

sinus mucosa (8, 9, 14, 137�145). CRSwNP is more likely

than CRSsNP to be associated with asthma and aspirin-

exacerbated lower respiratory disease (7). A close rela-

tionship between CRSwNP and Th2-biased eosinophilic

inflammation has been reported. However, because

CRSwNP sometimes shows neutrophil-dominant inflam-

mation, an analysis of the specific inflammatory pattern

(neutrophilic or eosinophilic) may be necessary to ade-

quately treat patients with CRSwNP (146).

Medical treatments for chronic rhinosinusitis include

nasal saline irrigation, topical steroid nasal sprays (intra-

nasal glucocorticoids), systemic antibiotics, systemic gluco-

corticoids, topical steroid irrigations, long-term macrolide

treatment, topical antibiotic treatment, antileukotriene

treatment, and aspirin desensitization therapy (3). A

European position paper on rhinosinusitis and nasal

polyps 2012 (EPOS 2012) recommends intranasal gluco-

corticoids, nasal saline douche, and bacterial lysates for

CRSsNP and intranasal glucocorticoids and systemic

glucocorticoids for CRSwNP (6). Glucocorticoids and

antileukotriene have a significant effect on eosinophilic

inflammation in patients with chronic rhinosinusitis,

and antileukotriene agents may be used as an adjunct

to topical glucocorticoids in the treatment of CRSwNP

(147�149).

Monoclonal antibody therapy is one of the immuno-

therapies using monoclonal antibodies to specifically bind

to target cells or proteins. Omalizumab, a humanized
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recombinant monoclonal anti-IgE antibody, reduces cir-

culating levels of IgE, FcoRI expression on mast cells,

respiratory tissue eosinophilia, and production of GM-

CSF and Th2 cytokines (IL-4, IL-5, and IL-13) (150).

A meta-analysis shows that omalizumab is associated

with statistically significant symptom relief, decreased

rescue medication use, and improvement of quality of life

in patients with inadequately controlled allergic chronic

rhinosinusitis (151). In addition, a recent double-blind

placebo control study showed that mepolizumab, a hu-

manized monoclonal anti-IL-5 antibody, reduces the size

of nasal polyps (152). IgE and/or IL-5 inhibition may be

considered as a potential novel therapeutic approach in

patients with chronic rhinosinusitis with severe eosino-

philic inflammation (153). However, EPOS 2012 does not

recommend monoclonal antibody therapy for patients

with chronic rhinosinusitis (6). The safety and efficacy of

monoclonal antibody therapy for chronic rhinosinusitis is

under investigation.

There is much debate regarding the role of fungi in

chronic rhinosinusitis. Although a significant role of fungi

in sinonasal sinus in the majority of chronic rhinosinu-

sitis cases has been suggested, prospective, double-blind,

placebo-controlled multicenter clinical trials show that

topical amphotericin B treatment has no significant effect

on the level of inflammatory mediators and outcome

of CRSsNP and CRSwNP (154�156). AFRS, as well as

CRSsNP and CRSwNP, is an established subtype of

chronic rhinosinusitis, and the diagnostic criteria consist

of the following: 1) nasal polyposis, 2) fungi on staining, 3)

eosinophilic mucin without fungal invasion into sinus

tissue, 4) type I hypersensitivity to fungi, and 5) char-

acteristic radiological findings with soft tissue differential

densities on CT scanning (6). Eosinophils play a central

role in the onset and development of AFRS. Oral and

topical steroids following endoscopic sinus surgery are

recommended to control eosinophilic inflammation in

AFRS, and the usefulness of antifungal immunotherapy

for AFRS has been reported (6, 157).

Therapeutic targets related to eosinophils in
asthma
Asthma is a complex and heterogeneous disease with

several clinical subtypes. It is often detected in patients

with upper respiratory diseases including allergic rhinitis

and chronic rhinosinusitis (158, 159). Because an increase

of eosinophils in the respiratory tissues and peripheral

blood and the overexpression of eosinophil-related in-

flammatory factors are characteristic findings of most

asthma phenotypes, the eosinophil is considered to be the

central effector cell responsible for airway inflammation

in asthma. Eosinophils have the potential to injure airway

tissues through the release of granule-associated basic

proteins (which damage nerves and epithelial cells), lipid

mediators (which cause bronchoconstriction and mucus

hypersecretion), and reactive oxygen species (which gen-

erally injure mucosal cells) (93). Serum ECP levels can be

used as a clinical tool for estimating eosinophil inflam-

matory activity in asthma and are also related to disease

severity (78).

Inhaled corticosteroids are the recommended drug for

patients with asthma. The first choice as add-on therapy

to inhaled corticosteroids is an inhaled long-acting

b2 agonist (160). Inhaled corticosteroids strongly inhibit

Th2 cytokine release and Th2-driven eosinophilic airway

inflammation (161). Inhaled b-agonists are effective at

reversing bronchoconstriction in asthma by protein kinase

A-dependent relaxation of airway smooth muscle (162).

The appropriate combination of long-acting b2 agonist

and inhaled corticosteroid medications is still an impor-

tant issue, and a recnet cohort study shows that asthma

exacerbation is lower for budesonide�formoterol combi-

nation therapy versus fluticasone�salmeterol combina-

tion therapy due to lower rates of oral corticosteroid use

and asthma-related emergency department visits, which

indicate better treatment effectiveness of those patients

initiated with budesonide�formoterol combination therapy

compared with fluticasone�salmeterol combination therapy

(163). Because the clinical response to inhaled corticos-

teroids is variable, the biomarkers in asthmatic patients

predicting clinical responsiveness to inhaled corticoster-

oids therapy are intensively examined (164).

The potential agents in the treatments for difficult

asthma include anti-IgE antibody, anti-IL-4 antibody,

anti-IL-5 antibody, anti-IL-13 antibody, anti-IL-4 recep-

tor antibody, anti-CXCR2 antibody, and leukotriene

receptor blockers (165�167). Omalizumab therapy is an

alternative for patients with more severe poorly con-

trolled asthma (168). Mepolizumab significantly reduces

asthma exacerbations and is associated with improve-

ments in markers of asthma control (169). A recent meta-

analysis shows that the addition of tiotropium may be

beneficial for patients with poorly controlled asthma

(170). In addition, novel targets in the treatment for

asthma such as tyrosine kinase inhibitors, IFN-a, ICAM-1,

VCAM-1, integrin, eotaxin/CCR3 pathway, CRTH2, and

immune inhibitory receptors on eosinophils [sialic acid-

binding immunoglobulin-like lectin (Siglec)-3, Siglec-7,

Siglec-8, Siglec-10, FcgRII, CD85a, and CD300a] are

intensively examined for future therapeutic uses (4, 32,

43, 48, 93, 113, 171, 172).

Conclusion
Eosinophils are the most important cells involved in the

pathophysiology of allergic rhinitis, chronic rhinosinusitis,

and asthma. It is also likely that eosinophils play an

important role in airway remodeling and inflamma-

tion through TGF-b and other inflammatory mediators.

Corticosteroids are the most potent and widely used

drugs to control eosinophilic inflammation in both the
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upper and lower airways. However, steroid-resistant eosino-

philic inflammation in the airway has also been reported

(122, 173). Several promising agents are under develop-

ment to increase the number of therapeutic options

against eosinophil-associated inflammation. Further studies

are needed to characterize molecular mechanisms under-

lying eosinophilic airway inflammation in each subtype

of the diseases.
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66. Månsson A, Fransson M, Adner M, Benson M, Uddman R,

Björnsson S, et al. TLR3 in human eosinophils: functional

effects and decreased expression during allergic rhinitis. Int

Arch Allergy Immunol. 2010; 151: 118�28. doi: 10.1159/

000236001.

67. Janke M, Poth J, Wimmenauer V, Giese T, Coch C, Barchet

W, et al. Selective and direct activation of human neutro-

phils but not eosinophils by Toll-like receptor 8. J Allergy

Clin Immunol. 2009; 123: 1026�33. doi: 10.1016/j.jaci.2009.
02.015.

68. Driss V, Legrand F, Hermann E, Loiseau S, Guerardel Y,

Kremer L, et al. TLR2-dependent eosinophil interactions

with mycobacteria: role of alpha-defensins. Blood. 2009; 113:

3235�44. doi: 10.1182/blood-2008-07-166595.
69. Miike S, McWilliam AS, Kita H. Trypsin induces activation

and inflammatory mediator release from human eosinophils

through protease-activated receptor-2. J Immunol. 2001; 167:

6615�22. doi: 10.4049/jimmunol.167.11.6615.

70. Miike S, Kita H. Human eosinophils are activated by cysteine

proteases and release inflammatory mediators. J Allergy Clin

Immunol. 2003; 111: 704�13. doi: 10.1067/mai.2003.1332.

71. Matsuwaki Y, Wada K, White TA, Benson LM, Charles-

worth MC, Checkel JL, et al. Recognition of fungal protease

activities induces cellular activation and eosinophil-derived

neurotoxin release in human eosinophils. J Immunol. 2009;

183: 6708�16. doi: 10.4049/jimmunol.0901220.

72. Wada K, Matsuwaki Y, Yoon J, Benson LM, Checkel JL,

Bingemann TA, et al. Inflammatory responses of human

eosinophils to cockroach are mediated through protease-

dependent pathways. J Allergy Clin Immunol. 2010; 126:

169�72.e2. doi: 10.1016/j.jaci.2010.04.007.
73. Bush RK, Prochnau JJ. Alternaria-induced asthma. J Allergy

Clin Immunol. 2004; 113: 227�34. doi: 10.1016/j.jaci.2003.
11.023.

74. Bianchi ME. DAMPs, PAMPs and alarmins: all we need

to know about danger. J Leukoc Biol. 2007; 81: 1�5. doi:
10.1189/jlb.0306164.

75. Kobayashi T, Kouzaki H, Kita H. Human eosinophils

recognize endogenous danger signal crystalline uric acid and

produce proinflammatory cytokines mediated by autocrine

ATP. J Immunol. 2010; 184: 6350�8. doi: 10.4049/jimmunol.

0902673.

76. Lotfi R, Herzog GI, DeMarco RA, Beer-Stolz D, Lee JJ,

Rubartelli A, et al. Eosinophils oxidize damage-associated

molecular pattern molecules derived from stressed cells.

J Immunol. 2009; 183: 5023�31. doi: 10.4049/jimmunol.

0900504.

77. Malik A, Batra JK. Antimicrobial activity of human eosino-

phil granule proteins: involvement in host defence against

pathogens. Crit Rev Microbiol. 2012; 38: 168�81. doi:

10.3109/1040841X.2011.645519.

78. Acharya KR, Ackerman SJ. Eosinophil granule proteins:

form and function. J Biol Chem. 2014; 289: 17406�15. doi:
10.1074/jbc.R113.546218.

79. Plager DA, Loegering DA, Checkel JL, Tang J, Kephart GM,

Caffes PL, et al. Major basic protein homolog (MBP2): a

specific human eosinophil marker. J Immunol. 2006; 177:

7340�5. doi: 10.4049/jimmunol.177.10.7340.

80. Barker RL, Loegering DA, Ten RM, Hamann KJ, Pease LR,

Gleich GJ. Eosinophil cationic protein cDNA. Comparison

with other toxic cationic proteins and ribonucleases. J

Immunol. 1989; 143: 952�5.

81. Rosenberg HF. Recombinant human eosinophil cationic

protein. Ribonuclease activity is not essential for cytotoxicity.

J Biol Chem. 1995; 270: 7876�81. doi: 10.1074/jbc.270.

14.7876.

82. Domachowske JB, Dyer KD, Adams AG, Leto TL Rosenberg

HF. Eosinophil cationic protein/RNase 3 is another RNase

A-family ribonuclease with direct antiviral activity. Nucleic

Acids Res. 1998; 26: 3358�63. doi: 10.1093/nar/26.14.3358.
83. Torrent M, Pulido D, Nogués MV, Boix E. Exploring new

biological functions of amyloids: bacteria cell agglutination

mediated by host protein aggregation. PLoS Pathog. 2012; 8:

e1003005. doi: 10.1371/journal.ppat.1003005.

84. Pulido D, Torrent M, Andreu D, Nogués MV, Boix E.

Two human host defense ribonucleases against mycobacteria,

the eosinophil cationic protein (RNase 3) and RNase 7.

Antimicrob Agents Chemother. 2013; 57: 3797�805. doi:

10.1128/AAC.00428-13.

85. Abu-Ghazaleh RI, Dunnette SL, Loegering DA, Checkel JL,

Kita H, Thomas LL, et al. Eosinophil granule proteins in

peripheral blood granulocytes. J Leukoc Biol. 1992; 52: 611�8.

86. Tang XN, Zheng Z, Giffard RG, Yenari MA. Significance of

marrow-derived nicotinamide adenine dinucleotide phos-

phate oxidase in experimental ischemic stroke. Ann Neurol.

2011; 70: 606�15. doi: 10.1002/ana.22476.
87. Comhair SA, Erzurum SC. Redox control of asthma: mole-

cular mechanisms and therapeutic opportunities. Antioxid

Redox Signal. 2010; 12: 93�124. doi: 10.1089/ARS.2008.

2425.

88. Auriault C, Capron M, Capron A. Activation of rat and human

eosinophils by soluble factor(s) released by Schistosoma mansoni

schistosomula. Cell Immunol. 1982; 66: 59�69. doi: 10.1016/
0008-8749(82)90157-5.

89. Locksley RM, Wilson CB, Klebanoff SJ. Role for endogenous

and acquired peroxidase in the toxoplasmacidal activity of

murine and human mononuclear phagocytes. J Clin Invest.

1982; 69: 1099�111. doi: 10.1172/JCI110545.
90. Henderson WR, Jörg A, Klebanoff SJ. Eosinophil peroxidase-

mediated inactivation of leukotrienes B4, C4, and D4. J

Immunol. 1982; 128: 2609�13.

91. Henderson WR, Jong EC, Klebanoff SJ. Binding of eosino-

phil peroxidase to mast cell granules with retention of

peroxidatic activity. J Immunol. 1980; 124: 1383�8.

92. Boix E, Nogués MV. Mammalian antimicrobial proteins and

peptides: overview on the RNase A superfamily members

involved in innate host defence. Mol Biosyst. 2007; 3: 317�35.
doi: 10.1039/B617527A.

93. Hogan SP, Rosenberg HF, Moqbel R, Phipps S, Foster PS,

Lacy P, et al. Eosinophils: biological properties and role in

health and disease. Clin Exp Allergy. 2008; 38: 709�50. doi:
10.1111/j.1365-2222.2008.02958.x.

94. Harrison AM, Bonville CA, Rosenberg HF, Domachowske

JB. Respiratory syncytical virus-induced chemokine expression

in the lower airways: eosinophil recruitment and degranulation.

Shin Kariya et al.

10
(page number not for citation purpose)

Citation: Advances in Cellular and Molecular Otolaryngology 2015, 3: 26601 - http://dx.doi.org/10.3402/acmo.v3.26601

http://journals.sfu.ca/coaction/index.php/acmo/article/view/26601
http://dx.doi.org/10.3402/acmo.v3.26601


Am J Respir Crit Care Med. 1999; 159: 1918�24. doi: 10.1164/
ajrccm.159.6.9805083.

95. Domachowske JB, Dyer KD, Bonville CA, Rosenberg HF.

Recombinant human eosinophil-derived neurotoxin/RNase

2 functions as an effective antiviral agent against respiratory

syncytial virus. J Infect Dis. 1998; 177: 1458�64. doi: 10.1086/
515322.

96. Yang D, Chen Q, Rosenberg HF, Rybak SM, Newton DL,

Wang ZY, et al. Human ribonuclease A superfamily members,

eosinophil-derived neurotoxin and pancreatic ribonuclease,

induce dendritic cell maturation and activation. J Immunol.

2004; 173: 6134�42. doi: 10.4049/jimmunol.173.10.6134.

97. Yang D, Chen Q, Su SB, Zhang P, Kurosaka K, Caspi RR,

et al. Eosinophil-derived neurotoxin acts as an alarmin to

activate the TLR2-MyD88 signal pathway in dendritic cells

and enhances Th2 immune responses. J Exp Med. 2008; 205:

79�90. doi: 10.1084/jem.20062027.

98. Kim KS, Won HR, Park CY, Hong JH, Lee JH, Lee KE,

et al. Analyzing serum eosinophil cationic protein in the

clinical assessment of chronic rhinosinusitis. Am J Rhinol

Allergy. 2013; 27: e75�80. doi: 10.2500/ajra.2013.27.3901.
99. Ponikau JU, Winter LA, Kephart GM, Squillace DL,

Hershcovitch MD, Moon S, et al. An immunologic test for

chronic rhinosinusitis based on free intranasal eosinophilic

major basic protein. Int Forum Allergy Rhinol. 2015; 5:

28�35. doi: 10.1002/alr.21421.
100. Jung JW, Kang HR, Lee HS, Park HW, Cho SH, Min KU,

et al. Expression levels of eosinophil granule protein mRNAs

in induced sputum reflect airway hyperresponsiveness and

airflow limitation. Tohoku J Exp Med. 2014; 233: 49�56. doi:
10.1620/tjem.233.49.

101. Bystrom J, Patel SY, Amin K, Bishop-Bailey D. Dissecting

the role of eosinophil cationic protein in upper airway disease.

Curr Opin Allergy Clin Immunol. 2012; 12: 18�23. doi:

10.1097/ACI.0b013e32834eccaf.

102. Bystrom J, Amin K, Bishop-Bailey D. Analysing the eosino-

phil cationic protein--a clue to the function of the eosinophil

granulocyte. Respir Res. 2011; 12: 10. doi: 10.1186/1465-

9921-12-10.

103. Khoury P, Grayson PC, Klion AD. Eosinophils in vasculitis:

characteristics and roles in pathogenesis. Nat Rev Rheumatol.

2014; 10: 474�83. doi: 10.1038/nrrheum.2014.98.

104. Shamri R, Xenakis JJ, Spencer LA. Eosinophils in innate

immunity: an evolving story. Cell Tissue Res. 2011; 343: 57�83.
doi: 10.1007/s00441-010-1049-6.

105. Yamamura K, Adachi T, Masuda T, Kojima Y, Hara A, Toda

T, et al. Intracellular protein phosphorylation in eosinophils

and the functional relevance in cytokine production. Int Arch

Allergy Immunol. 2009; 149(Suppl 1): 45�50. doi: 10.1159/
000210653.

106. Curran CS, Bertics PJ. Lactoferrin regulates an axis involving

CD11b and CD49d integrins and the chemokines MIP-1a
and MCP-1 in GM-CSF-treated human primary eosinophils.

J Interferon Cytokine Res. 2012; 32: 450�61. doi: 10.1089/
jir.2011.0111.

107. Nutku E, Zhuang Q, Soussi-Gounni A, Aris F, Mazer BD,

Hamid Q. Functional expression of IL-12 receptor by human

eosinophils: IL-12 promotes eosinophil apoptosis. J Immunol.

2001; 167: 1039�46. doi: 10.4049/jimmunol.167.2.1039.

108. Cirino G, Vergnolle N. Proteinase-activated receptors (PARs):

crossroads between innate immunity and coagulation. Curr

Opin Pharmacol. 2006; 6: 428�34. doi: 10.1016/j.coph.2006.
05.001.

109. Shpacovitch V, Feld M, Bunnett NW, Steinhoff M. Protease-

activated receptors: novel PARtners in innate immunity. Trends

Immunol. 2007; 28: 541�50. doi: 10.1016/j.it.2007.09.001.

110. Inoue Y, Matsuwaki Y, Shin SH, Ponikau JU, Kita H.

Nonpathogenic, environmental fungi induce activation and

degranulation of human eosinophils. J Immunol. 2005; 175:

5439�47. doi: 10.4049/jimmunol.175.8.5439.

111. Yoon J, Ponikau JU, Lawrence CB, Kita H. Innate antifungal

immunity of human eosinophils mediated by a b2 integrin,

CD11b. J Immunol. 2008; 181: 2907�15. doi: 10.4049/

jimmunol.181.4.2907.

112. Munitz A, Bachelet I, Fraenkel S, Katz G, Mandelboim O,

Simon HU, et al. 2B4 (CD244) is expressed and functional

on human eosinophils. J Immunol. 2005; 174: 110�8. doi:

10.4049/jimmunol.174.1.110.

113. Munitz A Levi-Schaffer F. Inhibitory receptors on eosino-

phils: a direct hit to a possible Achilles heel? J Allergy Clin

Immunol. 2007; 119: 1382�7. doi: 10.1016/j.jaci.2007.01.031.
114. Dunne DW, Richardson BA, Jones FM, Clark M, Thorne

KJ, Butterworth AE. The use of mouse/human chimaeric

antibodies to investigate the roles of different antibody iso-

types, including IgA2, in the killing of Schistosoma mansoni

schistosomula by eosinophils. Parasite Immunol. 1993; 15:

181�5. doi: 10.1111/j.1365-3024.1993.tb00598.x.
115. Jönsson F, Mancardi DA, Zhao W, Kita Y, Iannascoli B,

Khun H, et al. Human FcgRIIA induces anaphylactic and

allergic reactions. Blood. 2012; 119: 2533�44. doi: 10.1182/
blood-2011-07-367334.

116. Watanabe T, Okano M, Hattori H, Yoshino T, Ohno N, Ohta

N, et al. Roles of FcgRIIB in nasal eosinophilia and IgE

production in murine allergic rhinitis. Am J Respir Crit Care

Med. 2004; 169: 105�12. doi: 10.1164/rccm.200302-239OC.

117. Horie S, Kita H. CD11b/CD18 (Mac-1) is required for

degranulation of human eosinophils induced by human recom-

binant granulocyte-macrophage colony-stimulating factor and

platelet-activating factor. J Immunol. 1994; 152: 5457�67.
118. Kato M, Abraham RT, Okada S, Kita H. Ligation of the b2

integrin triggers activation and degranulation of human

eosinophils. Am J Respir Cell Mol Biol. 1998; 18: 675�86.
doi: 10.1165/ajrcmb.18.5.2885.

119. Nagata M, Sedgwick JB, Kita H, Busse WW. Granulocyte

macrophage colony-stimulating factor augments ICAM-1

and VCAM-1 activation of eosinophil function. Am J Respir

Cell Mol Biol. 1998; 19: 158�66. doi: 10.1165/ajrcmb.19.1.

3001.

120. Gounni AS, Lamkhioued B, Ochiai K, Tanaka Y, Delaporte

E, Capron A, et al. High-affinity IgE receptor on eosinophils

is involved in defence against parasites. Nature. 1994; 367:

183�6. doi: 10.1038/367183a0.
121. Ciebiada M, Gorska-Ciebiada M, Gorski P. sICAM-1 and

TNF-a in asthma and rhinitis: relationship with the presence

of atopy. J Asthma. 2011; 48: 660�6. doi: 10.3109/02770903.
2011.604886.

122. Barnes PJ. Mechanisms and resistance in glucocorticoid

control of inflammation. J Steroid Biochem Mol Biol. 2010;

120: 76�85. doi: 10.1016/j.jsbmb.2010.02.018.

123. Karaki M, Akiyama K, Mori N. Efficacy of intranasal steroid

spray (mometasone furoate) on treatment of patients with

seasonal allergic rhinitis: comparison with oral corticoster-

oids. Auris Nasus Larynx. 2013; 40: 277�81. doi: 10.1016/
j.anl.2012.09.004.

124. Fregonese L, Silvestri M, Sabatini F, Rossi GA. Cysteinyl

leukotrienes induce human eosinophil locomotion and adhesion

molecule expression via a CysLT1 receptor-mediated mecha-

nism. Clin Exp Allergy. 2002; 32: 745�50. doi: 10.1046/j.1365-
2222.2002.01384.x.

125. Busse W, Kraft M. Cysteinyl leukotrienes in allergic inflam-

mation: strategic target for therapy. Chest. 2005; 127: 1312�26.
doi: 10.1378/chest.127.4.1312.

Immunological molecules of eosinophils in respiratory disease

Citation: Advances in Cellular and Molecular Otolaryngology 2015, 3: 26601 - http://dx.doi.org/10.3402/acmo.v3.26601 11
(page number not for citation purpose)

http://journals.sfu.ca/coaction/index.php/acmo/article/view/26601
http://dx.doi.org/10.3402/acmo.v3.26601


126. Nagata M, Saito K, Tsuchiya K, Sakamoto Y. Leukotriene

D4 upregulates eosinophil adhesion via the cysteinyl leuko-

triene 1 receptor. J Allergy Clin Immunol. 2002; 109: 676�80.
doi: 10.1067/mai.2002.122841.

127. Gschwentner M, Susanna A, Schmarda A, Laich A, Nagl

UO, Ellemunter H, et al. ICln: a chloride channel paramount for

cell volume regulation. J Allergy Clin Immunol. 1996; 98(5 Pt 2):

S98�101; discussion: S105�6. doi: 10.1016/S0091-6749(96)

70023-4.

128. Stenton GR, Chow SM, Lau HY. Inhibition of rat peritoneal

mast cell exocytosis by frusemide: a comparison with diso-

dium cromoglycate. Life Sci. 1998; 62: PL49�54. doi: 10.1016/
S0024-3205(97)01107-7.

129. Holgate ST. Reflections on the mechanism(s) of action of

sodium cromoglycate (Intal) and the role of mast cells in

asthma. Respir Med. 1989; 83(Suppl A): 25�31. doi: 10.1016/
S0954-6111(89)80247-1.

130. El-Shazly AE, Henket M, Lefebvre PP, Louis R. 2B4

(CD244) is involved in eosinophil adhesion and chemotaxis,

and its surface expression is increased in allergic rhinitis after

challenge. Int J Immunopathol Pharmacol. 2011; 24: 949�60.

131. Nomiya R, Okano M, Fujiwara T, Maeda M, Kimura Y, Kino

K, et al. CRTH2 plays an essential role in the pathophysiology

of Cry j 1-induced pollinosis in mice. J Immunol. 2008; 180:

5680�8. doi: 10.4049/jimmunol.180.8.5680.

132. Okano M, Fujiwara T, Sugata Y, Gotoh D, Masaoka Y, Sogo

M, et al. Presence and characterization of prostaglandin D2-

related molecules in nasal mucosa of patients with allergic

rhinitis. Am J Rhinol. 2006; 20: 342�8. doi: 10.2500/ajr.

2006.20.2865.

133. El-Shazly AE, Begon DY, Kustermans G, Arafa M, Dortu E,

Henket M, et al. Novel association between vasoactive

intestinal peptide and CRTH2 receptor in recruiting eosino-

phils: a possible biochemical mechanism for allergic eosino-

philic inflammation of the airways. J Biol Chem. 2013; 288:

1374�84. doi: 10.1074/jbc.M112.422675.

134. El-Shazly AE, Moonen V, Mawet M, Begon D, Henket M,

Arafa M, et al. IFN-g and TNF-a potentiate prostaglandin

D2-induced human eosinophil chemotaxis through up-

regulation of CRTH2 surface receptor. Int Immunopharmacol.

2011; 11: 1864�70. doi: 10.1016/j.intimp.2011.07.017.

135. Ulven T, Kostenis E. Novel CRTH2 antagonists: a review of

patents from 2006 to 2009. Expert Opin Ther Pat. 2010; 20:

1505�30. doi: 10.1517/13543776.2010.525506.
136. Eloy P, Poirrier AL, De Dorlodot C, Van Zele T, Watelet JB,

Bertrand B. Actual concepts in rhinosinusitis: a review of

clinical presentations, inflammatory pathways, cytokine pro-

files, remodeling, and management. Curr Allergy Asthma

Rep. 2011; 11: 146�62. doi: 10.1007/s11882-011-0180-0.
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