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Th17 and Allergy

Keisuke Obokil, Tatsukuni Ohno!, Hirohisa Saito!? and Susumu Nakael23

ABSTRACT

The identification of novel helper T (Th) cell subsets, i.e., IL-17-producing Th cells (Th17 cells) and regulatory T
cells (Treg cells), provided new insight into our understanding of the molecular mechanisms involved in the de-
velopment of infectious and autoimmune diseases as well as immune responses, and thus led to revision of the
classic Th1/Th2 paradigm. Several current lines of evidence from gene-deficient mice indicate that IL-17 and
Th17 cells, but not IFN-y and Th1 cells, are responsible for the development of autoimmune diseases such as
murine arthritis and encephalomyelitis, which have classically been considered to be Th1-mediated disorders.
Th17 cells may also contribute to the pathogenesis of classically recognized Th2-mediated allergic disorders.
In this review, we summarize the current knowledge regarding IL-17 and Th17 cells and discuss their potential

roles in the pathogenesis of allergic disorders.
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INTRODUCTION

Allergic disorders, which affect approximately 30% of
the population in developed countries, are genetically
determined and/or environmentally affected multifac-
torial, refractory diseases. These disorders are associ-
ated with chronic inflammation characterized by in-
flux of a large number of eosinophils and accumula-
tion of mast cells in the lesions and increased IgE
production.12 Leukemic patients who did not have
any allergic symptoms developed allergic diseases
such as asthma or rhinitis after therapeutic transplan-
tation of bone marrow stem cells from donors who
had such allergic disorders,34 suggesting that bone
marrow-derived immune cells contribute to the devel-
opment of allergic disorders. In particular, several
lines of evidence generated in gene- and immune cell-
deficient mice clearly demonstrated that helper T
(Th) cells play central roles in the accumulation/acti-
vation of eosinophils and mast cells and in IgE pro-
duction by B cells, contributing to the pathogenesis
of allergic disorders.1,2

Since the discovery of two distinct types of Th cells
(IFN-y-producing Thl cells and Il-4-producing Th2
cells) in mice by Coffman and colleagues in 1986,5
mutual regulation between Thl cells and Th2 cells
(Th1/Th2 balance) has been considered to be impor-

tant for homeostatic maintenance of the immune sys-
tem in the whole body. For example, dysregulation of
the Th1/Th2 balance leads to excessive Th1 cell or
Th2 cell activation, resulting in the development of
autoimmune diseases associated with accumulation
of Th1 cells or induction of allergic diseases due to
accumulation of Th2 cells, respectively.¢ Thus, the
concept of a Th1/Th2 balance provided the basis for
understanding the molecular mechanisms of immune
responses and/or disease development and has been
widely accepted as a “paradigm” of the immune sys-
tem for the past two decades.”

On the other hand, changes in autoimmune dis-
eases that could not be explained by the Th1/Th2
paradigm were also observed in several settings: un-
expectedly, IFN-y/IFN-yR-deficiency or-neutralization
resulted in exacerbation, rather than attenuation, of
development of autoimmune diseases such as murine
encephalomyelitis,®10 arthritis,11.12 uveitis!3.14 and ne-
phritis,1> which have classically been considered to
be Thl-mediated diseases. Studies for non-Th1/Th2-
cell-based mechanisms for the pathogenesis of auto-
immune diseases identified two additional Th cell
subsets, i.e., IL-17-producing Th cells (Th17 cells)
and regulatory T cells (Treg cells). These cells pro-
vided new insight into the molecular mechanisms in-
volved in immune responses and/or disease develop-
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ment, and led to revision of the classic Th1/Th2 para-
digm in such settings. Likewise, these new T cell sub-
sets, particularly Th17 cells, may also contribute to
the pathogenesis of classically recognized Th2-
mediated allergic disorders. In this review, we sum-
marize current knowledge regarding IL-17 and Th17
cells and discuss their potential roles in the patho-
genesis of allergic disorders.

TH17 CELLS (THi-17 CELLS/THi CELLS)

In 2000, Infante-Duarte et al. first demonstrated that
IL-17-producing T cells were a distinct Th population
from Thl cells and Th2 cells in both mice and hu-
mans.1®6 Subsequently, the importance of IL-17-
producing T cells rather than Th1 cells for the devel-
opment of certain diseases, e.g., attenuated develop-
ment of contact hypersensitivityl” and arthritis,1® was
demonstrated in IL-17-deficient mice. These observa-
tions clearly indicated the involvement of IL-17 in the
pathogenesis of such disorders, but the molecular
mechanisms involving IL-17 and/or IL-17-producing
T cells remained unclear. Based on the findings of
Infante-Duarte et al., Aggarwal et al. reported that IL-
23 can promote iz vitro 1L-17 production by certain
Th cells which are categorized as neither Thl cells
nor Th2 cells.1® Then, Murphy et al. found that IL-23-
deficient mice had fewer IL-17-producing T cells dur-
ing autoimmune diseases such as collagen-induced
arthritis and were able to completely suppress the
disease development.20 Almost simultaneously,
Nakae et al. reported that IL-17-deficient mice exhib-
ited marked suppression of the development of
collagen-induced arthritis.2! These observations indi-
cate that IL-23-mediated IL-17 production, rather than
IL-12-mediated IFN-y induction, is crucial for the de-
velopment of autoimmune diseases. In 2005, Langrish
et al. provided direct iz vivo evidence that I1-17-
producing Th cells (called “Thir17 cells”) induced by
IL-23, rather than IFN-y-producing Th1 cells induced
by IL-12, played a central role in the induction of
murine encephalomyelitis.22 In support of this notion,
Harrington et al. and Park et al. established the basis
of the molecular mechanism in the development of
IL-17-producing T cells (called “Th17 cells” or “in-
flammatory T cells; Thi cells”) that require distinct
cytokines (IL-23 but not IL-12 and I1-4) and transcrip-
tion factors from those of Th1l cells and Th2 cells.23.24
In 2006, IL-6 in the presence of TGF-f rather than IL-
23 was identified as the crucial combination for differ-
entiation of IL-17-producing Th cells iz vitro?> and in
vivo?6.27 in mice. Moreover, Ivanov et al. identified
ROR-yt as a key transcription factor for Th17 cell dif-
ferentiation.28 In addition, in the absence of IL-6, IL-
21 also induces IL-17-producing Th cell differentia-
tion.2931 However, IL-6 plus TGF-B-mediated IL-17-
producing T cells lack pathogenic activities since
such IL-17-producing T cells also secrete an anti-
inflammatory cytokine, 11-10.32 In mice, IL-23 is re-
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quired for the differentiation from IL-6 plus TGF-3-
mediated IL-17+, IL-10* nonpathogenic T cells to
pathogenic Th17 cells which do not produce IL-10.32
On the other hand, I1-27 suppresses Thl7 cell-
differentiation33-3¢ by inducing IL-10- and IFN-y
producing T-bett Trl cells from IL-6 plus TGF-B-
mediated IL-17+, IL-10+ T cells in mice.32:3537 Like IL-
27, the newly identified IL-12-related cytokine IL-35,
which is produced by Foxp* Treg cells, suppresses
Th17 celllmediated immune responses in mice, al-
though the precise molecular mechanism remains
unknown.3839 In contrast, human Th17 cell differen-
tiation requires a cytokine milieu that is distinct from
that needed for mouse Th17 cell differentiation: TGF-
B is not essential for human Th17 cell differentiation.
In humans, combination of IL-1B and IL-23, or IL-1B
and IL-6, but not IL-1B, IL-6 or IL-23 alone, signifi-
cantly induces Th17 cells as well as I1-17+ and IFN-y*
Th cells.4041 The schemes of Th differentiation in hu-
mans and mice are summarized in Figure 1.

IL-17 AND ALLERGIC ASTHMA

Allergic asthma is considered to be a Th2-dominant
chronic inflammatory disease of the lungs.4243 In-
creased Th2-cytokine and IgE levels and accumula-
tion/activation of Th2 cells, eosinophils and mast
cells are observed in asthmatic lungs.42:43

IL-17 mRNA and/or proteins were reported to be
increased in the lungs, sputum, bronchoalveolar lav-
age (BAL) fluids or sera from asthmatics,44-50 and the
levels of I1-17 correlated with the degree of severity
of airway hypersensitivity in asthmatic patients,4” im-
plying a contribution of IL-17 to the pathogenesis of
asthma. Supporting those observations, IL-17 can po-
tentiate bronchial fibroblast, epithelial cell and
smooth muscle cell activation. That is, IL-17 enhances
IL-6, IL-8, IL-11 and CXCL1/Groo. production by hu-
man bronchial fibroblasts,45> 3-defensin-2, ICAM-1, IL-
8, CXCL1, CCL20, G-CSF, MUC5B and MUC5AC ex-
pression/production by human bronchial epithelial
cells,5157 and IL-6 and IL-8 production by human air-
way smooth muscle cells (Fig. 2).5859 Nevertheless,
these IL-17-mediated inflammatory mediators do not
seem to contribute to the development of Th2-
mediated eosinophil-dominant allergic asthma, since
IL-8 and CXCL1/Groo. are potent chemoattractant
factors for neutrophils, and IL-6 and G-CSF are impor-
tant for granulopoiesis, especially neutrophil develop-
ment. In addition, IL-17 inhalation led to induction of
neutrophilia rather than eosinophilia in the airways of
rodents.60.61 However, these observations may pro-
vide us with new insight into the pathogenesis of
“non-Th2-type” asthma.

As “non-Th2-type” asthma, several investigators
found asthmatic patients who had neutrophil-, rather
than eosinophil-, rich pulmonary inflammation.62-68
The heterogeneity in the symptoms of asthma has
been classified as atopic and non-atopict” and eosino-
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Fig. 1 The revised scheme of Th cell differentiation in humans and mice. In the mouse, naive T cells differenti-

ate into Th1 cells in the presence of IL-12 or IL-27, Th2 cells in the presence of IL-4, TSLP or IL-25, Th17 cells
in the presence of IL-23 after TGF-B1 plus IL-6- or IL-21-mediated cell differentiation, Tr1 cells in the presence of
IL-27 after TGF-B1 plus IL-6- or IL-21-mediated cell differentiation, and Th3/iTreg cells in the presence of TGF-31
and IL-2. In man, naive T cells differentiate into Th1 cells in the presence of IL-2, Th2 cells in the presence of IL-
4 and Th17 cells in the presence of IL-1f plus IL-6 or IL-1B plus IL-23. The mechanisms of human Tr1 and

Th3/iTreg cell differentiation remain unclear.

philic and non-eosinophilic.64.68

Amin et al. demonstrated that atopic asthmatics
showed Th2-type airway inflammation characterized
by increased IL-4+ and IL-5+ cells and eosinophils in
bronchial biopsies and increased serum IgE levels,
whereas non-atopic asthmatics exhibited non-Th2
type airway inflammation characterized by increased
IL-8+ cells and neutrophils in bronchial biopsies, and
no elevation of serum IgE.6” On the other hand, in-
creased mast cell accumulation was observed in both
atopic and non-atopic patients irrespective of the IgE
level.67 Clear structural differences were also ob-
served between atopic and non-atopic patients: the
degree of epithelial damage and the thickness of the
tenascin and laminin layer were greater in atopic
asthmatics than in non-atopic asthmatics (Fig. 3).67

Wenzel et al. examined the heterogeneity of infil-
trated cells in lung biopsy from mild, moderate and
severe asthmatic patients and healthy subjects.64
Mild and moderate asthmatics showed predomi-
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nantly eosinophilic inflammation, while severe asth-
matics showed neutrophilic inflammation.64 More-
over, these neutrophil-associated severe asthmatics
also can be divided into two populations, eosinophil-
negative and -positive.64 The counts of other cell
types (CD3+ cells, CD4+ cells, CD8* cells, CD68* cells
and mast cells) in the biopsy were comparable in
healthy subjects and mild, moderate and non-
eosinophil but neutrophil-associated severe asthmat-
ics.64 However, these cells, including neutrophils and
eosinophils, as well as pathological changes in the
lungs were dramatically increased in eosinophil- and
neutrophil-associated severe asthmatics compared
with other populations.64 Gibson et al. also presented
further evidence of the heterogeneity of cell types
and inflammatory mediator levels in the sputum from
eosinophilic and non-eosinophilic asthmatics, having
found increased neutrophils and elevated IL-8 in non-
eosinophilic asthmatics (Fig. 3).68 Importantly, the se-
verity of asthma correlated well with the number of
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Fig. 2 IL-17 activities in various types of cells. IL-17 promotes (indicated as 1 ) and suppresses (indicated as
! ) the expression and/or production of various molecules in epithelial, endothelial and smooth muscle cells, fibro-
blasts, keratinocytes, macrophages and dendritic cells.

neutrophils.6266,68 Otherwise, the dichotomous classi-
fications by steroid sensitivity may be similar to the
classification by eosinophilic and non-eosinophilic
asthma. Fosinophilic mild/moderate asthmatics are
sensitive to steroid treatment, while non-
eosinophilic/neutrophilic or eosinophilic/neutro-
philic severe asthmatics are resistant (Fig. 3).69

Douwes et al. reported that various studies from
1995 to 2000 using specimens from asthmatics who
were defined as having eosinophil-dominant features
actually contained data from non-eosinophil/
neutrophil-dominant asthmatics.”0 Likewise, although
I1-17 levels were significantly increased in the spu-
tum of severe asthmatics,4950 the heterogeneity of
asthmatics who showed increased IL-17 levels was
not clearly characterized in some reports.4448 Thus,
IL-17 may contribute to the pathogenesis of non-
atopic and/or non-eosinophil/neutrophil-dominant
asthma, and it may be a new marker for classification
of such non-Th2 type asthma.

IL-17 IN A TH2 CYTOKINE-MEDIATED AND
EOSINOPHIL-DOMINANT MOUSE ASTHMA
MODEL

The well-established model of Th2-type asthma in
mice is an allergic response against ovalbumin
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(OVA), fungal antigens and cockroach antigens. Sen-
sitization with such antigens and subsequent intrana-
sal or aerosol challenge with the same antigens in
mice results in the development of airway inflamma-
tion and elevated airway hypersensitivity responses
(AHR). However, the responses vary as a result of dif-
ferent sensitization protocols, immunization routes,
antigens and mouse backgrounds.’1.72 For instance,
in the case of OVA-induced AHR, the requirement for
immune cells and mediators is affected by use of ad-
juvants during the sensitization. Although mast cells
and B cell-derived IgE-mediated mast cell activation
are considered to be responsible for the development
of asthma, mast cells,”374 B cells? and IgE-FceRI-,76
IL-1-I1-1R-,7778 TNF-TNFR-79 and CCR880.81-mediated
responses are not essential for induction of eosino-
philic airway inflammation and AHR in mice sensi-
tized with OVA emulsified in alum as an adjuvant. In
contrast, such cells and mediators are essential for
the induction of AHR and/or eosinophilic airway in-
flammation in mice sensitized by repeated injection of
OVA without any adjuvant.”47679.82 Moreover, even if
the sensitization protocols are the same, the pheno-
types differ among the genetic background.”1,72.83 For
example, distinct responses are observed in TNEF-
and TNFR-deficient mice,79.8487 II-1R1-deficient
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Fig. 3 Classification of “atopic and non-atopic” and “eosinophilic and non-eosinophilic” asthma.
Atopic patients show elevated serum IgE levels and increased Th2 cells and eosinophils, while non-
atopic patients show increased IL-8" cells and neutrophils without elevation of serum IgE. In addi-
tion, atopic patients can be roughly divided into two populations, eosinophilic and non-eosinophilic
asthmatics. Eosinophilic asthmatics who are steroid-responsive and mild to moderate in severity
show Th2 cytokine- and eosinophil-dominant inflammation, whereas non-eosinophilic asthmatics
who are steroid-resistant and have refractory symptoms show non-Th2 cytokine- and neutrophil-

dominant inflammation.

mice?888 and CCR8-deficient mice80.81.89 between the
129 (Ola or Sv/]) xB6 mixed, C57BL/6 and BALB/c
backgrounds. However, irrespective of different sen-
sitization protocols and mouse genetic backgrounds,
similar features of pathogenesis characterized by
Th2-dominant and eosinophil-rich pulmonary inflam-
mation are observed: eosinophils make up approxi-
mately 80—90% of the total cells in BAL fluids, while
neutrophils generally comprise less than 5—-10%.

Using the intraperitoneal OVA with alum sensitiza-
tion protocol, IL-17-deficient mice of a 129/Sv x B6
mixed background exhibited normal AHR as as-
sessed by enhanced respiratory pause (Penh) re-
sponses,17 although Penh evaluation is currently con-
sidered to be inappropriate for measurement of air-
way function.99.91 A normal total BAL cell count, but
increased IL-4 and IL-5 levels, in the BAL fluid were
observed in IL-17-deficient mice of 129/Sv x B6
mixed background (Fig. 4A).17

Using a repeated intraperitoneal OVA sensitization
protocol (without adjuvant), Hellings et al. demon-
strated that BALB/c mice treated with anti-IL-17 neu-
tralizing mAb (clone 50104 from R&D Systems; 50
png/mouse intraperitoneally) before and during the
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phase of repeated OVA challenge exhibited compara-
ble Penh responses and BAL eosinophil counts, but
increased IL-5 levels in the BAL fluid, relative to mice
treated with control Ab (Fig. 4B).92 Notably, the BAL
neutrophil count and also the blood and bone marrow
neutrophils were reduced in anti-Il-17 mAb-treated
BALB/c mice.92

Using a repeated epicutaneous OVA sensitization
protocol (employing a gauze patch containing OVA
solution, without adjuvant), He et al. reported that
BALB/c mice treated with anti-IL-17 neutralizing
mADb (clone 50104 from R&D systems; 100 pg/mouse
intravenously) during the last epicutaneous sensitiza-
tion showed reduced Penh responses, but a normal
BAL eosinophil count in comparison with mice
treated with control Ab (Fig. 4B).93 Similar to the
findings of Hellings et al., the BAL neutrophil count
was reduced by anti-IL-17 mAb treatment.93 He et al.
also demonstrated that the epicutaneous OVA sensiti-
zation potently induced Th17 cells in draining LNs
and OVA-challenged lungs and neutrophil recruit-
ment in BALs after OVA challenge (—20% neutrophils
and —50% eosinophils in the total BAL cells), while the
intraperitoneal OVA with alum sensitization induced
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A Th2 cytokine-mediated and eosinophil-dominant murine asthma
Reference Mouse strain Experimental protocol Observations
Sensitization phase
- Impaired OVA-specific
T cell induction
Nakae gt al. IL-17-deficient 1 222324 Pay After challenge (24 h)
Immunity. 129Sv x B6 I ' I I I - Reduced serum IgE
17, 375-387 (2002) - Normal Penh.
10 ug OVA in alum 100 ug OVA in saline - Normal number of
(i.p.) (i.n) BAL cells.
- Increased IL-4 and
IL-5 in BAL fluids.
Sensitization phase
- Impaired OVA-specific
T cell induction
Schnyder-Candrian et al. 1 7 141618 D
J Exp Med IL-17R-deficient > After challenge (48 h)
203, 2715-2725 (2006) C57BL/6 I I I I I - Reduced serum IgE
10 ug OVA in alum 10 ug OVA in saline - Reduced number of
(s.c.) (i.n) eosinophils in BAL.
- Reduced EPO activity
in BAL fluids.
B Th2 cytokine-me-diated and eosinophil-dominant murine asthma
Reference Mouse strain Experimental protocol Observations
50 ug anti-IL-17 mAb - Normal Penh.
(i.p. 30 min before OVA challenge) - Normal number of
' l ' ' eosinophils in BAL.
gy pilings etal. e 1387911 323334 353637333940 Day  ncreasedL-5inBAL
" ggejgirg,o ?2003) o et frrrreet - Reduced number of
’ 10 ug O\/A in saline 10 mg/ml OVA in.saline neutrophils in BAL.
(i.p.) (aerosol, 5 min) (3 h after last challenge)
100 ug anti-IL-17 mAb (IV) - Reduced Penh.
4'2 }5 - Normal number of
eosinophils in BAL.
oo Net s 3"8 UsA  BALBY 2128 42-49 49 50 51 Day - NormalIL-4 and IL-13
roc Natl Acad Sci c > i
104, 15817-15822 (2007) f LS L AR mpﬁmi:& I#Srgnsb.er of
100 pg OVA patch 1%0OVA in saline neutrophils in BAL.
(e.c) (aerosol, 20 min) (24 h after last challenge)
1 7 14 1618 Day - Increased Penh (24 h).
Schnyder-Candrian et al. T T T > - '”?reai?ld f‘“g:fr of
J Exp Med BALB/C 10 ug OVA in alum 10 ug OVA in saline ?ZSL:S%%r:tsecljnmucds
203, 2715-2725 (2006) (s.c.) +5 g anti-IL-17 mAb secretion
(i.n) (48 h after last challenge)

150 ug anti-IL-17 mAb
(i.p. 12 h before OVA challenge) - Normal number of

Fujiwara et al. T-bSX}Eg?-Qn-qcleflment 1 1 eosinophils in BAL.
J Allergy Clin Immunol +Tb tcd fuset 14 29 30 Day - Reduced number of
119, 662:670 (2007) |- 191 0 i 'gé‘flrs‘ I T > neutrophils in BAL.
6 g OVA in alum 50 mg/ml OVA in saline (36 h after last challenge)
(i.p.) (aerosol, 20 min.)

Fig. 4 Effects of IL-17 inhibition on Th2 cytokine-mediated and eosinophil-dominant murine asthma. A) Phenotypes in IL-
17-deficient or IL-17R-deficient mice. B) Phenotypes in mice treated with anti-IL-17 neutralizing mAb.
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weak Thl7 responses and neutrophil recruitment
(less than 5% neutrophils and —70% eosinophils in the
total BAL cells).93

Thus, these observations indicate no or little contri-
bution of IL-17 to the induction of Th2-mediated
eosinophil recruitment and AHR in murine asthma.

On the contrary, using the subcutaneous OVA with
alum sensitization protocol, Schnyder-Candrian et al.
demonstrated that IL-17R (IL-17RA)-deficient mice of
a C57BL/6 background revealed profoundly impaired
eosinophil recruitment and a reduced IL-5 level in the
BAL fluid (Fig. 4A).%4 The authors concluded that the
reduced responses were caused by impaired antigen-
specific Th cell induction during the sensitization
phase in IL-17R-deficient mice.% IL-17-deficient mice
(129/SvxB6 mixed background) also showed im-
paired antigen-specific Th cell induction during in-
traperitoneal sensitization with OVA emulsified in
alum, but normal AHR and airway inflammation.1?
The distinct phenotypes between IL-17-deficient mice
and IL-17R-deficient mice may be caused by the dif-
ferences in their genetic backgrounds (129/SvxB6
mixed background vs. C57BL/6 background) and im-
munization routes (intraperitoneally vs. subcutane-
ously). He et al. showed that the intraperitoneal OVA
with alum immunization could induce Th17 cells in
the spleen, although the levels were less than those
by repeated epicutaneous OVA immunization without
any adjuvant.% On the other hand, Schnyder-
Candrian et al. showed that subcutaneous OVA with
alum immunization could not induce IL-23-
responding Th17 cells in the spleen, although it did
induce Th17 cells in the draining LNs.94 Thus, the de-
gree of induction of splenic Th17 cells after OVA sen-
sitization is influenced by the immunization route
(epicutaneouslly >> intraperitoneally > subcutane-
ously) and may affect the different contributions of
pathology to Th2-mediated and eosinophil-dominant
murine asthma.

IL-17F, which, like IL-17 is a member of the IL-17
cytokine family of molecules, binds to IL-17R (con-
sisting of IL-17RA and IL-17RC) and has similar
pathological activities to IL-17. IL-17F overexpression
in lungs induces airway neutrophilia.?> Therefore, it
can be speculated that the distinct phenotypes be-
tween IL-17-deficient mice (characterized by Nakae et
al.l’) and IL-17R-deficient mice (characterized by
Schnyder-Candrian et al.94) may be explained by a
compensatory effect of IL-17F on IL-17-deficiency.

Schnyder-Candrian et al. also investigated the role
of IL-17 in the challenge phase of OVA-induced
murine asthma. The OVA challenge in the presence
of anti-IL-17 mAb (clone 50104 from R&D Systems; 5
pg/mouse, intranasally) in the challenge phase re-
sulted in exacerbated eosinophil recruitment in BAL
fluids (Fig. 4B).%4 In contrast, OVA challenge in the
presence of rI-17 led to attenuated responses.% This
inhibitory activity of IL-17 is attributed to down-
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regulation of chemokine CCL17 (TARC) production
by bone marrow-derived cultured DCs and lung
cells.% These observations suggest that IL-17 plays a
protective role in the induction of Th2-mediated and
eosinophil-dominant inflammation in the challenge
phase of murine asthma. However, except for the dif-
ferent routes of OVA sensitization as described
above, the apparent differences in the effects of anti-
IL-17mAb treatment reported by Hellings et al.92 and
He et al.9 versus by Schnyder-Candrian et al.%4 may
have reflected, at least in part, the different timing
and routes of Ab injection, i.e., systemic Ab admini-
stration (intravenously and intraperitoneally) by Hell-
ings et al.92 and He et al.,%3 and local Ab administra-
tion (intranasally) by Schnyder-Candrian et al. (Fig. 4
B).94

Taken together, IL-17 may play a role in Th2
cytokine-mediated and eosinophil-dominant mouse
asthma by promoting allergen-specific Th cell induc-
tion in the sensitization phase and by inhibiting the
local allergic response in the challenge phase, de-
pendent at least in part on the experimental protocol
used.

IL-17 IN A TH17 CELL-MEDIATED AND
NEUTROPHIL-DOMINANT MOUSE ASTHMA
MODEL USING DO11.10 AND OTII MICE

As described above, IL-17 may contribute to the
pathogenesis of neutrophil-rich non-atopic or severe
asthma rather than that of eosinophil-rich atopic or
mild/moderate asthma. However, for investigating
the potential role of IL-17 in neutrophil-associated
asthma, the Th2-mediated and eosinophil-dominant
murine asthma model may not be appropriate.
BALB/c-DO11.10 transgenic mice, which overex-
press OVA-specific TCR genes in CD4+ T cells, exhib-
ited airway inflammation after OVA inhalation with-
out prior sensitization with OVA.17.9697 Ijke non-
atopic asthmatics, the inflammation in OVA-inhaled
DO11.10 mice is characterized by a predominant in-
flux of neutrophils rather than eosinophils in the air-
ways, without an increase in serum IgE.%.97 Similarly,
OVA-specific TCR-expressing C57BL/6-OTII trans-
genic mice% also exhibited neutrophil-dominant air-
way inflammation after OVA inhalation without prior
OVA sensitization.99 Moreover, Thl cells and Th17
cells, but not Th2 cells, are increased in BAL cells
from OVA-inhaled DO11.10 or OTII mice.? In asso-
ciation with this notion, IFN-y and IL-17, but not IL-4,
IL-5 or IL-13, are increased in the BAL fluids of these
mice.9%.9 After OVA inhalation, prior treatment with
anti-IFN-y neutralizing Ab did not exert any influence
upon neutrophil recruitment, but significantly aug-
mented eosinophil recruitment, in the BAL fluids of
DO11.10 mice.% IFN-y-deficient OTII mice exhibited
increased neutrophils as well as eosinophils in BAL
fluids after OVA inhalation.®® In contrast, airway neu-
trophilia and AHR were profoundly impaired in IL-17-
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deficient DO11.10 micel? and IL-17-deficient OTII
mice.? These observations indicate that IL-17/Th17
cells rather than IFN-y/Thl cells are responsible for
airway neutrophilia in the non-atopic asthma-like
model using DO11.10 and OTII mice (DO11.10/0TII
model). In particular, the IL-17-induced airway neu-
trophil influx was highly dependent on TNF.9

In accordance with there being no elevation of
OVA-specific IgG1 and IgE in the DO11.10/0TII
model, Ig/Ag-FcR signals were not necessary for the
airway neutrophilia.?® However, notably, Ig/Ag-FcR-
independent mast cell activation was crucial for the
event: Th17 cell-derived I1-17 promoted Ig/Ag-FcR-
independent mast cell-TNF production, resulting in
enhanced airway neutrophilia in the OTII model that
resembled non-atopic asthma.%®

The importance of the Th17/IL-17-mast cell/TNF
axis is also shown by the neutrophil recruitment in
Th2 cytokine-mediated, IgE/Mast cell-dependent and
eosinophil-dominant murine asthma induced by re-
peated OVA sensitization without any adjuvant.?9,100

Both I1-17 and TNF can induce IL-8 and IL-6 pro-
duction by human bronchial epithelial cells, but the
extent of that induction is much less than that by
TNF.101 However, IL-17 can amplify TNF-mediated
IL-8 and IL-6 production.101 Additive or synergistic ef-
fects of IL-17 on TNF-mediated immune responses
have also been observed with several cell types.102,103

Like IL-17, TNF can induce airway neutrophilia and
AHR in healthy subjects.1 TNF levels in sputum
from non-eosinophilic (neutrophilic) asthmatic pa-
tients are higher than those in eosinophilic pa-
tients.195 TNF-positive mast cells were increased in
the airway submucosa in biopsies from asthma pa-
tients.106,107 Anti-TNF therapy reduced the severity of
the disease in severe asthmatics (including small re-
ductions in both eosinophils and neutrophils in the
sputum),107-109 hut not the pulmonary eosinophilia in
patients with mild or moderate asthma.110 Thus, the
Th17/IL-17-mast cell/TNF axis may be involved in
the development of not only non-atopic asthma but
also severe asthma.

IL-17 IN A TH17 CELL-MEDIATED AND
NEUTROPHIL-DOMINANT MOUSE ASTHMA
MODEL CREATED BY T CELL TRANSFER

After OVA inhalation, airway inflammation can be in-
duced by passive transfer of T cells from DO11.10
mice into naive mice that had not been sensitized
with OVA. Indeed, Cohn et al. demonstrated that
naive BALB/c mice engrafted in vitro with DO11.10
Th2 cells induced by II-4 (DO11.10 Th2 cells —
BALB mice), or with DO11.10 Th1l cells induced by
IL-12 (DO11.10 Thl cells — BALB mice), exhibited
eosinophil-dominant or neutrophil-dominant airway
inflammation.111 Based on the observations in the in-
tact DO11.10/0OTII mouse model noted above, how-
ever, the Thl-mediated neutrophilia may be influ-
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enced by other cell contaminations such as Thl7
cells. In support of this, it was reported that BALB/c
mice engrafted with DO11.10 Th17 cells, which were
generated with TGF-B, IL-6, IL-13, TNF and IL-23 in
vitro (D0O11.10 Th17 cells — BALB mice), showed
airway neutrophilia after OVA inhalation.112 Interest-
ingly, the authors also demonstrated the involvement
of IL-17 and II-17F in airway neutrophilia. Both re-
combinant I1-17 and IL-17F inhalation induced airway
neutrophilia in mice, but the effects of 11-17 were
much more potent than those of IL-17F. Further-
more, the airway neutrophilia in OVA-inhaled DO
11.10 Th17 cells — BALB mice was suppressed by
treatment with anti-IL-17 mAb but not anti-IL-17F
mADb, indicating that Th17 cell-derived IL-17 rather
than IL-17F plays the central role in such settings.112

T-bet, which is a transcription factor, plays a cen-
tral role in Th1 cell development (Fig. 1).113 T cell/B
cell-deficient Rag-2-deficient mice engrafted with T-
bet-deficient DO11.10 CD4+ T cells, which include
many Th17 cells and Th2 cells but few Thl cells in
comparison with wild-type DO11.10 CD4+ T cells, ex-
hibited increased neutrophils as well as eosinophils
in the BAL fluid after OVA challenge.114 The increase
in neutrophils, but not the increase in eosinophils, in
the BAL fluid from Rag-2-deficient mice engrafted
with T-bet-deficient DO11.10 CD4+ T cells was attenu-
ated by treatment with anti-IL-17 mAb (clone 50104
from R&D Systems; 150 pg/mouse, intraperitoneally)
(Fig. 4B).114 Thus, these observations indicate that
Th17 cells (IL-17 but not IL-17F), rather than Thl
cells and Th2 cells, are responsible for neutrophil re-
cruitment in the passive Th cell transfer murine
asthma model.

IL-17 IN CHEMICALLY INDUCED MOUSE
ASTHMA MODEL

Airway inflammation induced by chemicals such as
toluene diisocyanate (TDI),115116 hezamethylene di-
isocyanate (HDI)117.118 and dinitrofluorobenzene
(DNFB)119,120 js used as a murine model resembling
occupational asthma or sick building/house syn-
drome and characterized by an influx of neutrophils.
Although TNF and mast cells are responsible for the
DNFB-induced neutrophilic airway inflamma-
tion,119,120 the possible contribution of 11-17 to the
diseases remains unknown. However, it was shown
that IL-17 is important for the neutrophil recruitment
in TDI-induced airway inflammation.121 These limited
observations suggest that IL-17 may be involved in
the pathogenesis of occupational asthma or sick
building/house syndrome.

IL-17 IN ALLERGIC RHINITIS, CONJUNCTI-
VITIS AND FOOD ALLERGY

Allergic rhinitis, conjunctivitis and food protein-
induced allergic enterocolitis are considered to be
typical Th2 cytokine-dominant diseases. It was re-
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ported that IL-17 was detectable in the nasal fluids
from patients with allergic and viral rhinitis, although
the IL-17 levels were much higher in viral rhinitis
than in allergic rhinitis.122 Both eosinophils and neu-
trophils had infiltrated the inflammatory lesions of pa-
tients with conjunctivitis, and increased IL-8 levels
and mast cell activation were also observed.123,124 In
certain cases, patients with food-protein enterocolitis
syndrome exhibited a significant increase in neutro-
phils.125 In humans and rodents, the roles of IL-17
and Th17 cells in such allergic diseases remain to be
elucidated. However, the limited observations to date
imply that I1-17 may contribute to neutrophil recruit-
ment by inducing IL-8 or mast cell activation.

IL-17 IN ALLERGIC DERMATITIS

It was recently shown that IL-17 and Th17 cells con-
tribute to the pathogenesis of psoriasis, which is an
autoimmune skin disorder.126 IL-17 can promote IL-6,
IL-8, Groo,, GM-CSF, SCF and ICAM-1 expression/
production127-129 by keratinocytes and CCL20 (MIP-
3a) expression by dermal fibroblasts, dermal mi-
crovascular endothelial and dendritic cells, and
keratinocytes.130 Although IL-17 was increased more
in skin biopsy specimens from patients with acute-
phase atopic dermatitis compared with the chronic
phase,13! the precise roles of IL-17 and Thl7 in the
disease development remain to be elucidated.

Classically, contact dermatitis (contact hypersensi-
tivity; CHS) was regarded as one form of delayed-
type hypersensitivity (DTH) reaction. However,
based on the findings in gene-deficient mice, it is
known that CHS develops due to different molecular
mechanisms from DTH.132 MHC class I-deficient
mice, which lack CD8+ T cells, showed attenuated
CHS responses, while MHC class II-deficient mice,
which lack CD4+ T cells, showed exacerbated dis-
ease.133 These observations indicate that CD8* T cells
are an effector, while CD4+ T cells are a regulator, in
such settings. On the other hand, studies using CD4-
deficient and CD8-deficient mice indicated that both
CD4+ T cells and CD8+ T cells are required as effec-
tor cells for CHS responses.134 Supporting this, it was
further reported that MHC class Il-deficiency also led
to attenuation of CHS.135

As in the development of autoimmune diseases,
CHS responses are also considered to induce exces-
sive IFN-yproducing Th1 cells and Tcl cells.132.134
However, CHS responses induced by oxazolone,!36
TNCB136,137 and DNFB138139 developed normally in
IFN-y- and IFN-yR1-deficient mice. IFN-yR2-deficient
mice (129xB6 mixed background) showed reduced
CHS responses induced by FITC,140 while IFN-y-
deficient mice (C57BL/6 background) exhibited nor-
mal CHS responses induced by FITC and oxazolone
(Nakae S; unpublished observation). Thus, these ob-
servations indicate that IFN-y is not essential for the
development of CHS, and at least, CHS does not
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seem to be a Thl/Tcl-mediated response.
Oxazolone-induced CHS developed normally in 11-4-
deficient mice having a 129xB6,141 BALB/c142 or C57
BL/6143 background, while TNCB- or DNFB-induced
CHS was decreased in I1-4-deficient mice having a
BALB/c or C57BL/6 background,!42-144 but not in IL-
13-deficient mice having a 129xB6 mixed back-
ground.145> Mice deficient in STAT-6, which is essen-
tial for IL-4 and I1-13 signal transduction, exhibited
attenuated CHS responses induced by oxazolone,
TNCB, DNFB or FITC.135146 Thus, these observa-
tions indicate that Th2-cytokines, rather than Thl-
cytokines, are important for the chemical induction of
CHS responses, although the responses are affected
by the mouse background and chemicals used.

Nickel-specific Th clones which were established
from patients with allergic contact dermatitis ex-
pressed I1-17,128129 jmplying a contribution of IL-17
and Th17 cells to the disease. IL-17-deficient mice of
129xB6 mixed background exhibited reduced CHS
induced by DNFB and TNCB.17 FITC- and oxazolone-
induced CHS responses were also attenuated in IL-
17-deficient mice having a C57BL/6 background
(Nakae S; unpublished observations). The attenuated
CHS responses were caused by a defect in hapten-
specific Th cell induction.1” Moreover, it was shown
that IL-17-producing CD8* T cells (Tcl7 cells), but
not Tcl cells, are a central player in the induction of
CHS responses.147

Taken all together, both Th2-cytokines and Th17-
cytokines, but not Thl-cytokines, are responsible for
the development of CHS in mice.

CONCLUSIONS

In addition to its role in the development of autoim-
mune diseases, I1-17 may play roles in the develop-
ment of various allergic diseases that have classically
been considered to be Thl- or Th2-mediated disor-
ders. Moreover, IL-17 may be a new marker of dis-
ease progression and a new target for therapy.

ACKNOWLEDGEMENTS

‘We thank Ms. Hiromi Wakita for the illustrations in
the figures.

REFERENCES
1. Parronchi P, Brugnolo F, Sampognaro S, Maggi E. Ge-
netic and environmental factors contributing to the onset

of allergic disorders. Int. Arch. Allergy Immunol. 2000;
121:2-9.

2. Valenta R, Ball T, Focke M et al. Immunotherapy of aller-
gic disease. Adv. Immunol. 2004;82:105-153.

3. Saarinen UM. Transfer of latent atopy by bone marrow
transplantation? A case report. J. Allergy Clin. Immunol.
1984;74:196-200.

4. Agosti JM, Sprenger JD, Lum LG et al. Transfer of
allergen-specific IgE-mediated hypersensitivity with allo-
geneic bone marrow transplantation. N. Engl. J. Med.

129



Oboki K et al.

1988;319:1623-1628.

5. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA,
Coffman RL. Two types of murine helper T cell clone. 1.
Definition according to profiles of lymphokine activities
and secreted proteins. J. Immunol. 1986;136:2348-2357.

6. Bach JF. The effect of infections on susceptibility to auto-
immune and allergic diseases. N. Engl. J. Med. 2002;347:
911-920.

7. Abbas AK, Murphy KM, Sher A. Functional diversity of
helper T lymphocytes. Nature 1996;383:787-793.

8. Ferber IA, Brocke S, Taylor-Edwards C et al. Mice with a
disrupted IFN-y gene are susceptible to the induction of
experimental autoimmune encephalomyelitis (EAE). J.
Immunol. 1996;156:5-7.

9. Krakowski M, Owens T. Interferon-y confers resistance to
experimental allergic encephalomyelitis. Eur. J. Immunol.
1996;26:1641-1646.

10. Willenborg DO, Fordham S, Bernard CC, Cowden WB,
Ramshaw IA. IFN-y plays a critical down-regulatory role in
the induction and effector phase of myelin oligodendro-
cyte glycoprotein-induced autoimmune encephalomyeli-
tis. J. Immunol. 1996;157:3223-3227.

11. Manoury-Schwartz B, Chiocchia G, Bessis N et al. High
susceptibility to collagen-induced arthritis in mice lacking
IFN-y receptors. J. Immunol. 1997;158:5501-5506.

12. Vermeire K, Heremans H, Vandeputte M, Huang S, Bil-
liau A, Matthys P. Accelerated collagen-induced arthritis
in IFN-y receptor-deficient mice. J. Immunol. 1997;158:
5507-5513.

13. Caspi RR, Chan CC, Grubbs BG et al. Endogenous sys-
temic IFN-y has a protective role against ocular autoim-
munity in mice. J. Immunol. 1994;152:890-899.

14. Jones LS, Rizzo LV, Agarwal RK et al. IFN-y-deficient mice
develop experimental autoimmune uveitis in the context
of a deviant effector response. J. Immunol. 1997;158:
5997-6005.

15. Ring GH, Dai Z, Saleem S, Baddoura FK, Lakkis FG. In-
creased susceptibility to immunologically mediated
glomerulonephritis in IFN-y-deficient mice. J. Immunol.
1999;163:2243-2248.

16. Infante-Duarte C, Horton HF, Byrne MC, Kamradt T. Mi-
crobial lipopeptides induce the production of IL-17 in Th
cells. J. Immunol. 2000;165:6107-6115.

17. Nakae S, Komiyama Y, Nambu A et al. Antigen-specific T
cell sensitization is impaired in IL-17-deficient mice, caus-
ing suppression of allergic cellular and humoral re-
sponses. Immunity 2002;17:375-387.

18. Nakae S, Saijo S, Horai R, Sudo K, Mori S, Iwakura Y. IL-
17 production from activated T cells is required for the
spontaneous development of destructive arthritis in mice
deficient in IL-1 receptor antagonist. Proc. Natl. Acad. Sci.
U. S. A. 2003;100:5986-5990.

19. Aggarwal S, Ghilardi N, Xie MH, de Sauvage FJ, Gurney
AL. Interleukin-23 promotes a distinct CD4 T cell activa-
tion state characterized by the production of interleukin-
17.]. Biol. Chem. 2003;278:1910-1914.

20. Murphy CA, Langrish CL, Chen Y et al. Divergent pro-

and antiinflammatory roles for 11-23 and IL-12 in joint

130

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

autoimmune inflammation. J. Exp. Med. 2003;198:1951-
1957.

Nakae S, Nambu A, Sudo K, Iwakura Y. Suppression of
immune induction of collagen-induced arthritis in IL-17-
deficient mice. J. Immunol. 2003;171:6173-6177.

Langrish CL, Chen Y, Blumenschein WM et al. 11-23
drives a pathogenic T cell population that induces autoim-
mune inflammation. J. Exp. Med. 2005;201:233-240.
Harrington LE, Hatton RD, Mangan PR et al. Interleukin
17-producing CD4" effector T cells develop via a lineage
distinct from the T helper type 1 and 2 lineages. Nat. Im-
munol. 2005;6:1123-1132.

Park H, Li Z, Yang XO et al. A distinct lineage of CD4 T
cells regulates tissue inflammation by producing inter-
leukin 17. Nat. Immunol. 2005;6:1133-1141.

Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stock-
inger B. TGF-B in the context of an inflammatory cytokine
milieu supports de novo differentiation of IL-17-producing
T cells. Immunity 2006;24:179-189.

Mangan PR, Harrington LE, O’Quinn DB et al. Trans-
forming growth factor- induces development of the
TH17 lineage. Nature 2006;441:231-234.

Bettelli E, Carrier Y, Gao W et al. Reciprocal developmen-
tal pathways for the generation of pathogenic effector
TH17 and regulatory T cells. Nature 2006;441:235-238.
Ivanov II, McKenzie BS, Zhou L et al. The orphan nuclear
receptor RORyt directs the differentiation program of
proinflammatory IL-17° T helper cells. Cell 2006;126:
1121-1133.

Zhou L, Ivanov II, Spolski R et al. IL-6 programs TH-17
cell differentiation by promoting sequential engagement
of the IL-21 and IL-23 pathways. Nat. Immunol. 2007;8:
967-974.

Korn T, Bettelli E, Gao W et al. IL-21 initiates an alterna-
tive pathway to induce proinflammatory TH17 cells. Na-
ture 2007;448:484-487.

Nurieva R, Yang XO, Martinez G et al. Essential autocrine
regulation by IL-21 in the generation of inflammatory T
cells. Nature 2007;448:480-483.

McGeachy M]J, Bak-Jensen KS, Chen Y et al. TGF-B and
1L-6 drive the production of IL-17 and IL-10 by T cells and
restrain TH-17 cell-mediated pathology. Nat. Immunol.
2007;8:1390-1397.

Stumhofer JS, Laurence A, Wilson EH et al. Interleukin
27 negatively regulates the development of interleukin 17-
producing T helper cells during chronic inflammation of
the central nervous system. Nat. Immunol. 2006;7:937-
945.

Batten M, Li J, Yi S et al. Interleukin 27 limits autoim-
mune encephalomyelitis by suppressing the development
of interleukin 17-producing T cells. Nat. Immunol. 2006;7:
929-936.

Stumbhofer JS, Silver JS, Laurence A et al. Interleukins 27
and 6 induce STAT3-mediated T cell production of inter-
leukin 10. Nat. Immunol. 2007;8:1363-1371.

Fitzgerald DC, Zhang GX, El-Behi M et al. Suppression of
autoimmune inflammation of the central nervous system
by interleukin 10 secreted by interleukin 27-stimulated T

Allergology International Vol 57, No2, 2008 www.jsaweb.jp/



37.

38.

39.

40.

41.

42

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Th17 and Allergy

cells. Nat. Immunol. 2007;8:1372-1379.

Awasthi A, Carrier Y, Peron JP et al. A dominant function
for interleukin 27 in generating interleukin 10-producing
anti-inflammatory T cells. Nat. Immunol. 2007;8:1380-
1389.

Niedbala W, Wei XQ, Cai B et al. IL-35 is a novel cytokine
with therapeutic effects against collagen-induced arthritis
through the expansion of regulatory T cells and suppres-
sion of Th17 cells. Eur. J. Immunol. 2007;37:3021-3029.
Collison LW, Workman CJ, Kuo TT et al. The inhibitory
cytokine IL-35 contributes to regulatory T-cell function.
Nature 2007;450:566-569.

Wilson NJ, Boniface K, Chan JR et al. Development, cy-
tokine profile and function of human interleukin 17-
producing helper T cells. Nat. Immunol. 2007;8:950-957.
Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sal-
lusto F. Interleukins 1B and 6 but not transforming
growth factor-f are essential for the differentiation of in-
terleukin 17-producing human T helper cells. Nat. Immu-
nol. 2007;8:942-949.

. Wills-Karp M. Immunologic basis of antigen-induced air-

way hyperresponsiveness. Annu. Rev. Immunol. 1999;17:
255-281.

Cohn L, Elias JA, Chupp GL. Asthma: mechanisms of dis-
ease persistence and progression. Annu. Rev. Immunol.
2004;22:789-815.

Wong CK, Ho CY, Ko FW et al. Proinflammatory cytoki-
nes (IL-17, IL-6, I1-18 and IL-12) and Th cytokines (IFN-y,
114, IL-10 and IL-13) in patients with allergic asthma.
Clin. Exp. Immunol. 2001;125:177-183.

Molet S, Hamid Q, Davoine F et al. IL-17 is increased in
asthmatic airways and induces human bronchial fibro-
blasts to produce cytokines. J. Allergy Clin. Immunol.
2001;108:430-438.

Laan M, Palmberg L, Larsson K, Linden A. Free, soluble
interleukin-17 protein during severe inflammation in hu-
man airways. Eur. Respir. J. 2002;19:534-537.

Barczyk A, Pierzchala W, Sozanska E. Interleukin-17 in
sputum correlates with airway hyperresponsiveness to
methacholine. Respir. Med. 2003;97:726-733.

Chakir J, Shannon J, Molet S et al. Airway remodeling-
associated mediators in moderate to severe asthma: effect
of steroids on TGF-B, IL-11, I1-17, and type I and type III
collagen expression. J. Allergy Clin. Immunol. 2003;111:
1293-1298.

Sun YC, Zhou QT, Yao WZ. Sputum interleukin-17 is in-
creased and associated with airway neutrophilia in pa-
tients with severe asthma. Chin. Med. J. 2005;118:953-
956.

Bullens DM, Truyen E, Coteur L et al. IL-17 mRNA in
sputum of asthmatic patients: linking T cell driven inflam-
mation and granulocytic influx? Respir. Res. 2006;7:135.
Laan M, Lotvall J, Chung KF, Linden A. IL-17-induced cy-
tokine release in human bronchial epithelial cells in vitro:
role of mitogen-activated protein (MAP) kinases. Br. J.
Pharmacol. 2001;133:200-206.

Kawaguchi M, Kokubu F, Kuga H et al. Modulation of
bronchial epithelial cells by IL-17. J. Allergy Clin. Immu-

Allergology International Vol 57, No2, 2008 www.jsaweb.jp/

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

nol. 2001;108:804-809.

Jones CE, Chan K. Interleukin-17 stimulates the expres-
sion of interleukin-8, growth-related oncogene-o, and
granulocyte-colony-stimulating factor by human airway
epithelial cells. Am. J. Respir. Cell Mol. Biol. 2002;26:748-
753.

Prause O, Laan M, Lotvall J, Linden A. Pharmacological
modulation of interleukin-17-induced GCP-2-, GRO-o- and
interleukin-8 release in human bronchial epithelial cells.
Eur. J. Pharmacol. 2003;462:193-198.

Chen Y, Thai P, Zhao YH, Ho YS, DeSouza MM, Wu R.
Stimulation of airway mucin gene expression by inter-
leukin (IL)-17 through IL-6 paracrine/autocrine loop. J.
Biol. Chem. 2003;278:17036-17043.

Kao CY, Chen Y, Thai P et al. IL-17 markedly up-regulates
B-defensin-2 expression in human airway epithelium via
JAK and NF-xB signaling pathways. J. Immunol. 2004;
173:3482-3491.

Kao CY, Huang F, Chen Y et al. Up-regulation of CC
chemokine ligand 20 expression in human airway epithe-
lium by IL-17 through a JAK-independent but MEK/NF-
kB-dependent signaling pathway. J. Immunol. 2005;175:
6676-6685.

Vanaudenaerde BM, Wuyts WA, Dupont LJ, Van Raem-
donck DE, Demedts MM, Verleden GM. Interleukin-17
stimulates release of interleukin-8 by human airway
smooth muscle cells in vitro: a potential role for
interleukin-17 and airway smooth muscle cells in bron-
chiolitis obliterans syndrome. J. Heart Lung Transplant
2003;22:1280-1283.

Henness S, Johnson CK, Ge Q, Armour CL, Hughes JM,
Ammit AJ. I1-17A augments TNF-o-induced I1-6 expres-
sion in airway smooth muscle by enhancing mRNA stabil-
ity. J. Allergy Clin. Immunol. 2004;114:958-964.

Laan M, Cui ZH, Hoshino H et al. Neutrophil recruitment
by human IL-17 via C-X-C chemokine release in the air-
ways. J. Immunol. 1999;162:2347-2352.

Hoshino H, Lotvall J, Skoogh BE, Linden A. Neutrophil
recruitment by interleukin-17 into rat airways in vivo. Role
of tachykinins. Am. J. Respir. Crit. Care Med. 1999;159:
1423-1428.

Fahy JV, Kim KW, Liu J, Boushey HA. Prominent neutro-
philic inflammation in sputum from subjects with asthma
exacerbation. J. Allergy Clin. Immunol. 1995;95:843-852.
Wenzel SE, Szefler SJ, Leung DY, Sloan SI, Rex MD, Mar-
tin RJ. Bronchoscopic evaluation of severe asthma. Persis-
tent inflammation associated with high dose glucocorti-
coids. Am. J. Respir. Crit. Care Med. 1997;156:737-743.
Wenzel SE, Schwartz LB, Langmack EL et al. Evidence
that severe asthma can be divided pathologically into two
inflammatory subtypes with distinct physiologic and clini-
cal characteristics. Am. J. Respir. Crit. Care Med. 1999;
160:1001-1008.

Jatakanon A, Uasuf C, Maziak W, Lim S, Chung KF, Bar-
nes PJ. Neutrophilic inflammation in severe persistent
asthma. Am. J. Respir. Crit. Care Med. 1999;160:1532-
1539.

Ordonez CL, Shaughnessy TE, Matthay MA, Fahy JV. In-

131



67.

68.

69.

70.

71.

72.

73.

74

75.

76.

77.

78.

79.

80.

81.

82.

132

Oboki K et al.

creased neutrophil numbers and IL-8 levels in airway se-
cretions in acute severe asthma: Clinical and biologic sig-
nificance. Am. J. Respir. Crit. Care Med. 2000;161:1185-
1190.

Amin K, Ludviksdottir D, Janson C et al. Inflammation
and structural changes in the airways of patients with
atopic and nonatopic asthma. BHR Group. Am. J. Respir.
Crit. Care Med. 2000;162:2295-2301.

Gibson PG, Simpson JL, Saltos N. Heterogeneity of air-
way inflammation in persistent asthma: evidence of neu-
trophilic inflammation and increased sputum interleukin-
8. Chest 2001;119:1329-1336.

Gold DR, Fuhlbrigge AL. Inhaled corticosteroids for
young children with wheezing. N. Engl. J]. Med. 2006;354:
2058-2060.

Douwes J, Gibson P, Pekkanen J, Pearce N. Non-
eosinophilic asthma: importance and possible mecha-
nisms. Thorax 2002;57:643-648.

Lloyd CM, Gonzalo JA, Coyle AJ, Gutierrez-Ramos JC.
Mouse models of allergic airway disease. Adv. Immunol.
2001;77:263-295.

Moffatt JD. What targets have knockouts revealed in
asthma? Pharmacol. Ther. 2005;107:343-357.

Takeda K, Hamelmann E, Joetham A et al. Development
of eosinophilic airway inflammation and airway hyperre-
sponsiveness in mast cell-deficient mice. /. Exp. Med.
1997;186:449-454.

. Williams CM, Galli SJ. Mast cells can amplify airway reac-

tivity and features of chronic inflammation in an asthma
model in mice. J. Exp. Med. 2000;192:455-462.

Korsgren M, Erjefalt JS, Korsgren O, Sundler F, Persson
CG. Allergic eosinophil-rich inflammation develops in
lungs and airways of B cell-deficient mice. J. Exp. Med.
1997;185:885-892.

Mayr SI, Zuberi RI, Zhang M et al. IgE-dependent mast
cell activation potentiates airway responses in murine
asthma models. J. Immunol. 2002;169:2061-2068.

Nakae S, Komiyama Y, Yokoyama H et al. I1-1 is required
for allergen-specific Th2 cell activation and the develop-
ment of airway hypersensitivity response. Int. Immunol.
2003;15:483-490.

Schmitz N, Kurrer M, Kopf M. The IL-1 receptor 1 is criti-
cal for Th2 cell type airway immune responses in a mild
but not in a more severe asthma model. Eur. J. Immunol.
2003;33:991-1000.

Nakae S, Lunderius C, Ho LH, Schafer B, Tsai M, Galli
SJ. TNF can contribute to multiple features of ovalbumin-
induced allergic inflammation of the airways in mice. J.
Allergy Clin. Immunol. 2007;119:680-686.

Chung CD, Kuo F, Kumer J et al. CCR8 is not essential
for the development of inflammation in a mouse model of
allergic airway disease. J. Immunol. 2003;170:581-587.
Goya |, Villares R, Zaballos A et al. Absence of CCR8 does
not impair the response to ovalbumin-induced allergic air-
way disease. J. Immunol. 2003;170:2138-2146.

Gonzalo JA, Qiu Y, Lora JM et al. Coordinated involve-
ment of mast cells and T cells in allergic mucosal inflam-
mation: critical role of the CC chemokine ligand 1: CCR8

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

axis. J. Immunol. 2007;179:1740-1750.

Wilder JA, Collie DD, Wilson BS, Bice DE, Lyons CR, Lip-
scomb MF. Dissociation of airway hyperresponsiveness
from immunoglobulin E and airway eosinophilia in a
murine model of allergic asthma. Am. J. Respir. Cell Mol.
Biol. 1999;20:1326-1334.

Rudmann DG, Moore MW, Tepper ]S et al. Modulation of
allergic inflammation in mice deficient in TNF receptors.
Am. J. Physiol. Lung Cell Mol. Physiol. 2000;279:1.1047-
1057.

Broide DH, Stachnick G, Castaneda D, Nayar J, Srirama-
rao P. Inhibition of eosinophilic inflammation in allergen-
challenged TNF receptor p55/p75—and TNF receptor p
55-deficient mice. Am. J. Respir. Cell Mol. Biol. 2001;24:
304-311.

Kanehiro A, Lahn M, Makela M]J et al. Tumor necrosis
factor-o. negatively regulates airway hyperresponsiveness
through v8 T cells. Am. J. Respir. Crit. Care Med. 2001;
164:2229-2238.

Kanehiro A, Lahn M, Makela M]J et al. Requirement for
the p75 TNF-a receptor 2 in the regulation of airway hy-
perresponsiveness by v T cells. J. Immunol. 2002;169:
4190-4197.

Broide DH, Campbell K, Gifford T, Sriramarao P. Inhibi-
tion of eosinophilic inflammation in allergen-challenged,
IL-1 receptor type 1-deficient mice is associated with re-
duced eosinophil rolling and adhesion on vascular endo-
thelium. Blood 2000;95:263-269.

Chensue SW, Lukacs NW, Yang TY et al. Aberrant in vivo
T helper type 2 cell response and impaired eosinophil re-
cruitment in CC chemokine receptor 8 knockout mice. J.
Exp. Med. 2001;193:573-584.

Bates J, Irvin C, Brusasco V et al. The use and misuse of
Penh in animal models of lung disease. Am. J. Respir. Cell
Mol. Biol. 2004;31:373-374.

Sly PD, Turner DJ, Collins RA, Hantos Z. Penh is not a
validated technique for measuring airway function in
mice. Am. J. Respir. Crit. Care Med. 2005;172:256.
Hellings PW, Kasran A, Liu Z et al. Interleukin-17 orches-
trates the granulocyte influx into airways after allergen in-
halation in a mouse model of allergic asthma. Am. J.
Respir. Cell Mol. Biol. 2003;28:42-50.

He R, Oyoshi MK, Jin H, Geha RS. Epicutaneous antigen
exposure induces a Th17 response that drives airway in-
flammation after inhalation challenge. Proc. Natl. Acad.
Sci. U. S. A. 2007;104:15817-15822.

Schnyder-Candrian S, Togbe D, Couillin I ef al.
Interleukin-17 is a negative regulator of established aller-
gic asthma. J. Exp. Med. 2006;203:2715-2725.

Hurst SD, Muchamuel T, Gorman DM et al. New 11-17
family members promote Thl or Th2 responses in the
lung: in vivo function of the novel cytokine I1-25. J. Immu-
nol. 2002;169:443-453.

Knott PG, Gater PR, Bertrand CP. Airway inflammation
driven by antigen-specific resident lung CD4" T cells in
alphabeta-T cell receptor transgenic mice. Am. J. Respir.
Crit. Care Med. 2000;161:1340-1348.

Wilder JA, Collie DD, Bice DE, Tesfaigzi Y, Lyons CR,

Allergology International Vol 57, No2, 2008 www.jsaweb.jp/



Th17 and Allergy

Lipscomb MF. Ovalbumin aerosols induce airway hyper-
reactivity in naive DO11.10 T cell receptor transgenic
mice without pulmonary eosinophilia or OVA-specific an-
tibody. J. Leukoc. Biol. 2001;69:538-547.

98. Barnden M]J, Allison J, Heath WR, Carbone FR. Defective
TCR expression in transgenic mice constructed using
cDNA-based alpha- and beta-chain genes under the con-
trol of heterologous regulatory elements. Immunol. Cell
Biol. 1998;76:34-40.

99. Nakae S, Suto H, Berry GJ, Galli SJ. Mast cell-derived
TNF can promote Th17 cell-dependent neutrophil recruit-
ment in ovalbumin-challenged OTII mice. Blood 2007,
109:3640-3648.

100. Nakae S, Ho LH, Yu M et al. Mast cell-derived TNF con-
tributes to airway hyperreactivity, inflammation, and TH2
cytokine production in an asthma model in mice. J. Allergy
Clin. Immunol. 2007;120:48-55.

101. van den Berg A, Kuiper M, Snoek M et al. Interleukin-17
induces hyperresponsive interleukin-8 and interleukin-6
production to tumor necrosis factor-alpha in structural
lung cells. Am. J. Respir. Cell Mol. Biol. 2005;33:97-104.

102. Shen F, Ruddy MJ, Plamondon P, Gaffen SL. Cytokines
link osteoblasts and inflammation: microarray analysis of
interleukin-17- and TNF-o-induced genes in bone cells. J.
Leukoc. Biol. 2005;77:388-399.

103. Hartupee J, Liu C, Novotny M, Li X, Hamilton T. IL-17 en-
hances chemokine gene expression through mRNA stabi-
lization. J. Immunol. 2007;179:4135-4141.

104. Thomas PS, Yates DH, Barnes PJ. Tumor necrosis factor-
o increases airway responsiveness and sputum neutro-
philia in normal human subjects. Am. J. Respir. Crit. Care
Med. 1995;152:76-80.

105. Basyigit 1, Yildiz F, Ozkara SK, Boyaci H, Ilgazli A. In-
haled corticosteroid effects both eosinophilic and non-
eosinophilic inflammation in asthmatic patients. Mediators
Inflamm. 2004;13:285-291.

106. Bradding P, Roberts JA, Britten KM et al. Interleukin-4,
-5, and -6 and tumor necrosis factor-o. in normal and asth-
matic airways: evidence for the human mast cell as a
source of these cytokines. Am. J. Respir. Cell Mol. Biol.
1994;10:471-480.

107. Howarth PH, Babu KS, Arshad HS et al. Tumour necrosis
factor (INFo) as a novel therapeutic target in sympto-
matic corticosteroid dependent asthma. Thorax 2005;60:
1012-1018.

108. Babu KS, Davies DE, Holgate ST. Role of tumor necrosis
factor o in asthma. Immunol. Allergy Clin. North. Am.
2004;24:583-597, v-vi.

109. Berry MA, Hargadon B, Shelley M et al. Evidence of a
role of tumor necrosis factor o in refractory asthma. N.
Engl. J. Med. 2006,354:697-708.

110. Rouhani FN, Meitin CA, Kaler M, Miskinis-Hilligoss D,
Stylianou M, Levine S]. Effect of tumor necrosis factor an-
tagonism on allergen-mediated asthmatic airway inflam-
mation. Respir. Med. 2005;99:1175-1182.

111. Cohn L, Homer RJ, Marinov A, Rankin J, Bottomly K. In-
duction of airway mucus production By T helper 2 (Th2)
cells: a critical role for interleukin 4 in cell recruitment

Allergology International Vol 57, No2, 2008 www.jsaweb.jp/

but not mucus production. J. Exp. Med. 1997;186:1737-
1747.

112. Liang SC, Long AJ, Bennett F et al. An IL-17F/A heterodi-
mer protein is produced by mouse Th17 cells and induces
airway neutrophil recruitment. J. Immunol. 2007;179:
7791-7799.

113. Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleck-
man BP, Glimcher LH. Distinct effects of T-bet in TH1
lineage commitment and IFN-y production in CD4 and
CDS8 T cells. Science 2002;295:338-342.

114. Fujiwara M, Hirose K, Kagami S et al. T-bet inhibits both
TH2 cell-mediated eosinophil recruitment and TH17 cell-
mediated neutrophil recruitment into the airways. J. Al-
lergy Clin. Immunol. 2007;119:662-670.

115. Scheerens H, Buckley TL, Muis TL et al. Long-term topi-
cal exposure to toluene diisocyanate in mice leads to anti-
body production and in vivo airway hyperresponsiveness
three hours after intranasal challenge. Am. J. Respir. Crit.
Care Med. 1999;159:1074-1080.

116. Matheson JM, Lemus R, Lange RW, Karol MH, Luster
MI. Role of tumor necrosis factor in toluene diisocyanate
asthma. Am. J. Respir. Cell Mol. Biol. 2002;27:396-405.

117. Herrick CA, Xu L, Wisnewski AV, Das J, Redlich CA, Bot-
tomly K. A novel mouse model of diisocyanate-induced
asthma showing allergic-type inflammation in the lung af-
ter inhaled antigen challenge. J. Allergy Clin. Immunol.
2002;109:873-878.

118. Herrick CA, Das J, Xu L, Wisnewski AV, Redlich CA, Bot-
tomly K. Differential roles for CD4 and CD8 T cells after
diisocyanate sensitization: genetic control of TH2-induced
lung inflammation. J. Allergy Clin. Immunol. 2003;111:
1087-1094.

119. van Houwelingen AH, Kool M, de Jager SC et al. Mast
cell-derived TNF-o primes sensory nerve endings in a
pulmonary hypersensitivity reaction. J. Immunol. 2002;
168:5297-5302.

120. Kraneveld AD, van der Kleij HP, Kool M et al. Key role
for mast cells in nonatopic asthma. J. Immunol. 2002;169:
2044-2053.

121. Kim SR, Lee KS, Park S] et al. PTEN down-regulates IL-
17 expression in a murine model of toluene diisocyanate-
induced airway disease. J. Immunol. 2007;179:6820-6829.

122. Klemens C, Rasp G, Jund F et al. Mediators and cytokines
in allergic and viraltriggered rhinitis. Allergy Asthma
Proc. 2007;28:434-441.

123. Miyoshi T, Fukagawa K, Shimmura S et al. Interleukin-8
concentrations in conjunctival epithelium brush cytology
samples correlate with neutrophil, eosinophil infiltration,
and corneal damage. Cornea 2001;20:743-747.

124. Galatowicz G, Ajayi Y, Stern ME, Calder VL. Ocular anti-
allergic compounds selectively inhibit human mast cell
cytokines in vitro and conjunctival cell infiltration iz vivo.
Clin. Exp. Allergy 2007;37:1648-1656.

125. Sicherer SH, Eigenmann PA, Sampson HA. Clinical fea-
tures of food protein-induced enterocolitis syndrome. J.
Pediatr. 1998;133:214-219.

126. van Beelen A]J, Teunissen MB, Kapsenberg ML, de Jong
EC. Interleukin-17 in inflammatory skin disorders. Curr.

133



Oboki K et al.

Opin. Allergy Clin. Immunol. 2007;7:374-381.

127. Teunissen MB, Koomen CW, de Waal Malefyt R, Wier-
enga EA, Bos JD. Interleukin-17 and interferon-y syner-
gize in the enhancement of proinflammatory cytokine
production by human keratinocytes. J. Invest. Dermatol.
1998;111:645-649.

128. Albanesi C, Cavani A, Girolomoni G. IL-17 is produced by
nickel-specific T lymphocytes and regulates ICAM-1 ex-
pression and chemokine production in human keratino-
cytes: synergistic or antagonist effects with IFN-y and
TNF-o. J. Immunol. 1999;162:494-502.

129. Albanesi C, Scarponi C, Cavani A, Federici M, Nasorri F,
Girolomoni G. Interleukin-17 is produced by both Thl
and Th2 lymphocytes, and modulates interferon-gamma-
and interleukin-4-induced activation of human keratino-
cytes. J. Invest. Dermatol. 2000;115:81-87.

130. Homey B, Dieu-Nosjean MC, Wiesenborn A et al. Up-
regulation of macrophage inflammatory protein-3o/
CCL20 and CC chemokine receptor 6 in psoriasis. J. Im-
munol. 2000;164:6621-6632.

131. Toda M, Leung DY, Molet S et al. Polarized in vivo ex-
pression of II-11 and IL-17 between acute and chronic
skin lesions. J. Allergy Clin. Immunol. 2003;111:875-881.

132. Kimber I, Dearman R]. Allergic contact dermatitis: the
cellular effectors. Contact Dermatitis 2002;46:1-5.

133. Bour H, Peyron E, Gaucherand M et al. Major histocom-
patibility complex class I-restricted CD8" T cells and class
[I-restricted CD4" T cells, respectively, mediate and regu-
late contact sensitivity to dinitrofluorobenzene. Eur. J. Im-
munol. 1995;25:3006-3010.

134. Wang B, Fujisawa H, Zhuang L et al. CD4" Th1l and CD8"
type 1 cytotoxic T cells both play a crucial role in the full
development of contact hypersensitivity. J. Immunol.
2000;165:6783-6790.

135. Takeshita K, Yamasaki T, Akira S, Gantner F, Bacon KB.
Essential role of MHC Ilindependent CD4" T cells, 1L-4
and STATS6 in contact hypersensitivity induced by fluo-
rescein isothiocyanate in the mouse. Int. Immunol. 2004,
16:685-695.

136. Saulnier M, Huang S, Aguet M, Ryffel B. Role of
interferon-y in contact hypersensitivity assessed in
interferon-y receptor-deficient mice. Toxicology 1995;102:
301-312.

134

137. Nakae S, Komiyama Y, Narumi S et al. IL-1-induced tu-
mor necrosis factor-a elicits inflammatory cell infiltration
in the skin by inducing IFN-yinducible protein 10 in the
elicitation phase of the contact hypersensitivity response.
Int. Immunol. 2003;15:251-260.

138. Reeve VE, Bosnic M, Nishimura N. Interferon-y is in-
volved in photoimmunoprotection by UVA (320-400 nm)
radiation in mice. J. Invest. Dermatol. 1999;112:945-950.

139. Dhabhar FS, Satoskar AR, Bluethmann H, David JR,
McEwen BS. Stress-induced enhancement of skin im-
mune function: A role for vy interferon. Proc. Natl. Acad.
Sci. U. S. A. 2000;97:2846-2851.

140. Lu B, Ebensperger C, Dembic Z et al. Targeted disruption
of the interferon-y receptor 2 gene results in severe im-
mune defects in mice. Proc. Natl. Acad. Sci. U. S. A. 1998;
95:8233-8238.

141. Berg DJ, Leach MW, Kuhn R et al. Interleukin 10 but not
interleukin 4 is a natural suppressant of cutaneous inflam-
matory responses. J. Exp. Med. 1995;182:99-108.

142. Traidl C, Jugert F, Krieg T, Merk H, Hunzelmann N. Inhi-
bition of allergic contact dermatitis to DNCB but not to
oxazolone in interleukin-4-deficient mice. J. Invest. Derma-
tol. 1999;112:476-482.

143. Dieli F, Sireci G, Scire E, Salerno A, Bellavia A. Impaired
contact hypersensitivity to trinitrochlorobenzene in
interleukin-4-deficient mice. Immunology 1999;98:71-79.

144. Weigmann B, Schwing J, Huber H et al. Diminished con-
tact hypersensitivity response in IL-4 deficient mice at a
late phase of the elicitation reaction. Scand. J. Immunol.
1997;45:308-314.

145. Herrick CA, Xu L, McKenzie AN, Tigelaar RE, Bottomly
K. I1-13 is necessary, not simply sufficient, for epicutane-
ously induced Th2 responses to soluble protein antigen. /.
Immunol. 2003;170:2488-2495.

146. Yokozeki H, Ghoreishi M, Takagawa S et al. Signal trans-
ducer and activator of transcription 6 is essential in the in-
duction of contact hypersensitivity. J. Exp. Med. 2000;
191:995-1004.

147. He D, Wu L, Kim HK, Li H, Elmets CA, Xu H. CD8" IL-17-
producing T cells are important in effector functions for
the elicitation of contact hypersensitivity responses. J. Im-
munol. 2006;177:6852-6858.

Allergology International Vol 57, No2, 2008 www.jsaweb.jp/



