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TH17 cells are a recently described effector CD4 T-cell subset
characterized by the production of IL-17A, IL-17F, and IL-22,
which have been implicated in the pathogenesis of several
autoimmune diseases. TH17 and other IL-17A–producing T
cells, including a population of gd T cells and natural killer T
cells, have also been associated with the development of skin,
intestinal, and lung inflammatory diseases, such as asthma,
granulomatous disease, chronic obstructive pulmonary disease,
and cystic fibrosis. On the other hand, IL-17–producing T cells
play important roles in protective immunity against some
bacterial infections, mainly through the recruitment and
activation of neutrophils. Thus, their regulation appears to be
critical, and excess or deficient IL-17 elaboration leads either to
deficient responses or disease. This review will summarize TH17
cell differentiation and discuss the host beneficial and
detrimental function of IL-17A and related cytokines produced
by different subpopulations of T cells. (J Allergy Clin Immunol
2009;123:986-94.)
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Adaptive immunity provides the host with a highly specific
line of defense against invading pathogens, such as viruses,
bacteria, or helminths. CD4 TH cells orchestrate different aspects
of adaptive immune responses through the secretion of distinct
cytokines, which exert specific effector functions. Although
TH1 and TH2 cells confer protection against intracellular mi-
crobes and nematodes, respectively, TH17 cells have been impli-
cated in the defense against certain bacteria and fungi. In
addition to their beneficial roles in the control of pathogens,
TH subset effector responses can also induce pathology. Specif-
ically, TH2 cells mediate allergic and asthmatic diseases,
whereas TH1 and TH17 cells contribute to acute and chronic in-
flammation associated with tissue damage through the activation
of macrophages and neutrophils. In addition, a unique role for
TH17 cells in the development of autoimmunity and chronic
lung disorders has been postulated.

Mouse TH17 cells express the lineage-specific cytokines
IL-17A (also termed IL-17), IL-17F, and IL-22, in addition to
other inflammatory cytokines, such as IL-21, TNF-a, and GM-
CSF.1 Human TH17 cells also secrete the IL-22–related cytokine
IL-26.2 IL-17A and IL-17F display high sequence homology and
can be secreted as homodimers, as well as IL-17A/F heterodimers,
by both mouse and human cells.3,4 The cognate receptor for IL-
17A is IL-17RA, which also binds IL-17F, albeit with a lower
affinity. In mice the cognate receptor for IL-17F is IL-17RC, and
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Abbreviations used

CIA: Collagen-induced arthritis

CXCL: Cysteine-X-cysteine chemokine ligand

EAE: Experimental autoimmune encephalomyelitis

FoxP3: Forkhead box protein 3

G-CSF: Granulocyte colony-stimulating factor

NK: Natural killer

MMP: Matrix metalloproteinase

OVA: Ovalbumin

RORgt: Retinoic acid–related orphan receptor gt

Treg: Regulatory T

in human subjects IL-17RA and IL-17RC can form a heterodimer
that is able to bind both IL-17A and IL-17F.1,5 IL-17RA and IL-
17RC are expressed to different extents by hematopoietic cells, as
well as nonimmune cells, such as fibroblasts, smooth muscle
cells, and epithelial cells.1 The broad expression of their receptors
underscores the role TH17 effector cytokines have been suggested
to play in the course of immune responses and diseases.

CYTOKINE MILIEU, MICROBIAL STIMULI, AND

ANTIGEN DOSE IN TH17 DEVELOPMENT
Differentiation into TH1 and TH2 cell subsets has been exten-

sively studied. IL-12 and IFN-g are the key cytokines that drive
TH1 differentiation, whereas IL-4 is crucial for the development
of TH2 cells. Specifically, IFN-g and IL-4 regulate the induction
of the lineage-specific transcription factors T-box transcription
factor and GATA-3, respectively.6 In addition to polarizing
cytokines, the strength of T-cell receptor signaling (or antigen
dose), costimulatory molecules, and the stimulation of pattern-
recognition receptors by pathogen-associated molecular pat-
terns strongly influence TH1 and TH2 differentiation.7-9

Similar to TH1 and TH2 cells, the development of TH17 and in-
ducible regulatory T (Treg) cells from naive CD41 T cells is
cross-regulated by cytokines. In mice, TGF-b alone induces the
transcription factor forkhead box protein 3 (FoxP3) and develop-
ment of inducible Treg cells10; however, the combination of IL-6
and TGF-b skews the balance toward TH17 cell differentiation
through the suppression of FoxP3 and the induction of the nuclear
receptor retinoic acid–related orphan receptor gt (RORgt).11-14

Of note, IL-6–deficient mice display impaired frequencies of
TH17 cells and enhanced FoxP31 Treg cells in the course of
experimental autoimmune encephalomyelitis (EAE).15,16 The
presence of fungal components, such as b1-3 glucan (curdlan)
and zymosan, or bacterial pathogen-associated molecular pat-
terns, such as LPS, CpG, and muramyl dipeptide, leads to an in-
flammatory microenvironment rich in IL-6, promoting the
generation of IL-17A–producing CD4 T cells both in mice and
human subjects.13,17-22

The role of antigen dose in regulating mouse TH17 develop-
ment has recently been described. High antigen doses and micro-
bial stimuli synergistically promote TH17 differentiation through
GLOSSARY

CXCL1, CXCL5, CXCL9: All are members of the chemokine family that

signals through G-coupled receptors. CXC members are classified by the

presence of an amino acid between the 2 N-terminal cysteines. CXCL1

(Groa) is important for neutrophil recruitment. CXCL5 is made by

epithelial cells, activates neutrophils, and binds to the chemokine recep-

tor CXCR2; CXCL9 (MIG) binds CXCR3, which is expressed by TH1 cells.

gd T CELL: gd T cells recognize nonpeptide or unprocessed antigen, can

respond directly to pathogen-associated molecular patterns, and inter-

act with antigen independent of MHC. They are localized on mucosal

surfaces, as well as in the skin, and can produce TH1-, TH2-, and TH17-

associated cytokines.

GATA-3, IL-4: Both are factors critical in determining TH2 phenotype.

GATA-3 is a member of the GATA family of transcription factors and ac-

tivates the transcription of the IL4, IL5, and IL13 genes. The GATA3 gene

is activated by IL-4 and signal transducer and activator of transcription 6.

IL-4 induces B-cell IgE switching, TH2 cell differentiation, and effector re-

sponses, including IL-5–mediated eosinophilia and IL-13–mediated gob-

let cell hyperplasia.

IL-8: Also known as CXCL8, IL-8 is important for the recruitment of

neutrophils to sites of injury.

IL-12, IFN-g: Part of the TH1 cytokine/interleukin profile, IL-12 and IFN-g

are important for the clearance of infectious organisms, including

viruses, bacteria, fungi, and protozoan parasites. IL-12 is composed of

biologically active p40/35 heterodimers and stimulates the production

of IFN-g. IL-12p40, IL-12 receptor b1, and IFN-g receptor deficiency all

lead to severe nontuberculous mycobacterial infections.

IL-17F, IL-17A: The IL-17 family is comprised of IL-17A through IL-17F.

IL-17A and IL-17F are typically expressed by TH17, NK T, and gd T cells;

IL-17E (IL-25) is made by TH2 cells and promotes allergic TH2 responses.

IL-25 can suppress IL-17–mediated inflammatory disease.

IL-22: IL-22, although coproduced by TH17 cells, is differentially regu-

lated from IL-17A and IL-17F. It is also produced by a population of NK

cells. IL-22 receptor is expressed on epithelial cells and triggers release

of antimicrobial peptides. IL-22 promotes host defense against bacterial

infection at contact points with the environment (skin, airway, and intes-

tinal cells).

IL-23: IL-23 is secreted by dendritic cells and macrophages. It is essential

for maintenance of TH17 cells. IL-23–deficient mice are completely pro-

tected from autoimmune inflammatory diseases, whereas IL-17A– and

IL-17F–deficient mice are only partly protected.

OVA CHALLENGE: In allergen-induced models of allergic disease, mice

are first sensitized to OVA (eg, through intraperitoneal injection) and

then challenged (eg, intranasally or orally) to create a TH2 response in

the appropriate target organ.

PATHOGEN-ASSOCIATED MOLECULAR PATTERN, PATTERN-RECOG-

NITION RECEPTOR: Pathogen-associated molecular patterns are evo-

lutionarily conserved structural motifs on bacteria, viruses, fungi, and

other invading pathogens that are recognized by germline-encoded,

nonadaptive receptors (pattern-recognition receptors) on cells of the

innate immune system. Pathogen-associated molecular patterns func-

tion as danger signals that activate innate immune cells. Toll-like

receptors are an important family of pattern-recognition receptors.

RORgT: RORgt is a lineage-specific transcription factor essential for

TH17 cell development. ROR2/2 mice lack TH17 cells, and overexpression

of ROR drives naive T cells to a TH17 phenotype.

T-BOX TRANSCRIPTION FACTOR: T-box transcription factor (T-bet) is a

transcription factor that is essential for TH1 cell induction and IFN-g

expression; isolated expression of T-bet can cause a shift of TH2 to TH1

cells. T-bet/signal transducer and activator of transcription 6–deficient

mice have augmented autoimmune colitis, with CD4 cells that lack

IL-10 production.

The Editors wish to acknowledge Seema Aceves, MD, PhD, for preparing this glossary.
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the upregulation of CD40 ligand on T cells and CD40-mediated
IL-6 production by dendritic cells.19 Accordingly, abrogation of
CD40–CD40 ligand interaction inhibited the differentiation of
TH17 cells both in vitro and in vivo.

In addition to IL-6, IL-1b, TNF-a, and IL-21, together with
TGF-b have been described to support TH17 polarization.13,16,23-25

IL-21 produced by TH17 cells provides a positive feedback loop
for the further expansion of differentiated cells and, together
with IL-6, induces the expression of IL-23 receptor.1 However, a
mandatory role of IL-21 in vivo has been questioned by the finding
that TH17 cells and autoimmune diseases develop normally in the
absence of IL-21 or IL-21 receptor.26,27 In contrast, IL-23 is abso-
lutely required for disease pathogenesis in many models of autoim-
munity. In mice IL-23 was also originally proposed to initiate TH17
development28,29; however, IL-23 receptor expression was shown
to be induced only on already differentiated TH17 cells.12,25,30

These findings suggest that IL-23 promotes the expansion and
maintenance of IL-17A–producing effector T cells.31,32 Of note,
GM-CSF has also been shown to promote the generation and sur-
vival of TH17 cells by stimulating IL-6 and IL-23 production.33

In contrast to mice, the conditions favoring the development of
TH17 cells in human subjects are not yet fully elucidated; in par-
ticular, the role of TGF-b remains controversial.34-36 As opposed
to TGF-b, IL-1b, together with IL-6 or IL-23, was shown to pri-
marily direct IL-17A production by human CD4 T cells.17,37,38 A
recent publication by Cosmi et al38 further indicates that in human
subjects TH17 cells develop in response to IL-1b and IL-23 from a
thymic CD1611 CD4 T-cell precursor, which constitutively ex-
presses RORgt and IL-23 receptor.38 However, more recently,
TGF-b in combination with IL-6, IL-1b, or IL-21 has also been
shown to contribute to the development of human TH17 cells
under certain conditions.34,39

THE PATHOGENICITY OF TH17 CELLS IN

AUTOIMMUNE DISEASES
The description of TH17 cells as a distinct T-cell subset origi-

nated from observations based on mouse models of autoimmune
disorders.31,32 It was shown that mice deficient for the IL-23
subunits p40 or p19 were protected from the development of
EAE, a model for human multiple sclerosis, as well as from
collagen-induced arthritis (CIA).40,41 Protection from disease
was attributed to the impaired development of IL-17A–producing
CD4 T cells, whereas TH1 responses were shown to be normal in
the absence of IL-23. The detrimental role of TH17 in these
models was further suggested by experiments performed in
mice lacking IL-17A, which were less susceptible to the develop-
ment of the autoimmune diseases.42,43 Furthermore, inhibition of
IL-17A by active vaccination resulted in impaired development of
EAE, CIA, and autoimmune myocarditis.44,45 In further support
of these data, increased levels of TH17-polarizing and effector cy-
tokines both in the blood and at the inflammation site have been
linked with several human autoimmune diseases, such as multiple
sclerosis, rheumatoid arthritis, psoriasis, and inflammatory bowel
disease.36 Of note, levels of IL-17A were shown to correlate with
the severity of the disease.46-48

The mechanisms underlying the detrimental role of TH17 cells
in autoimmune diseases still remain to be fully elucidated. TH17
cells have been shown both in mice and human subjects to secrete
IL-17A, IL-17F, and IL-22, as well as other inflammatory
cytokines, such as TNF-a.36,49-51 TH17 effector cytokines in
turn induce the secretion of proinflammatory cytokines and
chemokines, such as TNF-a, IL-1b, IL-6, cysteine-X-cysteine
chemokine ligand 1 (CXCL1), CXCL2, and granulocyte col-
ony-stimulating factor (G-CSF), thereby regulating recruitment
of neutrophils and other inflammatory leukocytes, tissue inflam-
mation, and damage.50,52-54 In the context of multiple sclerosis
and arthritis, it was shown that IL-17A and IL-22 induce the dis-
ruption of the blood-brain barrier and promote the recruitment of
inflammatory cells into the central nervous system,55 and a role
for IL-17A in mediating osteoclast differentiation and bone de-
struction has also been described.56,57 In addition, IL-22 was
shown to act on keratinocytes to induce antimicrobial peptides
and proinflammatory molecules, as well as to inhibit their differ-
entiation, thus contributing to the pathogenicity of psoriasis.58,59

Despite the considerable number of investigations describing
the role of the TH17 cell subset in autoimmunity, the question re-
mains whether these cells are the only players in mediating dis-
ease. In fact, TH1 cells were originally described to mediate
autoimmune pathology, and this assumption was later challenged
by studies in which mice lacking the TH1-polarizing cytokine
IL-12 were not protected from EAE and CIA and even displayed
exacerbated disease outcome.40,41 However, more recent reports
revealed that depending on the method used, TH17 and TH1 cells
could mediate autoimmune diseases, such as experimental auto-
immune uveitis60 or EAE, which was then characterized by neu-
trophil or macrophage infiltration, respectively.61 Moreover,
especially in human subjects, a considerable proportion of
IL-17A–producing CD4 T cells also secrete IFN-g.62 These re-
sults led to the general assumption that both TH1 and TH17 cells
and their effector cytokines might substantially contribute to the
pathogenicity of autoimmune diseases, a point that becomes par-
ticularly important for the development of new therapeutic strat-
egies.63,64 Inhibition of TNF-a, which is secreted by both TH1 and
TH17 cells, has proved to be an effective therapeutic approach in
autoimmunity,36 and a neutralizing antibody against the IL-12–
and IL-23–common subunit p40 has shown positive results for
the treatment of psoriasis,65 thus highlighting the involvement
of both TH subsets in inflammation.

TH17 CELLS AND EFFECTOR CYTOKINES IN

PULMONARY IMMUNE RESPONSES
In addition to their role in autoimmunity, TH17 cells have been

associated with the development of protective immune responses
in the lung. In mice the importance of IL-17 in conferring protec-
tion against pulmonary bacterial infections was demonstrated
after intranasal challenge with Klebsiella pneumoniae.54 In the
absence of functional IL-17RA signaling, infected animals dis-
played increased bacterial dissemination and mortality when
compared with their wild-type counterparts. The role of TH17
cells in this model was supported by Happel et al,66 who showed
increased susceptibility to disease in IL-23p19– and IL-23p40–
deficient mice but decreased bacterial load after administration
of IL-17A.66 Notably, a similar result was obtained after treatment
with IL-22, which also seems to play an important role in immu-
nity against K. pneumoniae.67 In line with the expected effector
function of IL-17A, the increased susceptibility of IL-17RA–de-
ficient mice to bacterial infection correlated with decreased che-
mokine production and impaired neutrophil recruitment to the site
of infection.54 Various reports have described the capacity of
IL-17A, IL-17F, and IL-22 in inducing the secretion of CXCL8
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FIG 1. Beneficial and detrimental roles for TH17 effector cytokines in the course of pulmonary immune re-

sponses. Bacterial and fungal infections in the lung trigger generation of TH1 cells, TH17 cells, gd T cells, and

NK T cells, which secrete a panel of proinflammatory cytokines. IL-17A and related cytokines play an impor-

tant role in inducing mobilization and activation of neutrophils, which contribute to pathogen clearance.

However, predominant IL-17 production and associated neutrophil influx and neutrophil-derived products,

including metalloproteinases, elastase, and reactive oxygen species, can have host-detrimental roles and

contribute to the pathogenesis of severe lung inflammatory diseases, such as chronic asthma, chronic ob-

structive pulmonary disease, and cystic fibrosis. The effector phase of allergic asthma is determined by TH2-

mediated allergic responses, including eosinophilia, mucus production, and airway hyperresponsiveness,

which can be inhibited by IL-17A. The stimuli and the cellular sources of IL-17A and related cytokines in the

course of a particular inflammatory lung disease still remain to be fully elucidated. Notably, the exposure of

mice to ozone has been shown to lead to the expression of IL-17A by NK T cells. N, Neutrophils; E, eosin-

ophils; ROS, reactive oxygen species; TSLP, thymic stromal lymphopoietin.
(IL-8), CXCL1, CXCL5, IL-6, G-CSF, and GM-CSF by airway
epithelial cells.67-72 These factors all contribute to the expansion
of neutrophils from the bone marrow, as well as their survival and
recruitment to the airways, thus highlighting the importance of
TH17 effector cytokines in regulating inflammation and immunity
in the lung.73

A protective effect of TH17 immune responses has also been
described for other bacterial strains infecting the lung, such as
Mycoplasma pneumoniae and Bordetella pertussis,74,75 and IL-
23 and IL-17A are readily induced in Mycobacterium tuberculo-
sis infections in mice. Of note, gd T cells, and not TH17 cells,
were shown to be the initial source of IL-17A during primary in-
fections with M. tuberculosis or Mycobacterium bovis BCG.76,77

After infection with BCG, IL-17A–deficient mice displayed de-
creased CXCL1, CXCL2, G-CSF, and TNF-a levels and, accord-
ingly, decreased neutrophil infiltration in the early phase of the
immune response. However, absence of IL-17A did not affect
bacterial counts in the lung and susceptibility to disease. A protec-
tive role of CD4 T cell–derived IL-17A was described for M tu-
berculosis infection after vaccination with BCG. IL-17A
production by memory TH17 cells generated upon vaccination
was required for the induction of the chemokines CXCL9,
CXCL10, and CXCL11 and for the rapid recruitment of memory
TH1 cells, which eventually control bacterial growth and protec-
tion after M. tuberculosis infections.78,79 Evidence for the role of
TH17 cells in mediating host protection against infections in
human subjects is still missing; however, increased frequencies
of antigen-specific IL-17A– and IL-22–producing CD4 memory
T cells have been detected in healthy individuals previously ex-
posed to M. tuberculosis compared with those seen in infected
patients.80

A protective role of TH17 cells and IL-17A in defense against
fungal infection has been implicated by the identification of
IL-17A–producing CD4 memory T cells specific for Candida
albicans in human subjects81 and enhanced susceptibility of IL-
17RA–deficient mice to C. albicans infection.82 However, studies
by Zelante et al83 suggest that IL-23 and IL-17A have a largely
negative role in fungal infection. Gene deletion or neutralization
of IL-23 and IL-17A improved immunopathology and fungal con-
trol after pulmonary Aspergillus fumigatus and systemic C. albi-
cans infection.83 Stimulation of neutrophils with IL-23 or IL-17A
led to impaired fungicidal activity along with increased secretion
of matrix metalloproteinase (MMP) 9 and myeloperoxidase.
Cytokine treatment further prevented the initiation of an indole-
amine 2,3-dioxygenase–dependent anti-inflammatory program
in neutrophils. These results indicate that TH17 responses can
exert a detrimental effect in the course of fungal infections at mu-
cosal surfaces by affecting fungal clearance and by promoting
chronic inflammation and tissue damage.

In addition, TH17 cells have also been implicated in the path-
ogenesis of inflammatory lung diseases, such as asthma, chronic
obstructive pulmonary disease, and cystic fibrosis,84-86 which are
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TABLE I. TH17 effector cytokines in pulmonary infections and diseases

Infection/disease Cytokine effect References

Mouse

Klebsiella pneumoniae Protection, neutrophil recruitment 54, 66, 67

Mycobacterium tuberculosis Neutrophil recruitment 77

Protection, regulation of TH1 responses 78

Aspergillus fumigatus Exacerbation of inflammation, impaired fungal clearance 83

Nonallergic airway inflammation Neutrophil influx, induction of airway hyperresponsiveness 98, 124

Allergic airway inflammation Sensitization phase:

Induction of antigen-specific T cells 109, 110

Induction of eosinophilia and TH2 responses 110

Effector phase:

Suppression of inflammation 110

Normal eosinophilia, neutrophils in bronchoalveolar lavage 111

Human

In vitro Induction of inflammatory chemokines and cytokines by airway

epithelial cells, fibroblasts, smooth muscle cells, eosinophils

68-70, 88, 93, 94, 106, 107

M tuberculosis Protection? 80

Severe chronic asthma, chronic obstructive

pulmonary disease, cystic fibrosis

Neutrophil infiltration, inflammation, disease exacerbation? 84-89

Allergic asthma ? 104, 105
characterized by the influx of neutrophils into the airways. In-
creased levels of IL-17A and IL-17F could be detected in the air-
ways of patients with asthma or cystic fibrosis compared with
those seen in healthy individuals.69,71,87,88 In asthmatic individ-
uals IL-17A levels were shown to correlate with the incidence
of airway hyperresponsiveness and the severity of disease.89,90

Specifically, IL-17A expression appears enhanced in individuals
with severe and chronic forms of asthma, in which the cellular
infiltrate largely consists of neutrophils as opposed to the eosin-
ophil influx observed in patients with moderate allergic
asthma.87,91,92

As previously mentioned, IL-17A acts directly on epithelial
cells but also airway fibroblasts and smooth muscle cells to induce
the secretion of neutrophil-recruiting chemokines, such as
CXCL8.88,93-95 Moreover IL-17A and TNF-a strongly stimulate
pulmonary cells to produce IL-6, a survival and activation factor
for neutrophils.94,96 In rats direct administration of IL-17A into
the airways was shown to induce neutrophil recruitment and acti-
vation.97 Liang et al3 could additionally show that in mice TH17
cells secrete IL-17A/A homodimers, as well as IL-17A/F hetero-
dimers, which in the lung potently induce the infiltration of neu-
trophils. Furthermore, the adoptive transfer of TH17 cells induced
neutrophil infiltration and steroid-resistant airway hyperrespon-
siveness on intranasal antigen challenge, and this response was in-
hibited in the absence of IL-17RA signaling.98

These findings suggest that TH17 cells and effector cytokines
might play a prominent role in the pathogenesis of lung inflamma-
tory diseases, such as severe asthma, by promoting the recruit-
ment and survival of neutrophils (Fig 1). Moreover, in the
inflamed airways the increased production of cytokines, such as
TNF-a, IL-6, and IL-1b, might also support additional in situ
CD4 T-cell differentiation to the TH17 cell subset, leading to fur-
ther neutrophil infiltration and establishment of chronic inflam-
mation. In asthmatic individuals there is a positive correlation
between nonspecific bronchial hyperreactivity and increased fre-
quencies of neutrophils in the airways.84 Neutrophils are likely to
play a detrimental role in the course of obstructive lung diseases
by secreting inflammatory enzymes, such as myeloperoxidase,
MMPs, and elastase84; the latter promotes airway wall destruc-
tion, whereas MMP-9 mediates both tissue remodeling and mucus
hypersecretion.99 Of note, IL-17A was also shown to induce the
expression of mucin genes from human bronchial epithelial cells
in vitro.100

Although allergic asthma can be inhibited by corticosteroids,101

this treatment is not effective against airway inflammatory dis-
eases characterized by enhanced neutrophilia.102 Corticosteroids
might even exacerbate inflammation by enhancing survival and
CXCL8-dependent recruitment of neutrophils into the airways103;
therefore other therapeutic approaches have to be considered. In
line with the role of IL-17A and IL-17F in regulating granulopoi-
esis, recruitment, and survival of neutrophils, it can be speculated
that inhibition of TH17 effector functions represents a promising
therapeutic strategy for the treatment of airway inflammatory dis-
eases characterized by exacerbated neutrophil infiltration and ac-
tivation, such as severe asthma, chronic obstructive pulmonary
disease, or cystic fibrosis.102

TH17 EFFECTOR CYTOKINES IN ALLERGIC AIRWAY

INFLAMMATION
Accumulating evidence implicates IL-17 in the development

and progression of allergic asthma. First, IL-17 expression is
upregulated after allergen challenge, and restimulation of aller-
gen-specific T cells from atopic asthmatic patients results in
enhanced production of IL-17 compared with that seen in
nonallergic control subjects.104,105 In addition, IL-17 has also
been shown to induce the release of the eosinophil-recruiting che-
mokine eotaxin from airway smooth muscle cells, and both IL-17
and IL-17F were able to induce the release of inflammatory
mediators from human eosinophils in vitro.106,107 Interestingly,
allergic individuals display lower frequencies of allergen-specific
IL-10–producing Treg cells.108 Considering that Treg and TH17
cell differentiation is crossregulated, it can be speculated that in
allergic individuals the balance is skewed toward inflammatory
TH17 cells. Regulation of the balance between these cell subsets
might play an important role in determining the development of
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tolerance or disease in the lung. However, models of ovalbumin
(OVA)-induced allergic asthma in mice treated with IL-17–neu-
tralizing antibodies or genetically deficient for IL-17A, IL-17F,
or IL-17RA have provided a more complex picture. Mice defi-
cient for IL-17A or IL-17RA showed impaired induction of
OVA-specific T cells upon sensitization and reduced TH2-type al-
lergic airway inflammation (with a more pronounced defect in IL-
17RA knockout animals), suggesting that IL-17A and possibly
IL-17F contributed to the development of asthma in the sensitiza-
tion phase.109,110 Conversely, IL-17A appears to inhibit asthma
responses (eg, airway hyperresponsiveness, eosinophilia, and mu-
cus production) in the effector phase, as suggested by results ob-
tained from intranasal administration of recombinant IL-17 to
OVA-sensitized mice and from neutralization of IL-17A during
the challenge phase.110 Intriguingly, the route of sensitization
seems to play an important role in IL-17–driven pulmonary in-
flammatory response considering that epicutaneous sensitization
resulted in much stronger TH17 responses compared with those
seen after intraperitoneal sensitization, whereas TH1 and TH2 re-
sponses were comparable. Accordingly, OVA inhalation by mice
that were sensitized epicutanenously (by using patches for deliv-
ery of antigen through shaved skin) induced neutrophil influx in
the lung along with bronchial hyperreactivity, which were re-
versed by IL-17 blockade.111

TH2 cells are known to drive allergic asthma, and IL-4, the key
TH2 cytokine, has been described as a potent inhibitor of TH17 de-
velopment.28,112 Consistently, IL-4 receptor–deficient mice,
which are protected from allergic asthma, showed increased IL-
17 levels in the lungs that were partially responsible for suppres-
sion of lung eosinophilia.110 This argues that the balance of IL-17
and IL-4 levels in the lung determines the severity of allergic
asthma. An overall inhibitory role of TH17 cells in patients with
allergic asthma might also be suggested by the exacerbated
lung eosinophilia and frequencies of TH2 cells in IL-6–deficient
mice, which are defective in development of TH17 cells (unpub-
lished data).113

Taken together, these results clearly implicate IL-17 in asthma;
however, no firm conclusions can be drawn. Given such disparate
data, it is tempting to speculate that IL-17 does not play a
dominant role in allergic asthma and its function might be more
limited to diseases in which neutrophils play a critical role.
Further focus on human studies or more relevant mouse models of
allergic asthma (eg, purified allergens as opposed to innocuous
proteins, such as OVA, and inhalation sensitization rather than
systemic protein/adjuvant sensitization) might be the key to
bringing clarity to the role of IL-17 in allergic asthma.

IL-17–PRODUCING gd T CELLS AND NATURAL

KILLER T CELLS IN THE RESPIRATORY TRACT
In addition to TH17 cells, gd T cells and natural killer (NK) T

cells have also been shown to produce IL-17A in the lung. Pulmo-
nary IL-17A–producing gd T cells have been detected after
infection with M tuberculosis,76 as well as in response to bleomy-
cin-induced tissue damage.114 Notably, gd T cells have been asso-
ciated with innate immune responses against bacterial infections
and the regulation of lung tissue homeostasis and repair against
infectious and noninfectious insults.115-117 Conversely, a particu-
lar subset of gd T cells secreting IL-17A has been shown to con-
tribute to hyperinflammatory granulomatous disease and fatal
lung tissue damage during pulmonary aspergillosis.118
NK T cells represent another T-cell subset, which was recently
described to produce IL-17A in mice.119 These invariant
IL-17A–secreting NK T cells were shown to be frequent in the
lung, to induce the recruitment of neutrophils into the airways
in response to a-galactosylceramide or LPS, and to express the
lineage-specific transcription factor RORgt.120 NK T cells play
an important role in the regulation and amplification of immune
responses through the rapid production of inflammatory cyto-
kines.121 Of note, NK T cells have been reported to localize in
the lungs of asthmatic individuals, and mice lacking NK T cells
displayed impaired bronchial hyperreactivity in a model of aller-
gic airway inflammation, suggesting a role for this cell subset
in the pathogenesis of asthma and airway hyperresponsive-
ness.122,123 Furthermore, Pichavant et al124 proposed a role for
NK T cells in the development of airway hyperresponsiveness af-
ter exposure to ozone. In this model ozone inhalation induced in-
filtration of neutrophils, IL-17A–producing NK T cells, and
airway hyperreactivity. Of note, the development of ozone-in-
duced asthma was shown to be impaired in the absence of NK
T cells and in IL-17A–deficient mice. Although the induction
of IL-17A expression in gd T cells and NK T cells has yet to
be elucidated, these studies do highlight IL-17A–secreting NK
and gd T cells as potential regulators of allergic and nonallergic
asthma.

CONCLUDING REMARKS
In conclusion, IL-17A, IL-17F, and IL-22 are produced by

distinct types of T cells, including TH17 cells, gd T cells, and NK
T cells, that are involved in the induction and effector phase of a
variety of immune responses. The rapid activation of gd and NK T
cells to secrete IL-17A might represent an important innate mech-
anism for the recruitment of neutrophils in response to bacterial
infection, in particular at mucosal surfaces. Depending on the tim-
ing, the tissue, and the local microenvironment, IL-17A–secreting
cells appear to play both beneficial and detrimental roles in lung
immunity and disease. Given the current controversy on the rele-
vance of IL-17A and related effector cytokines in the respiratory
tract (Table I),* further work is certainly required to clarify how
this pathway of inflammation could be harnessed for future
therapeutics.

We thank Jan Kisielow for stimulating discussion.

REFERENCES

1. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annu Rev

Immunol 2009 [Epub ahead of print].

2. Dubin PJ, Kolls JK. Th17 cytokines and mucosal immunity. Immunol Rev 2008;

226:160-71.

3. Liang SC, Long AJ, Bennett F, Whitters MJ, Karim R, Collins M, et al. An IL-

17F/A heterodimer protein is produced by mouse Th17 cells and induces airway

neutrophil recruitment. J Immunol 2007;179:7791-9.

4. Wright JF, Guo Y, Quazi A, Luxenberg DP, Bennett F, Ross JF, et al. Identifica-

tion of an interleukin 17F/17A heterodimer in activated human CD41 T cells.

J Biol Chem 2007;282:13447-55.

5. Toy D, Kugler D, Wolfson M, Vanden Bos T, Gurgel J, Derry J, et al. Cutting

edge: interleukin 17 signals through a heteromeric receptor complex. J Immunol

2006;177:36-9.

6. Murphy KM, Reiner SL. The lineage decisions of helper T cells. Nat Rev Immu-

nol 2002;2:933-44.

*See references 54, 66-70, 77, 78, 80,83-89, 93, 94, 98, 104-107, 109-111, and 124.



J ALLERGY CLIN IMMUNOL

MAY 2009

992 NEMBRINI, MARSLAND, AND KOPF
7. Ruedl C, Bachmann MF, Kopf M. The antigen dose determines T helper sub-

set development by regulation of CD40 ligand. Eur J Immunol 2000;30:

2056-64.

8. Nembrini C, Abel B, Kopf M, Marsland BJ. Strong TCR signaling, TLR ligands,

and cytokine redundancies ensure robust development of type 1 effector T cells. J

Immunol 2006;176:7180-8.

9. Marsland BJ, Kopf M. T-cell fate and function: PKC-theta and beyond. Trends

Immunol 2008;29:179-85.

10. Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion of

peripheral CD41CD25- naive T cells to CD41CD251 regulatory T cells by

TGF-beta induction of transcription factor Foxp3. J Exp Med 2003;198:1875-86.

11. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal de-

velopmental pathways for the generation of pathogenic effector TH17 and regu-

latory T cells. Nature 2006;441:235-8.

12. Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, Elson CO,

et al. Transforming growth factor-beta induces development of the T(H)17 line-

age. Nature 2006;441:231-4.

13. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. TGFbeta in the

context of an inflammatory cytokine milieu supports de novo differentiation of

IL-17-producing T cells. Immunity 2006;24:179-89.

14. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The

orphan nuclear receptor RORgammat directs the differentiation program of proin-

flammatory IL-171 T helper cells. Cell 2006;126:1121-33.

15. Korn T, Reddy J, Gao W, Bettelli E, Awasthi A, Petersen TR, et al. Myelin-spe-

cific regulatory T cells accumulate in the CNS but fail to control autoimmune in-

flammation. Nat Med 2007;13:423-31.

16. Korn T, Bettelli E, Gao W, Awasthi A, Jager A, Strom TB, et al. IL-21 initiates an

alternative pathway to induce proinflammatory T(H)17 cells. Nature 2007;448:

484-7.

17. Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F. Interleukins

1beta and 6 but not transforming growth factor-beta are essential for the differen-

tiation of interleukin 17-producing human T helper cells. Nat Immunol 2007;8:

942-9.

18. Evans HG, Suddason T, Jackson I, Taams LS, Lord GM. Optimal induction of T

helper 17 cells in humans requires T cell receptor ligation in the context of Toll-

like receptor-activated monocytes. Proc Natl Acad Sci U S A 2007;104:17034-9.

19. Iezzi G, Sonderegger I, Ampenberger F, Schmitz N, Marsland BJ, Kopf M. CD40-

CD40L cross-talk integrates strong antigenic signals and microbial stimuli to in-

duce development of IL-17-producing CD41 T cells. Proc Natl Acad Sci U S A

2009;106:876-81.

20. LeibundGut-Landmann S, Gross O, Robinson MJ, Osorio F, Slack EC, Tsoni SV,

et al. Syk- and CARD9-dependent coupling of innate immunity to the induction

of T helper cells that produce interleukin 17. Nat Immunol 2007;8:630-8.

21. Fritz JH, Le Bourhis L, Sellge G, Magalhaes JG, Fsihi H, Kufer TA, et al. Nod1-

mediated innate immune recognition of peptidoglycan contributes to the onset of

adaptive immunity. Immunity 2007;26:445-59.

22. van Beelen AJ, Zelinkova Z, Taanman-Kueter EW, Muller FJ, Hommes DW, Zaat

SA, et al. Stimulation of the intracellular bacterial sensor NOD2 programs den-

dritic cells to promote interleukin-17 production in human memory T cells. Im-

munity 2007;27:660-9.

23. Sutton C, Brereton C, Keogh B, Mills KH, Lavelle EC. A crucial role for inter-

leukin (IL)-1 in the induction of IL-17-producing T cells that mediate autoim-

mune encephalomyelitis. J Exp Med 2006;203:1685-91.

24. Nurieva R, Yang XO, Martinez G, Zhang Y, Panopoulos AD, Ma L, et al. Essen-

tial autocrine regulation by IL-21 in the generation of inflammatory T cells.

Nature 2007;448:480-3.

25. Zhou L, Ivanov II, Spolski R, Min R, Shenderov K, Egawa T, et al. IL-6 programs

T(H)-17 cell differentiation by promoting sequential engagement of the IL-21 and

IL-23 pathways. Nat Immunol 2007;8:967-74.

26. Coquet JM, Chakravarti S, Smyth MJ, Godfrey DI. Cutting edge: IL-21 is not es-

sential for Th17 differentiation or experimental autoimmune encephalomyelitis.

J Immunol 2008;180:7097-101.

27. Sonderegger I, Kisielow J, Meier R, King C, Kopf M. IL-21 and IL-21R are not

required for development of Th17 cells and autoimmunity in vivo. Eur J Immunol

2008;38:1833-8.

28. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM,

et al. Interleukin 17-producing CD41 effector T cells develop via a lineage dis-

tinct from the T helper type 1 and 2 lineages. Nat Immunol 2005;6:1123-32.

29. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD,

et al. IL-23 drives a pathogenic T cell population that induces autoimmune in-

flammation. J Exp Med 2005;201:233-40.

30. Aggarwal S, Ghilardi N, Xie MH, de Sauvage FJ, Gurney AL. Interleukin-23 pro-

motes a distinct CD4 T cell activation state characterized by the production of

interleukin-17. J Biol Chem 2003;278:1910-4.
31. McGeachy MJ, Cua DJ. The link between IL-23 and Th17 cell-mediated immune

pathologies. Semin Immunol 2007;19:372-6.

32. Bettelli E, Korn T, Oukka M, Kuchroo VK. Induction and effector functions of

T(H)17 cells. Nature 2008;453:1051-7.

33. Sonderegger I, Iezzi G, Maier R, Schmitz N, Kurrer M, Kopf M. GM-CSF medi-

ates autoimmunity by enhancing IL-6-dependent Th17 cell development and sur-

vival. J Exp Med 2008;205:2281-94.

34. Manel N, Unutmaz D, Littman DR. The differentiation of human T(H)-17 cells

requires transforming growth factor-beta and induction of the nuclear receptor

RORgammat. Nat Immunol 2008;9:641-9.

35. Volpe E, Servant N, Zollinger R, Bogiatzi SI, Hupe P, Barillot E, et al. A critical

function for transforming growth factor-beta, interleukin 23 and proinflammatory

cytokines in driving and modulating human T(H)-17 responses. Nat Immunol

2008;9:650-7.

36. Tesmer LA, Lundy SK, Sarkar S, Fox DA. Th17 cells in human disease. Immunol

Rev 2008;223:87-113.

37. Wilson NJ, Boniface K, Chan JR, McKenzie BS, Blumenschein WM, Mattson

JD, et al. Development, cytokine profile and function of human interleukin 17-

producing helper T cells. Nat Immunol 2007;8:950-7.

38. Cosmi L, De Palma R, Santarlasci V, Maggi L, Capone M, Frosali F, et al. Human

interleukin 17-producing cells originate from a CD1611CD41 T cell precursor.

J Exp Med 2008;205:1903-16.

39. Yang L, Anderson DE, Baecher-Allan C, Hastings WD, Bettelli E, Oukka M,

et al. IL-21 and TGF-beta are required for differentiation of human T(H)17 cells.

Nature 2008;454:350-2.

40. Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, et al. Interleukin-

23 rather than interleukin-12 is the critical cytokine for autoimmune inflammation

of the brain. Nature 2003;421:744-8.

41. Murphy CA, Langrish CL, Chen Y, Blumenschein W, McClanahan T, Kastelein

RA, et al. Divergent pro- and antiinflammatory roles for IL-23 and IL-12 in joint

autoimmune inflammation. J Exp Med 2003;198:1951-7.

42. Komiyama Y, Nakae S, Matsuki T, Nambu A, Ishigame H, Kakuta S, et al. IL-17

plays an important role in the development of experimental autoimmune enceph-

alomyelitis. J Immunol 2006;177:566-73.

43. Nakae S, Nambu A, Sudo K, Iwakura Y. Suppression of immune induction of col-

lagen-induced arthritis in IL-17-deficient mice. J Immunol 2003;171:6173-7.

44. Sonderegger I, Rohn TA, Kurrer MO, Iezzi G, Zou Y, Kastelein RA, et al. Neu-

tralization of IL-17 by active vaccination inhibits IL-23-dependent autoimmune

myocarditis. Eur J Immunol 2006;36:2849-56.

45. Rohn TA, Jennings GT, Hernandez M, Grest P, Beck M, Zou Y, et al. Vaccination

against IL-17 suppresses autoimmune arthritis and encephalomyelitis. Eur J

Immunol 2006;36:2857-67.

46. Kirkham BW, Lassere MN, Edmonds JP, Juhasz KM, Bird PA, Lee CS, et al. Syn-

ovial membrane cytokine expression is predictive of joint damage progression in

rheumatoid arthritis: a two-year prospective study (the DAMAGE study cohort).

Arthritis Rheum 2006;54:1122-31.

47. Wolk K, Witte E, Wallace E, Docke WD, Kunz S, Asadullah K, et al. IL-22 reg-

ulates the expression of genes responsible for antimicrobial defense, cellular dif-

ferentiation, and mobility in keratinocytes: a potential role in psoriasis. Eur J

Immunol 2006;36:1309-23.

48. Ishizu T, Osoegawa M, Mei FJ, Kikuchi H, Tanaka M, Takakura Y, et al. Intrathe-

cal activation of the IL-17/IL-8 axis in opticospinal multiple sclerosis. Brain

2005;128:988-1002.

49. Dong C. TH17 cells in development: an updated view of their molecular identity

and genetic programming. Nat Rev Immunol 2008;8:337-48.

50. Ouyang W, Kolls JK, Zheng Y. The biological functions of T helper 17 cell effec-

tor cytokines in inflammation. Immunity 2008;28:454-67.

51. Nakae S, Iwakura Y, Suto H, Galli SJ. Phenotypic differences between Th1 and

Th17 cells and negative regulation of Th1 cell differentiation by IL-17. J Leukoc

Biol 2007;81:1258-68.

52. Fossiez F, Djossou O, Chomarat P, Flores-Romo L, Ait-Yahia S, Maat C, et al. T

cell interleukin-17 induces stromal cells to produce proinflammatory and hema-

topoietic cytokines. J Exp Med 1996;183:2593-603.

53. Mills KH. Induction, function and regulation of IL-17-producing T cells. Eur J

Immunol 2008;38:2636-49.

54. Ye P, Rodriguez FH, Kanaly S, Stocking KL, Schurr J, Schwarzenberger P, et al.

Requirement of interleukin 17 receptor signaling for lung CXC chemokine and

granulocyte colony-stimulating factor expression, neutrophil recruitment, and

host defense. J Exp Med 2001;194:519-27.

55. Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol R, Bernard M,

et al. Human TH17 lymphocytes promote blood-brain barrier disruption and cen-

tral nervous system inflammation. Nat Med 2007;13:1173-5.

56. Furuzawa-Carballeda J, Vargas-Rojas MI, Cabral AR. Autoimmune inflammation

from the Th17 perspective. Autoimmun Rev 2007;6:169-75.



J ALLERGY CLIN IMMUNOL

VOLUME 123, NUMBER 5

NEMBRINI, MARSLAND, AND KOPF 993
57. Sato K, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y, Kadono Y, et al.

Th17 functions as an osteoclastogenic helper T cell subset that links T cell acti-

vation and bone destruction. J Exp Med 2006;203:2673-82.

58. Boniface K, Bernard FX, Garcia M, Gurney AL, Lecron JC, Morel F. IL-22 in-

hibits epidermal differentiation and induces proinflammatory gene expression

and migration of human keratinocytes. J Immunol 2005;174:3695-702.

59. Ma HL, Liang S, Li J, Napierata L, Brown T, Benoit S, et al. IL-22 is required for

Th17 cell-mediated pathology in a mouse model of psoriasis-like skin inflamma-

tion. J Clin Invest 2008;118:597-607.

60. Luger D, Silver PB, Tang J, Cua D, Chen Z, Iwakura Y, et al. Either a Th17 or a

Th1 effector response can drive autoimmunity: conditions of disease induction

affect dominant effector category. J Exp Med 2008;205:799-810.

61. Kroenke MA, Carlson TJ, Andjelkovic AV, Segal BM. IL-12- and IL-23-modu-

lated T cells induce distinct types of EAE based on histology, CNS chemokine

profile, and response to cytokine inhibition. J Exp Med 2008;205:1535-41.

62. Annunziato F, Cosmi L, Liotta F, Maggi E, Romagnani S. The phenotype of hu-

man Th17 cells and their precursors, the cytokines that mediate their differentia-

tion and the role of Th17 cells in inflammation. Int Immunol 2008;20:1361-8.

63. Dardalhon V, Korn T, Kuchroo VK, Anderson AC. Role of Th1 and Th17 cells in

organ-specific autoimmunity. J Autoimmun 2008;31:252-6.

64. Steinman L. A rush to judgment on Th17. J Exp Med 2008;205:1517-22.

65. Papp KA, Langley RG, Lebwohl M, Krueger GG, Szapary P, Yeilding N, et al.

Efficacy and safety of ustekinumab, a human interleukin-12/23 monoclonal anti-

body, in patients with psoriasis: 52-week results from a randomised, double-blind,

placebo-controlled trial (PHOENIX 2). Lancet 2008;371:1675-84.

66. Happel KI, Dubin PJ, Zheng M, Ghilardi N, Lockhart C, Quinton LJ, et al. Diver-

gent roles of IL-23 and IL-12 in host defense against Klebsiella pneumoniae. J

Exp Med 2005;202:761-9.

67. Aujla SJ, Chan YR, Zheng M, Fei M, Askew DJ, Pociask DA, et al. IL-22 medi-

ates mucosal host defense against gram-negative bacterial pneumonia. Nat Med

2008;14:275-81.

68. Jones CE, Chan K. Interleukin-17 stimulates the expression of interleukin-8,

growth-related oncogene-alpha, and granulocyte-colony-stimulating factor by hu-

man airway epithelial cells. Am J Respir Cell Mol Biol 2002;26:748-53.

69. McAllister F, Henry A, Kreindler JL, Dubin PJ, Ulrich L, Steele C, et al. Role of

IL-17A, IL-17F, and the IL-17 receptor in regulating growth-related oncogene-

alpha and granulocyte colony-stimulating factor in bronchial epithelium: implica-

tions for airway inflammation in cystic fibrosis. J Immunol 2005;175:404-12.

70. Prause O, Laan M, Lotvall J, Linden A. Pharmacological modulation of interleu-

kin-17-induced GCP-2-, GRO-alpha- and interleukin-8 release in human bron-

chial epithelial cells. Eur J Pharmacol 2003;462:193-8.

71. Hizawa N, Kawaguchi M, Huang SK, Nishimura M. Role of interleukin-17F in

chronic inflammatory and allergic lung disease. Clin Exp Allergy 2006;36:

1109-14.

72. Kolls JK, Linden A. Interleukin-17 family members and inflammation. Immunity

2004;21:467-76.

73. Aujla SJ, Dubin PJ, Kolls JK. Interleukin-17 in pulmonary host defense. Exp

Lung Res 2007;33:507-18.

74. Wu Q, Martin RJ, Rino JG, Breed R, Torres RM, Chu HW. IL-23-dependent IL-

17 production is essential in neutrophil recruitment and activity in mouse lung de-

fense against respiratory Mycoplasma pneumoniae infection. Microbes Infect

2007;9:78-86.

75. Higgins SC, Jarnicki AG, Lavelle EC, Mills KH. TLR4 mediates vaccine-induced

protective cellular immunity to Bordetella pertussis: role of IL-17-producing T

cells. J Immunol 2006;177:7980-9.

76. Lockhart E, Green AM, Flynn JL. IL-17 production is dominated by gammadelta

T cells rather than CD4 T cells during Mycobacterium tuberculosis infection. J

Immunol 2006;177:4662-9.

77. Umemura M, Yahagi A, Hamada S, Begum MD, Watanabe H, Kawakami K, et al.

IL-17-mediated regulation of innate and acquired immune response against pul-

monary Mycobacterium bovis bacille Calmette-Guerin infection. J Immunol

2007;178:3786-96.

78. Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE, et al.

IL-23 and IL-17 in the establishment of protective pulmonary CD41 T cell re-

sponses after vaccination and during Mycobacterium tuberculosis challenge.

Nat Immunol 2007;8:369-77.

79. Khader SA, Cooper AM. IL-23 and IL-17 in tuberculosis. Cytokine 2008;41:

79-83.

80. Scriba TJ, Kalsdorf B, Abrahams DA, Isaacs F, Hofmeister J, Black G, et al. Dis-

tinct, specific IL-17- and IL-22-producing CD41 T cell subsets contribute to the

human anti-mycobacterial immune response. J Immunol 2008;180:1962-70.

81. Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, Lanzavec-

chia A, et al. Surface phenotype and antigenic specificity of human interleukin

17-producing T helper memory cells. Nat Immunol 2007;8:639-46.
82. Huang W, Na L, Fidel PL, Schwarzenberger P. Requirement of interleukin-17A

for systemic anti-Candida albicans host defense in mice. J Infect Dis 2004;190:

624-31.

83. Zelante T, De Luca A, Bonifazi P, Montagnoli C, Bozza S, Moretti S, et al. IL-23

and the Th17 pathway promote inflammation and impair antifungal immune re-

sistance. Eur J Immunol 2007;37:2695-706.

84. Linden A, Laan M, Anderson GP. Neutrophils, interleukin-17A and lung disease.

Eur Respir J 2005;25:159-72.

85. Curtis JL, Freeman CM, Hogg JC. The immunopathogenesis of chronic obstruc-

tive pulmonary disease: insights from recent research. Proc Am Thorac Soc 2007;

4:512-21.

86. Dubin PJ, McAllister F, Kolls JK. Is cystic fibrosis a TH17 disease? Inflamm Res

2007;56:221-7.

87. Bullens DM, Truyen E, Coteur L, Dilissen E, Hellings PW, Dupont LJ, et al. IL-

17 mRNA in sputum of asthmatic patients: linking T cell driven inflammation and

granulocytic influx? Respir Res 2006;7:135.

88. Molet S, Hamid Q, Davoine F, Nutku E, Taha R, Page N, et al. IL-17 is increased

in asthmatic airways and induces human bronchial fibroblasts to produce cyto-

kines. J Allergy Clin Immunol 2001;108:430-8.

89. Barczyk A, Pierzchala W, Sozanska E. Interleukin-17 in sputum correlates with

airway hyperresponsiveness to methacholine. Respir Med 2003;97:726-33.

90. Chakir J, Shannon J, Molet S, Fukakusa M, Elias J, Laviolette M, et al. Airway

remodeling-associated mediators in moderate to severe asthma: effect of steroids

on TGF-beta, IL-11, IL-17, and type I and type III collagen expression. J Allergy

Clin Immunol 2003;111:1293-8.

91. Fahy JV, Kim KW, Liu J, Boushey HA. Prominent neutrophilic inflammation in

sputum from subjects with asthma exacerbation. J Allergy Clin Immunol 1995;

95:843-52.

92. Jatakanon A, Uasuf C, Maziak W, Lim S, Chung KF, Barnes PJ. Neutrophilic in-

flammation in severe persistent asthma. Am J Respir Crit Care Med 1999;160:

1532-9.

93. Dragon S, Rahman MS, Yang J, Unruh H, Halayko AJ, Gounni AS. IL-17 en-

hances IL-1beta-mediated CXCL-8 release from human airway smooth muscle

cells. Am J Physiol Lung Cell Mol Physiol 2007;292:L1023-9.

94. Henness S, Johnson CK, Ge Q, Armour CL, Hughes JM, Ammit AJ. IL-17A aug-

ments TNF-alpha-induced IL-6 expression in airway smooth muscle by enhanc-

ing mRNA stability. J Allergy Clin Immunol 2004;114:958-64.

95. Kawaguchi M, Adachi M, Oda N, Kokubu F, Huang SK. IL-17 cytokine family. J

Allergy Clin Immunol 2004;114:1265-74.

96. van den Berg A, Kuiper M, Snoek M, Timens W, Postma DS, Jansen HM, et al.

Interleukin-17 induces hyperresponsive interleukin-8 and interleukin-6 produc-

tion to tumor necrosis factor-alpha in structural lung cells. Am J Respir Cell

Mol Biol 2005;33:97-104.

97. Hoshino H, Laan M, Sjostrand M, Lotvall J, Skoogh BE, Linden A. Increased

elastase and myeloperoxidase activity associated with neutrophil recruitment by

IL-17 in airways in vivo. J Allergy Clin Immunol 2000;105:143-9.

98. McKinley L, Alcorn JF, Peterson A, Dupont RB, Kapadia S, Logar A, et al. TH17

cells mediate steroid-resistant airway inflammation and airway hyperresponsive-

ness in mice. J Immunol 2008;181:4089-97.

99. Barnes PJ. Immunology of asthma and chronic obstructive pulmonary disease.

Nat Rev Immunol 2008;8:183-92.

100. Chen Y, Thai P, Zhao YH, Ho YS, DeSouza MM, Wu R. Stimulation of airway

mucin gene expression by interleukin (IL)-17 through IL-6 paracrine/autocrine

loop. J Biol Chem 2003;278:17036-43.

101. Holgate ST, Polosa R. Treatment strategies for allergy and asthma. Nat Rev

Immunol 2008;8:218-30.

102. Barnes PJ. New molecular targets for the treatment of neutrophilic diseases. J Al-

lergy Clin Immunol 2007;119:1055-64.

103. Fukakusa M, Bergeron C, Tulic MK, Fiset PO, Al Dewachi O, Laviolette M, et al.

Oral corticosteroids decrease eosinophil and CC chemokine expression but in-

crease neutrophil, IL-8, and IFN-gamma-inducible protein 10 expression in asth-

matic airway mucosa. J Allergy Clin Immunol 2005;115:280-6.

104. Hashimoto T, Akiyama K, Kobayashi N, Mori A. Comparison of IL-17 produc-

tion by helper T cells among atopic and nonatopic asthmatics and control sub-

jects. Int Arch Allergy Immunol 2005;137(suppl 1):51-4.

105. Kawaguchi M, Onuchic LF, Li XD, Essayan DM, Schroeder J, Xiao HQ, et al.

Identification of a novel cytokine, ML-1, and its expression in subjects with

asthma. J Immunol 2001;167:4430-5.

106. Cheung PF, Wong CK, Lam CW. Molecular mechanisms of cytokine and chemo-

kine release from eosinophils activated by IL-17A, IL-17F, and IL-23: implication

for Th17 lymphocytes-mediated allergic inflammation. J Immunol 2008;180:

5625-35.

107. Rahman MS, Yamasaki A, Yang J, Shan L, Halayko AJ, Gounni AS. IL-17A in-

duces eotaxin-1/CC chemokine ligand 11 expression in human airway smooth



J ALLERGY CLIN IMMUNOL

MAY 2009

994 NEMBRINI, MARSLAND, AND KOPF
muscle cells: role of MAPK (Erk1/2, JNK, and p38) pathways. J Immunol 2006;

177:4064-71.

108. Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C, Crameri R, et al.

Immune responses in healthy and allergic individuals are characterized by a fine

balance between allergen-specific T regulatory 1 and T helper 2 cells. J Exp Med

2004;199:1567-75.

109. Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, Homma I, et al. Antigen-

specific T cell sensitization is impaired in IL-17-deficient mice, causing suppres-

sion of allergic cellular and humoral responses. Immunity 2002;17:375-87.

110. Schnyder-Candrian S, Togbe D, Couillin I, Mercier I, Brombacher F, Quesniaux

V, et al. Interleukin-17 is a negative regulator of established allergic asthma. J Exp

Med 2006;203:2715-25.

111. He R, Oyoshi MK, Jin H, Geha RS. Epicutaneous antigen exposure induces a

Th17 response that drives airway inflammation after inhalation challenge. Proc

Natl Acad Sci U S A 2007;104:15817-22.

112. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, et al. A distinct lineage

of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat

Immunol 2005;6:1133-41.

113. Wang J, Homer RJ, Chen Q, Elias JA. Endogenous and exogenous IL-6 inhibit

aeroallergen-induced Th2 inflammation. J Immunol 2000;165:4051-61.

114. Braun RK, Ferrick C, Neubauer P, Sjoding M, Sterner-Kock A, Kock M, et al. IL-

17 producing gammadelta T cells are required for a controlled inflammatory re-

sponse after bleomycin-induced lung injury. Inflammation 2008;31:167-79.

115. Carding SR, Egan PJ. The importance of gamma delta T cells in the resolution of

pathogen-induced inflammatory immune responses. Immunol Rev 2000;173:

98-108.
116. King DP, Hyde DM, Jackson KA, Novosad DM, Ellis TN, Putney L, et al. Cutting

edge: protective response to pulmonary injury requires gamma delta T lympho-

cytes. J Immunol 1999;162:5033-6.

117. Born WK, Lahn M, Takeda K, Kanehiro A, O’Brien RL, Gelfand EW. Role of gam-

madelta T cells in protecting normal airway function. Respir Res 2000;1:151-8.

118. Romani L, Fallarino F, De Luca A, Montagnoli C, D’Angelo C, Zelante T, et al.

Defective tryptophan catabolism underlies inflammation in mouse chronic granu-

lomatous disease. Nature 2008;451:211-5.

119. Michel ML, Keller AC, Paget C, Fujio M, Trottein F, Savage PB, et al. Identifi-

cation of an IL-17-producing NK1.1(neg) iNKT cell population involved in air-

way neutrophilia. J Exp Med 2007;204:995-1001.

120. Michel ML, Mendes-da-Cruz D, Keller AC, Lochner M, Schneider E, Dy M, et al.

Critical role of ROR-gammat in a new thymic pathway leading to IL-17-produc-

ing invariant NKT cell differentiation. Proc Natl Acad Sci U S A 2008;105:

19845-50.

121. Kronenberg M, Gapin L. The unconventional lifestyle of NKT cells. Nat Rev Im-

munol 2002;2:557-68.

122. Akbari O, Faul JL, Hoyte EG, Berry GJ, Wahlstrom J, Kronenberg M, et al.

CD41 invariant T-cell-receptor1 natural killer T cells in bronchial asthma. N

Engl J Med 2006;354:1117-29.

123. Akbari O, Stock P, Meyer E, Kronenberg M, Sidobre S, Nakayama T, et al. Es-

sential role of NKT cells producing IL-4 and IL-13 in the development of aller-

gen-induced airway hyperreactivity. Nat Med 2003;9:582-8.

124. Pichavant M, Goya S, Meyer EH, Johnston RA, Kim HY, Matangkasombut P, et al.

Ozone exposure in a mouse model induces airway hyperreactivity that requires the

presence of natural killer T cells and IL-17. J Exp Med 2008;205:385-93.


	IL-17&ndash;producing T cells in lung immunity and inflammation
	Cytokine milieu, microbial stimuli, and antigen dose in TH17 development
	The pathogenicity of TH17 cells in autoimmune diseases
	TH17 cells and effector cytokines in pulmonary immune responses
	TH17 effector cytokines in allergic airway inflammation
	IL-17-producing gammadelta T cells and natural killer T cells in the respiratory tract
	Concluding remarks
	References


