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Cytokines in sensitization to aeroaller-
gens

Knowledge about the immunological
mechanisms underlying asthma bronchiale
is a prerequisite for development of new
(causal) interventions. A large number of
studies has proven asthma to be a complex
disease with subtypes with different immu-
nological features. Cytokines and chemo-
kines, which are secreted by immune cells as
well as structural cells play an important role
not only in maintenance and amplification
but have significant impact in the initiation
of pulmonary inflammations — the asymp-
tomatic sensitization phase. This article de-
scribes important immunological mediators
in the context of the pulmonary sensitization
phase. Moreover chances and constraints of
intervention strategies aiming at these medi-
ators are discussed. Several new aspects like
classification of immunological phenotypes
in bronchial asthma for individualized strate-
gies and taking the sensitization phase into
account, reveal possible targets among both
“old acquaintances” like IL-4 and newly
identified mediators (e.g. IL-17, IL-33).

For decades, researches have been try-
ing to elucidate the immunologic processes
underlying bronchial asthma in order to
find a starting point for causal therapy op-
tions. Shortly after Mosmann and Coffman
[1] described the differentiation of CD4+ T
helper cells (Th) into Th1 and Th2 subpopu-
lations based on different cytokine patterns,
M. Kapsenberg and colleagues used T cell
clones from atopic and non-atopic patients to
find that ,,atopic disorders of... (atopic do-
nors) suffering from allergic asthma, result
from the predominant occurrence of aller-
gen-specific T cells that .... resemble murine
Th2 cells...” [2]. This means that there is a
relationship between bronchial asthma and
the occurrence of Th2 cells, which mainly

produce the cytokine interleukin (IL)-4 and
only small amounts of interferon (IFN)-y.

In the following years, many research
projects contributed to the knowledge of the
complexity of the immunologic background
of bronchial asthma and showed that the
disease cannot be reduced to the presence
of Th2 cells alone [3]. The pathogenesis of
bronchial asthma involves numerous other
cytokines, chemokines, and other cell types
and their interrelationship has frequently
been analyzed. So far, several therapeutics
options have been developed based on the
knowledge of the effector phase of bronchial
asthma (anti-IgE, steroids, f3,-mimetics, leu-
kotriene receptor antagonists); however, they
are mainly symptom-oriented and often ex-
pensive (e.g., anti-IgE).

In order to find new options of intervention,
it is necessary to also look at the asymptomatic
sensitization phase that precedes the effector
phase (where the first symptoms are observed)
(Figure 1). In many cases, the severity of bron-
chial asthma correlates with the number of
sensitizations present in a patient so that poly-
sensitization is a risk factor for severe, difficult-
to-treat asthma [4]. Thus, a better understand-
ing of the sensitization phase could contribute
to a better understanding of the immunologi-
cal processes involved in the development of
severe bronchial asthma. From this fact, new
approaches for (causal) interventions could
emerge which could possibly prevent polysen-
sitizations and thus influence the chronification
process of severe bronchial asthma. Further-
more, this type of investigation can contribute
to the classification of “immunologic” phe-
notypes in order to evaluate if these different
phenotypes respond better or worse to exist-
ing therapeutics and to develop individualized
therapeutic strategies. Here, we are presenting
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Figure 1. Sensitization phase and effector phase
in allergic bronchial asthma. Th = T helper cell; DC
= dendritic cell.
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Figure 2. Schematic presentation of the cytokine
network during pulmonary sensitization. For ex-
planation, see text. Baso = basophil granulocyte;
Th = T helper cell; DC = dendritic cell; AAM = al-
ternatively activated macrophage; TSLP = thymic
stromal lymphopoeitin, GM-CSF = granulocyte-
macrophage-colony-stimulating factor; TNF =
tumor necrosis factor; TCR = T cell receptor;
MHCII = major histocompatibility complex Il.

immunological mediators of the sensitization
phase (Figure 2) and discussing their potential
as a possible target of intervention.

IL-4

and their marker cytokine 1L-4 is still a key
feature of bronchial asthma and could also
be confirmed on the genetic level in asso-
ciation studies on asthma and atopy [5]. IL-4
also plays a central role in the sensitization
phase as this cytokine triggers the isotype
shift of B cells towards the production of IgE
antibodies and also is a factor of polariza-
tion for naive T cells towards Th2. Studies
in murine models have shown that the pres-
ence of IL-4 during antigen administration
suffices to trigger sensitization against the
previously unknown antigen without further
immunological signals being necessary [6].
The source of this so-called “early” IL-4
is currently being investigated. It has been
suggested that basophilic cells act as anti-
gen-presenting cells and can induce a Th2-
polarized immune response by simultaneous
IL-4 secretion [7]. There might also be other
cell types that produce “early” IL-4. Further
functions of IL-4 in the lungs include acti-
vation of dendritic cells, stimulation of epi-
thelial cells to produce mucus, recruiting of
eosinophils, and activation of “alternatively
activated” macrophages [8].

The central role of IL-4 in the initiation
of asthma makes cytokines an interesting tar-
get for therapeutic interventions.

Unfortunately, the use of a neutralizing
antibody against IL-4 did not prove very ef-
fective in asthma therapy [9], and although
the use of an IL-4 (and IL-13) receptor inhib-
itor during the effector phase showed prom-
ising results [10], the low number of study
participants (24 — 32) reduces the validity of
these results.

One possible explanation for the limited
effectiveness of anti-IL-4 therapy might be
the high variety of functions of this cyto-
kine which could be compensated by other
mediators (e.g., IL-13). Thus, a combination
therapy might perhaps be more promising. In
addition, the question arises whether the use
of IL-4 in certain immunological subtypes of
the disease could show effects that have not
yet been observed in studies in immunologi-
cally non-characterized patient cohorts.

TSLP

The early finding of the relationship be-
tween asthma and the occurrence of Th2 cells

The cytokine TSLP (thymic stromal lym-
phopoeitin) is secreted by epithelial cells, ba-
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sophils, and mast cells and has an activating
effect on mast cells and basophils. As TSLP
also activates dendritic cells and enables
them to polarize naive T cells during antigen
presentation to Th2 (by up-regulating OX40
ligand [11]), this cytokine plays a central role
in the initiation of sensitizations. Studies in
murine models demonstrate that different
stimuli — among them some allergens — can
induce production of TSLP by epithelial cells
which then causes a Th2 immune response in
the lungs via dendritic cells [12]. In experi-
mental murine studies, the over-expression
of TSLP led to an increased production of the
Th2 cytokines IL-4, IL-5, and IL-13, and the
animals subsequently expressed an asthmatic
phenotype [13]. Another fact that could be
demonstrated in the murine model is that the
treatment with recombinant TSLP leads to a
significant increase in IL-4-producing baso-
phils in the blood which can induce a Th2-
polarized immune response, as described
above [14]. It has not fully been elucidated
yet if the sensitization process in humans
is similar. Association studies demonstrate
a relationship between asthma and TSLP
[15]. If TSLP plays a similar crucial role in
the sensitization in humans, a well-directed
intervention against this cytokine will be a
promising approach for preventive asthma
therapy; however, no clinical studies have
been initiated yet. Current data from murine
models demonstrate that blocking the TSLP
receptor can prevent subsequent sensitiza-
tion [16].

IL-33

Another recently described cytokine
which is thought to have a role in Th2-po-
larized inflammation and allergy, is IL-33
that belongs to the IL-1 family. Interestingly,
ST2, the receptor for IL-33, was identified
much earlier as a marker for Th2 cells [17].
IL-33 is released from epithelial, endothelial,
and mast cells, and the release can be trig-
gered, e.g., by cell damage [18]. IL-33 con-
tributes to the effector phase of the pulmo-
nary inflammation by triggering the release
of the cytokines IL-4, IL-5, and IL-13 in po-
larized Th2 cells and thus amplifies the Th2
response. In addition, in mice the treatment
with IL-33 leads to the increased release of

these cytokines as well as to the development
of an asthmatic phenotype [19]. The fact that
IL-33 can also contribute to the maturation
and activation of dendritic cells and that, in
the murine model, the transfer of dendritic
cells treated with IL-33 leads to an increased
eosinophil count and pulmonary mucus pro-
duction shows that IL-33 also plays a role in
the sensitization phase [20]. Several current
genetic association studies demonstrated a
relationship between IL-33, ST2, and asth-
matic diseases so that an involvement of
IL-33 in human bronchial asthma can be as-
sumed [21]. Indeed, IL-33 also actives hu-
man basophils, eosinophils, and Th2 cells in
vitro [22]. Because of the clear association
of IL-33 and ST2 with asthmatic diseases,
the potential of this relationship is currently
being investigated as a target for successful
intervention. Nevertheless, current experi-
mental data are inconsistent: some studies
demonstrated a rather regulatory function
of ST2 in airway inflammation, while other
publications describe an amplifying effect on
the Th2-polarized pulmonary inflammation
[18]. Thus, further investigation is neces-
sary to evaluate IL-33 as a potential target in
asthma therapy. Further studies should also
clarify whether this cytokine plays a key role
during the sensitization phase.

TNF-a

The cytokine tumor necrosis factor alpha
(TNF-a) is well known for its pro-inflamma-
tory effects and shows pleiotropic effects in
many immunological processes. It also plays
a significant role in the asthmatic effector
phase. Target cells include immune cells (T
cells, macrophages, monocytes, eosinophils)
as well as structural cells of the lung tissue
(fibroblasts, smooth muscles, endothelial
cells), on which TNF-a has various effects
that can contribute to the development and
amplification of airway inflammation. Mu-
rine experiments demonstrate that TNF-a can
also influence the sensitization process. In
these experiments, administration of TNF-a
together with an antigen sufficed to induce
pulmonary sensitization against the antigen
without other immunological signals being
present [23]. Also for this cytokine, human
association studies have demonstrated a cor-
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relation between asthma and certain genetic
polymorphisms [24], and high TNF-a levels
in the blood could be related to severe forms
of the disease and steroid insensitivity [25].
Several preparations for TNF-a inhibition
have been tested in clinical studies, among
them soluble TNF receptors, chimeric anti-
body constructions, and human monoclonal
antibodies. First clinical studies using TNF-a
antagonists were carried out in small patient
cohorts and their results were promising
[26]. A placebo-controlled follow-up study
in a considerably larger number of patients
(309) suffering from severe asthma was dis-
continued because of the high number of ad-
verse events [27]. Among other things, the
affected patients suffered from infections
and various tumors — side effects making im-
possible the broad use of TNF-a antagonists
for asthma therapy.

GM-CSF

Granulocyte-monocyte colony-stimulat-
ing factor (GM-CSF) is secreted by activated
T cells, macrophages, endothelial cells, and
bone marrow cells and in its main function
leads to the maturation and differentiation
of myeloid cells, including dendritic cells.
The presence of differentiated and activated
dendritic cells is the basis for the antigen-
specific immune response. Experiments
have shown that GM-CSF is also able to me-
diate allergic sensitization. In these murine
models, the over-expression of the factor
together with intra-nasal antigen application
led to the development of an eosinophilic
airway inflammation [28]. Consequently,
the neutralization of GM-CSF led to the re-
duction of symptoms and the Th2 response
in another murine model of allergic airway
inflammation [29]. The underlying mecha-
nism of these effects in the induction of a
Th2-polarized inflammation is that GM-CSF
is a survival factor for eosinophils and Th2
cells. The role of GM-CSF in human asthma
has been underlined by studies in which an
increased GM-CSF level in the bronchoalve-
olar lavage was measured in asthma patients
as compared to healthy controls after seg-
mental challenge [30] as well as by studies
on the genetic association in early-childhood
asthma and other atopic diseases [31].

However, similar to TNF-a, GM-CSF
has pleiotropic effects and its essential role
in hematopoiesis does not allow for studies
on the blockade of this cytokine in bronchial
asthma.

IL-17

The main member of the relatively newly
discovered family of IL-17 cytokines is IL-
17A. This cytokine is secreted by Th17 cells,
CD8+ cells, y-8-T cells, and iNKT cells and
has an important function in the immune
defense against extracellular pathogens. As-
sociation studies also show a correlation of
IL-17 with early-childhood asthma [32], and
current investigation demonstrates a relation-
ship between IL-17A and asthmatic diseases
[33]. These studies investigated a subtype of
bronchial asthma which is not characterized
by eosinophilia but by a neutrophil-dominat-
ed airway inflammation. In patients suffering
from this subtype, the number of neutrophils
and the amount of neutrophil-recruiting IL-
17 in various compartments correlated with
the severity of the disease [34]. Additionally,
there is evidence for the fact that this patient
group is insensitive to steroid treatment [35].

Studies in murine models support the
hypothesis that IL-17 and IL-17-producing
Th17 cells play an important role in the resis-
tance against standard therapeutic measures:
the influx of neutrophils in the lungs which
is triggered by IL-17 contributes to the resis-
tance against glucocorticoid treatment [36].
Besides its neutrophil-recruiting activity, IL-
17 also has effects on other types of cells, like
endothelial, epithelial, dendritic, and muscle
cells. All of these are activated and stimulat-
ed to produce pro-inflammatory molecules
[37]. The fact that IL-17 plays a significant
role in pulmonary sensitization processes
could be demonstrated in a murine model in
which an acute Thl7-polarized airway in-
flammation sufficed to trigger sensitization
against a previously unknown antigen [38].
Intra-nasal administration of a previously
unknown antigen during the acute phase of
the Th17-polarized inflammatory response in
the lungs led to a new sensitization, which
was, after a second challenge, characterized
by lymphocytic influx into the bronchoalve-
olar lavage fluid, increased serum creatinine
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Figure 3. IL-17-producing Th17 cells mediate

pulmonary new sensitization. After transferring
ovalbumin-specific Th17 cells into naive animals,
the acute Th17-polarized airway inflammation is
triggered by intra-nasal challenge (15! challenge)
with ovalbumin (O). When an unknown antigen
(K) is simultaneously administered intra-nasally,
new sensitization against this antigen occurs. This
new sensitization is then confirmed in a 2" chal-
lenge phase by single administration of the previ-
ously unknown antigen (K) as compared to a posi-
tive control with the known antigen ovalbumin (O)
(control animals do not receive cell transfer: nil): A:
Airway inflammation: number and differentiation of
cells in the bronchoalveolar lavage fluid (BAL). B:
Systemic sensitization: KLH-specific antibody con-
centration in the serum. C: Airway hyperrespon-
siveness: effective methacholine dose (ED) neces-
sary to achieve an increase in lung resistance (RL)
by 150%.

levels against the new antigen, and a clear
airway hyperresponsiveness (Figure 3). Spe-
cific interventions against IL-17 are currently
not being used in the therapy of asthma. First
studies on the use of a monoclonal anti-IL-17
antibody in Crohn’s disease have been com-
pleted. Currently, there ongoing studies in
further diseases like psoriasis, polymyalgia
rheumatica, uveitis, and ankylosing spondili-

tis. The results of the completed studies have
not been published so far. In principle, this
antibody might be a good tool to treat the “neu-
trophil-dominated” steroid-resistant subtype of
asthma in the future.

IL-25

IL-25 (IL-17E) also belongs to the fam-
ily of IL-17 cytokines, but is secreted by
Th2 cells, basophils, eosinophils, endothelial
cells, and mast cells. It also plays a role in the
classical eosinophil/Th2-dominated type of
asthma [39]. Experimental data derived from
murine models show that IL-25 can initiate
the induction of a Th2 response and of an
asthmatic phenotype [40]. Reversely, the ad-
ministration of IL-25-neutralizing antibodies
prevents sensitization and airway hyperre-
sponsiveness in the murine model of aller-
gic airway inflammation [41]. Indeed, IL-25
expression is increased in the pulmonary tis-
sue of asthma patients [42]. Furthermore, the
results of a current experimental study sug-
gest that the amplified effects of IL-25 dur-
ing the pulmonary inflammatory response
result from the indirect inhibition of IL-17A
[43]. This relationship between IL-17A and
IL-17E in airway inflammation needs to be
further investigated in the future.

Clinical studies have not been initiated so
far, which is probably related to the fact that
the mentioned research results are all rela-
tively new.

In the past years, various cytokines could
be identified that play a central role in al-
lergic sensitization and frequently also dur-
ing the effector phase. Because of their side
effect profile, some of them (TNF-a, GM-
CSF) will surely not be promising candidates
for a broad use in the treatment of bronchial
asthma. Others, however, could well be an
interesting treatment option for patients with
certain subtypes of severe bronchial asthma,
particularly if the eligible patients are subject
to a thorough immunological characteriza-
tion. Clinical studies on the topic will surely
follow in the near future in order to verify
the experimental evidence. The high number
of recently identified mediators shows how
complex the sensitization phase is, but also
raises hopes that new strategies of interven-
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tion can be developed that would be able to
cope with the disease’s complexity.

References

(1]

[10]

[11]

[12]

[13]

Mosmann TR, Cherwinski H, Bond MW, Giedlin
MA, Coffinan RL. Two types of murine helper T
cell clone. I. Definition according to profiles of
lymphokine activities and secreted proteins. J Im-
munol. 1986; 136: 2348-2357. PubMed
Wierenga EA, Snoek M, de Groot C, Chrétien I,
Bos JD, Jansen HM, Kapsenberg ML. Evidence
for compartmentalization of functional subsets of
CD2+ T lymphocytes in atopic patients. J Immu-
nol. 1990; 144: 4651-4656. PubMed

Lloyd CM, Hessel EM. Functions of T cells in
asthma: more than just T(H)2 cells. Nat Rev Im-
munol. 2010; /0. 838-848. CrossRef PubMed
Cirillo I, Vizzaccaro A, Klersy C, Baiardini I,
Marseglia GL, Canonica GW, Tosca MA, Cip-
randi G. Quality of life and polysensitization in
young men with intermittent asthma. Ann Allergy
Asthma Immunol. 2005; 94: 640-643. CrossRef
PubMed

Walley AJ, Cookson WO. Investigation of an in-
terleukin-4 promoter polymorphism for associa-
tions with asthma and atopy. J Med Genet. 1996;
33:689-692. CrossRef PubMed

Dittrich AM, Chen HC, Xu L, Ranney P, Connolly
S, Yarovinsky TO, Bottomly HK. A new mecha-
nism for inhalational priming: IL-4 bypasses in-
nate immune signals. J Immunol. 2008; /817:
7307-7315. CrossRef PubMed

Sokol CL, Chu NQ, Yu S, Nish SA, Laufer TM,
Medzhitov R. Basophils function as antigen-pre-
senting cells for an allergen-induced T helper type
2 response. Nat Immunol. 2009; /0: 713-720.
CrossRef PubMed

Paul WE, Zhu J. How are T(H)2-type immune re-
sponses initiated and amplified? Nat Rev Immu-
nol. 2010; 70: 225-235. CrossRef PubMed
Borish LC, Nelson HS, Corren J, Bensch G, Busse
WW, Whitmore JB, Agosti JM; IL-4R Asthma
Study Group. Efficacy of soluble IL-4 receptor for
the treatment of adults with asthma. J Allergy Clin
Immunol. 2001; 7107: 963-970. CrossRef PubMed
Wenzel S, Wilbraham D, Fuller R, Getz EB, Long-
phre M. Effect of an interleukin-4 variant on late
phase asthmatic response to allergen challenge in
asthmatic patients: results of two phase 2a studies.
Lancet. 2007; 370: 1422-1431. CrossRef PubMed
Ito T, Wang YH, Duramad O, Hori T, Delespesse
GJ, Watanabe N, Qin FX, Yao Z, Cao W, Liu YJ.
TSLP-activated dendritic cells induce an inflam-
matory T helper type 2 cell response through
0X40 ligand. J Exp Med. 2005; 202: 1213-1223.
CrossRef PubMed

Hammad H, Lambrecht BN. Dendritic cells and
epithelial cells: linking innate and adaptive immu-
nity in asthma. Nat Rev Immunol. 2008; 8: 193-
204. CrossRef PubMed

Zhou B, Comeau MR, De Smedt T, Liggitt HD,
Dahl ME, Lewis DB, Gyarmati D, Aye T, Camp-
bell DJ, Ziegler SF. Thymic stromal lymphopoi-
etin as a key initiator of allergic airway inflamma-

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

(23]

tion in mice. Nat Immunol. 2005; 6. 1047-1053.
CrossRef PubMed

Perrigoue JG, Saenz SA, Siracusa MC, Allens-
pach EJ, Taylor BC, Giacomin PR, Nair MG, Du
Y, Zaph C, van Rooijen N, Comeau MR, Pearce
EJ, Laufer TM, Artis D. MHC class II-dependent
basophil-CD4+ T cell interactions promote T(H)2
cytokine-dependent immunity. Nat Immunol.
2009; 10: 697-705. CrossRef PubMed

He JQ, Hallstrand TS, Knight D, Chan-Yeung M,
Sandford A, Tripp B, Zamar D, Bossé Y, Kozyrskyj
AL, James A, Laprise C, Daley D. A thymic stro-
mal lymphopoietin gene variant is associated with
asthma and airway hyperresponsiveness. J Aller-
gy Clin Immunol. 2009; 724: 222-229. CrossRef
PubMed

Zhang F, Huang G, Hu B, Song Y, Shi Y. A soluble
thymic stromal lymphopoietin (TSLP) antagonist,
TSLPR-immunoglobulin, reduces the severity of
allergic disease by regulating pulmonary dendritic
cells. Clin Exp Immunol. 2011; 764: 256-264.
CrossRef PubMed

Léhning M, Stroehmann A, Coyle AJ, Grogan JL,
Lin S, Gutierrez-Ramos JC, Levinson D, Rad-
bruch A, Kamradt T. T1/ST2 is preferentially ex-
pressed on murine Th2 cells, independent of inter-
leukin 4, interleukin 5, and interleukin 10, and
important for Th2 effector function. Proc Natl
Acad Sci USA. 1998; 95: 6930-6935. CrossRef
PubMed

Oboki K, Nakae S, Matsumoto K, Saito H. 1L-33
and airway inflammation. Allergy Asthma Immu-
nol Res. 2011; 3. 81-88. CrossRef PubMed
Schmitz J, Owyang A, Oldham E, Song Y, Murphy
E, McClanahan TK, Zurawski G, Moshrefi M, Qin
J, Li X, Gorman DM, Bazan JF, Kastelein RA. 1L-
33, an interleukin-1-like cytokine that signals via
the IL-1 receptor-related protein ST2 and induces
T helper type 2-associated cytokines. Immunity.
2005; 23: 479-490. CrossRef PubMed
Besnard AG, Togbe D, Guillou N, Erard F, Quesn-
iaux V, Ryffel B. IL-33-activated dendritic cells
are critical for allergic airway inflammation. Eur J
Immunol. 2011; 417: 1675-1686. CrossRef
PubMed

Moffatt MF, Gut IG, Demenais F, Strachan DP,
Bouzigon E, Heath S, von Mutius E, Farrall M,
Lathrop M, Cookson WOCM; GABRIEL Consor-
tium. A large-scale, consortium-based genome-
wide association study of asthma. N Engl J Med.
2010; 363: 1211-1221. CrossRef PubMed
Pecaric-Petkovic T, Didichenko SA, Kaempfer S,
Spiegl N, Dahinden CA. Human basophils and eo-
sinophils are the direct target leukocytes of the
novel IL-1 family member IL-33. Blood. 2009;
113:1526-1534. CrossRef PubMed

Eisenbarth SC, Piggott DA, Huleatt JW, Visintin I,
Herrick CA, Bottomly K. Lipopolysaccharide-en-
hanced, toll-like receptor 4-dependent T helper
cell type 2 responses to inhaled antigen. J Exp
Med. 2002; 196: 1645-1651. CrossRef PubMed
Gao J, Shan G, Sun B, Thompson PJ, Gao X. As-
sociation between polymorphism of tumour ne-
crosis factor alpha-308 gene promoter and asth-
ma: a meta-analysis. Thorax. 2006; 6/: 466-471.
CrossRef PubMed

Morjaria JB, Babu KS, Polosa R, Holgate ST. Tu-
mor necrosis factor-alpha in severe corticoste-


https://doi.org/10.1038/nri2870
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21060320&dopt=Abstract
https://doi.org/10.1016/S1081-1206(10)61321-X
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15984595&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15984595&dopt=Abstract
https://doi.org/10.1136/jmg.33.8.689
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8863163&dopt=Abstract
https://doi.org/10.4049/jimmunol.181.10.7307
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18981153&dopt=Abstract
https://doi.org/10.1038/ni.1738
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19465907&dopt=Abstract
https://doi.org/10.1038/nri2735
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20336151&dopt=Abstract
https://doi.org/10.1067/mai.2001.115624
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11398072&dopt=Abstract
https://doi.org/10.1016/S0140-6736(07)61600-6
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17950857&dopt=Abstract
https://doi.org/10.1084/jem.20051135
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16275760&dopt=Abstract
https://doi.org/10.1038/nri2275
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18301423&dopt=Abstract
https://doi.org/10.1038/ni1247
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16142237&dopt=Abstract
https://doi.org/10.1038/ni.1740
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19465906&dopt=Abstract
https://doi.org/10.1016/j.jaci.2009.04.018
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19539984&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19539984&dopt=Abstract
https://doi.org/10.1111/j.1365-2249.2011.04328.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21352203&dopt=Abstract
https://doi.org/10.1073/pnas.95.12.6930
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9618516&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9618516&dopt=Abstract
https://doi.org/10.4168/aair.2011.3.2.81
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21461246&dopt=Abstract
https://doi.org/10.1016/j.immuni.2005.09.015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16286016&dopt=Abstract
https://doi.org/10.1002/eji.201041033
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21469105&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21469105&dopt=Abstract
https://doi.org/10.1056/NEJMoa0906312
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20860503&dopt=Abstract
https://doi.org/10.1182/blood-2008-05-157818
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18955562&dopt=Abstract
https://doi.org/10.1084/jem.20021340
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12486107&dopt=Abstract
https://doi.org/10.1136/thx.2005.051284
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16517578&dopt=Abstract

Albrecht and Dittrich

100

[26]

[27]

(28]

[29]

[30]

(311

[32]

[33]

[34]

[35]

[36]

roid-refractory asthma. Expert Rev Respir Med.
2007; 1: 51-63. CrossRef PubMed

Berry MA, Hargadon B, Shelley M, Parker D,
Shaw DE, Green RH, Bradding P, Brightling CE,
Wardlaw AJ, Pavord ID. Evidence of a role of tu-
mor necrosis factor alpha in refractory asthma. N
Engl J Med. 2006; 354: 697-708. CrossRef
PubMed

Wenzel SE, Barnes PJ, Bleecker ER, Bousquet J,
Busse W, Dahlén SE, Holgate ST, Meyers DA,
Rabe KF, Antczak A, Baker J, Horvath I, Mark Z,
Bernstein D, Kerwin E, Schlenker-Herceg R, Lo
KH, Watt R, Barnathan ES, Chanez P; T03 Asth-
ma Investigators. A randomized, double-blind,
placebo-controlled study of tumor necrosis factor-
alpha blockade in severe persistent asthma. Am J
Respir Crit Care Med. 2009; 179: 549-558. Cross-
Ref PubMed

Stampfli MR, Wiley RE, Neigh GS, Gajewska BU,
Lei XF, Snider DP, Xing Z, Jordana M. GM-CSF
transgene expression in the airway allows aero-
solized ovalbumin to induce allergic sensitization
in mice. J Clin Invest. 1998; 102: 1704-1714.
CrossRef PubMed

Cates EC, Gajewska BU, Goncharova S, Alvarez
D, Fattouh R, Coyle AJ, Gutierrez-Ramos JC,
Jordana M. Effect of GM-CSF on immune, in-
flammatory, and clinical responses to ragweed in
a novel mouse model of mucosal sensitization. J
Allergy Clin Immunol. 2003; 7//: 1076-1086.
CrossRef PubMed

Robinson DS, Ying S, Bentley AM, Meng Q, North
J, Durham SR, Kay AB, Hamid Q. Relationships
among numbers of bronchoalveolar lavage cells
expressing messenger ribonucleic acid for cyto-
kines, asthma symptoms, and airway methacho-
line responsiveness in atopic asthma. J Allergy
Clin Immunol. 1993; 92: 397-403. CrossRef
PubMed

He JQ, Ruan J, Chan-Yeung M, Becker AB,
Dimich-Ward H, Paré PD, Sandford AJ. Polymor-
phisms of the GM-CSF genes and the develop-
ment of atopic diseases in at-risk children. Chest.
2003; 123 (Suppl): 438S. CrossRef PubMed
Chen J, Deng Y, Zhao J, Luo Z, Peng W, Yang J,
Ren L, Wang L, Fu Z, Yang X, Liu E. The polymor-
phism of IL-17 G-152A was associated with
childhood asthma and bacterial colonization of
the hypopharynx in bronchiolitis. J Clin Immunol.
2010; 30: 539-545. CrossRef PubMed

Cosmi L, Liotta F, Maggi E, Romagnani S, An-
nunziato F. Th17 cells: new players in asthma
pathogenesis. Allergy. 2011; 66: 989-998. Cross-
Ref PubMed

Gibson PG, Simpson JL, Saltos N. Heterogeneity
of airway inflammation in persistent asthma : evi-
dence of neutrophilic inflammation and increased
sputum interleukin-8. Chest. 2001; 7/9: 1329-
1336. CrossRef PubMed

Green RH, Brightling CE, Woltmann G, Parker D,
Wardlaw AJ, Pavord ID. Analysis of induced spu-
tum in adults with asthma: identification of sub-
group with isolated sputum neutrophilia and poor
response to inhaled corticosteroids. Thorax. 2002;
57: 875-879. CrossRef PubMed

McKinley L, Alcorn JF, Peterson A, Dupont RB,
Kapadia S, Logar A, Henry A, Irvin CG, Pigan-
elli JD, Ray A, Kolls JK. TH17 cells mediate ste-

[37]

[38]

[39]

[40]

[41]

[42]

[43]

roid-resistant airway inflammation and airway
hyperresponsiveness in mice. J Immunol. 2008;
181: 4089-4097. CrossRef PubMed

Oboki K, Ohno T, Saito H, Nakae S. Th17 and al-
lergy. Allergol Int. 2008; 57: 121-134. CrossRef
PubMed

Albrecht M, Chen HC, Preston-Hurlburt P, Ran-
ney P, Hoymann HG, Maxeiner J, Staudt V, Taube
C, Bottomly HK, Dittrich AM. T(H)17 cells medi-
ate pulmonary collateral priming. J Allergy Clin
Immunol. 2011; 728: 168-177.e8. CrossRef
PubMed

Kim HY, DeKruyff RH, Umetsu DT. The many
paths to asthma: phenotype shaped by innate and
adaptive immunity. Nat Immunol. 2010; /7: 577-
584. CrossRef PubMed

Angkasekwinai P, Park H, Wang YH, Wang YH,
Chang SH, Corry DB, Liu YJ, Zhu Z, Dong C. In-
terleukin 25 promotes the initiation of proallergic
type 2 responses. J Exp Med. 2007; 204: 1509-
1517. CrossRef PubMed

Ballantyne SJ, Barlow JL, Jolin HE, Nath P, Wil-
liams AS, Chung KF, Sturton G, Wong SH, McK-
enzie AN. Blocking IL-25 prevents airway hyper-
responsiveness in allergic asthma. J Allergy Clin
Immunol. 2007; 720: 1324-1331. CrossRef
PubMed

Wang YH, Angkasekwinai P, Lu N, Voo KS, Arima
K, Hanabuchi S, Hippe A, Corrigan CJ, Dong C,
Homey B, Yao Z, Ying S, Huston DP, Liu YJ. IL-25
augments type 2 immune responses by enhancing
the expansion and functions of TSLP-DC-activat-
ed Th2 memory cells. J Exp Med. 2007; 204:
1837-1847. CrossRef PubMed

Barlow JL, Flynn RJ, Ballantyne SJ, McKenzie
AN. Reciprocal expression of IL-25 and IL-17A is
important for allergic airways hyperreactivity.
Clin Exp Allergy. 2011; 41: 1447-1455. CrossRef
PubMed


https://doi.org/10.1586/17476348.1.1.51
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20477266&dopt=Abstract
https://doi.org/10.1056/NEJMoa050580
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16481637&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16481637&dopt=Abstract
https://doi.org/10.1164/rccm.200809-1512OC
https://doi.org/10.1164/rccm.200809-1512OC
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19136369&dopt=Abstract
https://doi.org/10.1172/JCI4160
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9802884&dopt=Abstract
https://doi.org/10.1067/mai.2003.1460
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12743573&dopt=Abstract
https://doi.org/10.1016/0091-6749(93)90118-Y
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8360390&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8360390&dopt=Abstract
https://doi.org/10.1378/chest.123.3_suppl.438S
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12629028&dopt=Abstract
https://doi.org/10.1007/s10875-010-9391-8
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20437253&dopt=Abstract
https://doi.org/10.1111/j.1398-9995.2011.02576.x
https://doi.org/10.1111/j.1398-9995.2011.02576.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21375540&dopt=Abstract
https://doi.org/10.1378/chest.119.5.1329
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11348936&dopt=Abstract
https://doi.org/10.1136/thorax.57.10.875
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12324674&dopt=Abstract
https://doi.org/10.4049/jimmunol.181.6.4089
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18768865&dopt=Abstract
https://doi.org/10.2332/allergolint.R-07-160
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18427165&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18427165&dopt=Abstract
https://doi.org/10.1016/j.jaci.2011.01.067
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21459426&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21459426&dopt=Abstract
https://doi.org/10.1038/ni.1892
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20562844&dopt=Abstract
https://doi.org/10.1084/jem.20061675
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17562814&dopt=Abstract
https://doi.org/10.1016/j.jaci.2007.07.051
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17889290&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17889290&dopt=Abstract
https://doi.org/10.1084/jem.20070406
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17635955&dopt=Abstract
https://doi.org/10.1111/j.1365-2222.2011.03806.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21722219&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21722219&dopt=Abstract

