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Abstract

Allergic asthma is a chronic inflammatory disease of the lung driven by aberrant responses to normally innocu-
ous environmental allergens. Disease is characterized by excessive IgE synthesis, eosinophilic pulmonary inflam-
mation, mucus hypersecretion, and airway remodeling, and airway hyperresponsiveness - all leading to the clinical
features of disease - reversible episodes of coughing, shortness of breath and wheezing. While the excessive
production of cytokines like IL-4, IL-5 and IL-13 by allergen specific-Th2 cells is sufficient to explain most features of
allergic asthma, increasing evidence suggests that the Th2 paradigm does not explain the full spectrum of disease
severity. In particular, severe asthmatics represent a small subset of asthmatics, in which disease is associated
with more severe airway reactivity, a mixed eosinophilic/neutrophilic infiltrate, and insensitivity to treatment with
corticosteroids. Thus, severe asthmatics are not only more susceptible asthma-related complications; they are un-
derserved by currently available therapies. Recent evidence suggests that the development of severe disease may
be associated with the development of a mixed Th2/Th17 response. Herein, we will assess the data from human and
animal models suggesting a link between a mixed Th2/Th17 response, and the development of severe asthma. A
greater understanding of the mechanisms responsible for the development of severe asthma may allow the develop-

ment of efficacious therapeutics for the treatment of this intractable form of disease.

Allergic Asthma

Allergic asthmais a chronic inflammatory disease of the lung caused
by excessive immune responses to normally innocuous environmental
allergens. Chronic pulmonary inflammation causes smooth muscle
hypertrophy and hyperplasia, goblet cell hyperplasia, fibrosis and
airway remodeling, all of which contribute to the hallmark symptoms
of allergic asthma - reversible episodes of coughing, shortness of breath,
and wheezing. Incidence of asthma continues to rise, particularly in
developed nations. Current estimates suggest that in the United State,
8.2% of the population suffers from the disease, with a total health care
costs exceeding 19 billion dollars in 2009 [1], demonstrating a great
social and economic impetus for greater understanding of disease
pathology.

Classically, asthma is thought of as T cell mediated disease. In
particular, Th2 cells are thought to be responsible for many of the
pathological changes observed in the lung, largely by virtue of the
cytokines they produce. IL-4 drives class switch to IgE [2], explaining
elevated serum IgE levels observed in atopic asthmatics, and also
supports differentiation of naive T cells into Th2 cells [3,4], promoting
the further expansion of pathogenic Th2 cells. IL-5 promotes eosinophil
development, maturation and recruitment to the airways, explaining
the prominent eosinphilia noted in mouse and human models of
disease [5]. IL-13 is thought to be a central mediator of disease
pathology, as IL-13 is sufficient to induce most pathophysiological
features of disease including mucus hypersecretion, airway remodeling,
and airway hyperresponsiveness [6]. Indeed, allergen-induced asthma
is completely abrogated in IL-13 deficient mice [7]. Collectively,
these data support an important role for Th2-derived cytokines in the
development of allergic asthma.

However, recent evidence suggests that the Th2 paradigm is not
sufficient to fully explain the complete spectrum of disease. While
individuals with mild or moderate disease do appear to mount a Th2-
dominated immune response, in those with severe disease a number
of observations suggest that other mechanisms may be involved.
Rather than the predominant eosinophilia observed in patients with
mild asthma, allergic inflammation in severe asthmatics is often
neutrophilic in nature, and the degree of neutrophilia correlates with

disease severity [8-11]. Indeed, neutrophils represent the predominant
cell types present in sudden onset, fatal asthma [12] suggesting that
different mechanisms are driving the development of mild and
severe asthma. Moreover, while steroids represent the most effective
therapeutic option for individuals with milder asthma, individuals with
severe asthma are frequently refractory to therapeutic interventions
using glucocorticosteroids (GC) [13], and GCs can actually prevent
neutrophil apoptosis, thereby enhancing neutrophil recruitment [14].
This again suggests that the disease processes that drive severe and
mild disease are fundamentally different. A greater understanding of
these processes may lead to better treatments for this intractable form
of disease.

Severe asthma - A Mixed Th2/Th17 disease

Recent evidence suggests that the severity of disease is correlates
with the expression of IL-17A and IL-17F. Compared to healthy
controls, a significantly higher proportion of individuals with severe
disease had high levels of IL-17A message in induced sputum, and
these levels correlated strongly with the degree of neutrophilia [15].
Moreover, expression of these cytokines was low in lung biopsies taken
from individuals with mild disease, while those with severe disease
had significantly higher levels [16]. Similarly, elevated serum IL-17A
levels were also identified as a risk factor for the development of severe
asthma [17]. Furthermore, single nucleotide polymorphisms (SNPs) in
the ILI7A or IL17F promoters have been associated with development
of allergic asthma [18,19]. Interestingly, one SNP associated with
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protection from asthma was found to encode an amino acid change
(H161R) in IL-17F resulting in a mutant protein that was unable to
induce the expression of genes normally driven by IL-17F, and was able
to block the effects of IL-17A in vitro [20]. This suggests that mutant IL-
17F binds to the IL-17R complex and, acting as a competitive inhibitor,
prevents IL-17A and IL-17F signaling. However, homozygosity at
this SNP was required for protection, suggesting that expressing one
copy of the protective mutant is insufficient to effectively block IL-
17A signaling [20]. Collectively, these studies suggest an association
between IL-17A and IL-17F in the pathogenesis of severe asthma in
humans.

The IL-17 family

IL-17A and IL-17F are closely related cytokines that are members
of the IL-17 family of cytokines. This family also includes IL-17B, IL-
17C, IL-17D, and IL-25 (IL-17E). Both IL-17A and IL-17F are secreted
as homodimers, and have a well described role in host defense through
their capacity to induce the production of anti-microbial peptides such
as serum amyloid-A, lipocalin-2, C-reactive protein, 3-defensins, and
s100 proteins [21]. IL-17A and IL-17F also exhibit synergy with TNFa
in the induction of pro-inflammatory mediators such as IL-6, and IL-8
[21]. Germane to the development of severe neutrophilic asthma, both
IL-17A and IL-17F trigger the expression of a number of factors that
drive neutrophil granulopoiesis and recruitment, such as G-CSF, GM-
CSF, CXCL1, CXCL2, CXCL5 and CXCL8 [21]. Thus, it is possible that
the increased recruitment of neutrophils observed in individuals with
severe asthma, may be driven by the increased production of IL-17A
and/or IL-17F observed in these patients. Although, the production
of IL-17A/IL-17F heterodimers has also been reported [22-23], the
precise biological role of such heterodimers has not been elucidated.

In contrast to IL-17A and IL-17F, IL-17E (IL-25) is increasingly
being recognized as an important driver of Th2 immunity, and thus
has been proposed as an important factor promoting the development
of allergic disease [24]. Expression of IL-17B is rather broad, being
expressed in the gut, prostate, ovary, testes and spinal cord, while IL-
17C expression is more restricted, being expressed only in fetal kidney
and prostate [25]. Finally, IL-17D is expressed in muscle, adipose
tissue, brain lung and pancreas [26]. The biological roles of IL-17B, IL-
17C and IL-17D are not known.

IL-17R family

IL-17 family members signal through a unique family of cytokine
receptors, consisting of 5 known receptors: IL-17RA, IL-17RB, IL-
17RC, IL-17RD, and IL-17RE. Both IL-17A and IL-17F bind to IL-
17RA with low affinity, although the affinity of IL-17RA for IL-17A is
higher than that for IL-17F [27]. To enhance IL-17A or IL-17F affinity
and promote effective signaling, the IL-17RA pairs with IL-17RC,
which markedly enhances affinity of the two cytokines for the IL-17R
complex [27]. In contrast to IL-17A and IL-17F, IL-25 signals through
a complex consisting of both IL-17RB and IL-17RA [28]. Thus, mice
lacking IL-17RA have limited ability to respond to IL-17A, IL-17F,
and IL-25. The roles for the other IL-17R family members (IL-17RD,
IL-17RE) are unknown, however some reports do suggest that these
receptors can also pair with IL-17RA, and thus enhance IL-17A or IL-
17F signaling [29,30].

Sources of IL-17A: Th17 cells

The best characterized source of IL-17A and IL-17F is the CD4*
Th17 cell, which, in addition to producing high levels of IL-17A and IL-
17F, also secretes 1L-21 and IL-22. In vitro, Th17 cell differentiation is

optimally driven by a combination of IL-6, IL-1f and TGF-p, although
the presence of IL-21 can further support Th17 differentiation [31-
33]. These cytokines induce activation of STAT3 (IL-6, IL-21) and
SMAD2 and SMAD3 (TGE) that in turn facilitate the expression of
transcription factors that promote the development of Th17-lineage
cells (RORa, RORyt and IRF4), while suppressing the development of
transcription factors involved in skewing towards the development of
Thl (Tbet, IRF1) and Treg (Foxp3) cells [34-36]. Exposure to Th17-
driving cytokines also induces the expression of IL-23R on developing
Th17 cells, allowing the cells to respond to IL-23, a critical survival and
proliferative factor for Th17 cells [37]. However, recent studies have
demonstrated that the type of cytokine used to differentiate Th17 cells
can have a profound influence on the types of transcription factors and
cytokines produced by skewed Th17 cells, raising the possibility that
Th17 cells that develop under different conditions (or in different hosts)
may have differential capacity to cause disease [38,39]. In support of
this, Ghoreschi et al. have demonstrated that skewing Th17 cells in
the presence of IL-1pB, IL-6 and TGF-p, induced the development of
Th17 cells that produced very high levels of IL-17A and IL-17F, but
co-expressed IL-10, and thus failed to induce disease in a model of
EAE [38]. In contrast, differentiation in the presence of IL-1p, IL-6
and IL-23 induced the development of a population of Th17 cells that
produced lower levels of IL-17A and IL-17F, and no IL-10, but high
levels of Tbet and IFNY, and were capable of inducing the development
of EAE [38]. Whether or not the cytokines or transcription factors
produced by Th17 cells in individuals with severe asthma differ from
those produced by Th17 cells from individuals with less severe forms
of disease is unknown.

While the production of Th1l7 cytokines is associated with the
development of severe asthma, there do appear to be mechanisms
whereby Th2 cytokines can limit the development of Th17 responses.
Newcomb et al. has recently demonstrated that Th17 cells from both
mice and humans express IL-13Ral - a component of both the IL-13
receptor, and the type 2 IL-4 receptor [40,41]. Interestingly, polarization
of naive T cells towards the Th17 lineage in the presence of IL-13, or
re-stimulation of Th17 cells in the presence of IL-13 diminished their
capacity to produce IL-17A and IL-21 [40,41]. This suggests that
effector Th2 cytokines can directly antagonize Th17 cells, thus possibly
preventing the development of more severe disease. It also raises the
interesting possibility that defects in this pathway may predispose to
the development of severe asthma. Thus, it would be interesting to
assess IL-13 responsiveness in Th17 cells from individuals with severe
versus mild asthma.

Th2/Th17 cells

Recent studies in human subjects highlight a novel T cell population
that may contribute to the development of severe asthma. Cosmi et al,
demonstrated that human CD4*CD161" T cells isolated from human
PBMCs could develop into clones with the capacity to simultaneously
produce Th2 (IL-4, IL-4, IL-9), Th17 (IL-17A, IL-21, IL-22) and Thl
(IFNy) cytokines [42]. The authors also demonstrate that a small subset
of circulating CD4*CD161* could simultaneously produce both IL-4
and IL-17A after stimulation, and that the frequency of these “Th2/
Th17 cells” was significantly higher in individuals with asthma [42].
Interestingly, in vitro stimulation of PBMCs from Der pl-sensitized
donors with Der pl increased the frequency of both conventional Th2
cells, and Th2/Th17 cells, suggesting that both Th2 and Th2/Th17 cells
in asthmatic individuals were antigen specific [42]. A similar, IL-4*IL-
17A*CD4" subset was also observed by Wang et al., who identified a
subset of CD4+ T cells that co-expressed CRTH2 (a Th2 cell marker)
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and CCR6 (a Th17 cell marker) [43]. The CD4*CRTH2*CCR6" T cells
produced IL-17A, IL-22, IL-4, IL-5 and IL-13 after stimulation with
aCD3/aCD28, and expressed transcription factors associated with
both Th17 (RORyt) and Th2 (GATA3, c-MAF) differentiation [43].
The frequency of these cells was increased in asthmatic individuals, and
in a murine model of allergic asthma [43]. While the mechanisms by
which these cells develop in vivo are unclear, they also that stimulation
of CCR6™$CRTH2'CD4" cells to either IL-6, IL-21 or IL-1p, (but not
IL-23), was sufficient to trigger the expression of IL-17A in vitro [43].
These studies highlight the plasticity of Th2 cells in vivo and suggest
an additional mechanism whereby through the induced production
of Th17 cytokines, Th2 cells may promote the development of severe
asthma.

Alternative sources of IL-17A

In addition to the classical Th17 cells, and the newly described Th2/
Th17 cells, a number of additional sources of IL-17A and/or IL-17F
have been described. In both humans [16] and mice [44] epithelial cells
have been demonstrated to have the capacity to produce IL-17F. As the
number of epithelial cells in the lung is large, it is likely that they may
represent a significant source of IL-17F, however, the triggers required
to induce IL-17F expression in epithelial cells remain undefined. iNKT
cells - T cells expressing a limited repertoire of TCRs specific for lipid
molecules presented in the context of CD1d - have been demonstrated
to be a significant source of IL-17A following inhalation of ozone
[45]. While the specific ligand responsible for the induction of IL-17A
from iNKT cells was unclear, the authors speculate that inhalation of
ozone caused the lipid oxidization, and that these oxidized lipids were
recognized by the iNKT cells. In support of this, the authors found
no induction of IL-17A in iNKT cells in mice exposed to OVA [45].
CD3"CD11b*F4/80* alveolar macrophages have been reported to
produce IL-17A following systemic OV A alum sensitization, followed
by OVA inhalation [46]. Furthermore, administration of aerosolized
2-chloroadenosine (a reagent used to deplete macrophages [47])
abrogated production of IL-17A [46]. While the factors responsible
for inducing IL-17A in macrophages in vivo remains unclear, culture
of isolated alveolar macrophages with supernatants from cultures of
activated mast cells upregulated IL-17A production in vitro, suggesting
an important role for mast cells in this process. Thus T cells are likely
not the only cell capable of producing cytokines that can drive the
development of severe asthma.

IL-17A production in murine models of allergic asthma

Given the association between IL-17A expression and severe
asthma in humans, a number of studies have attempt to dissect the
role of this cytokine in the development of allergen-induced AHR in
mice. Following systemic sensitization with OVA in alum, or OVA +
LPS (0.1 pg) followed by airway challenge with OVA in both BALB/c
and C57Bl/6 mice, increased expression of IL-17A can be detected in
the lungs [44,46,48-52], confirming that IL-17A can be produced in
murine models of allergic asthma.

However, given that the magnitude of the Th17 response appears
to be associated with the severity of disease, identification of factors
that regulate how much IL-17A is produced is clearly important.
Interestingly, while intraperitoneal sensitization with OVA + LPS (0.1
pg) induces some IL-17A expression, sensitization with OVA + LPS (0.1
ug) via the airway, followed by intranasal challenge with LPS-free OVA
induced substantially more IL-17A production in lung T cells [52],
suggesting that the route of sensitization can influence the magnitude
of the IL-17A response. Not surprisingly, the genetic background of

the host also plays an important role in the development of an IL-
17A response. We have demonstrated that following inhalation of
house dust mite (HDM), a common human aeroallergen, we observe
differential development of Thl7 responses, (as measured by the
frequency of pulmonary CD4'IL-17A* T cells), in mice on different
genetic backgrounds [53]. While the lack of complement component
C5 is a major genetic determinant promoting the development of
robust IL-17A responses [compared to naive mice, a 2.5 fold increase in
frequency of pulmonary CD4*IL-17A" T cells was observed in the lungs
of HDM-treated C5 deficient mice (AKR/J, DBA2/J, FVBN/J and A/])],
even complement sufficient strains mount variable IL-17A responses
following allergen exposure. Thus, despite similar sensitization
protocols, the increase in the frequency of pulmonary CD4+ IL-17A+
T cells ranges from limited in BALB/c mice (~1.1 fold), to moderate in
C57Bl/6 mice (~1.5 fold), and high in DBA/1]J mice (~2.1 fold) [53].
Thus, the magnitude of the IL-17A response observed after allergen
exposure is controlled by a number of factors, including host genetics,
route of allergen sensitization and the nature of additional signals
present at initial allergen sensitization.

Functional role of IL-17A in allergic asthma

While human studies have demonstrated a strong link between the
development of severe asthma and the production of Th17 associated
cytokines, a direct causal role for IL-17A in enhancing asthma severity
cannot be established in these studies. Thus, to explore the role of
IL-17 signaling in the development of allergic asthma, a number of
investigators have made use of IL-17RA-deficient mice. Schnyder-
Candrian et al. demonstrate that Il17ra -/- C57Bl/6 mice develop
reduced pulmonary inflammation, IL-5 production and IgE levels
compared to WT controls following intraperitoneal sensitization
with OVA in alum, and intranasal OVA challenge [49]. Similarly,
compared to WT mice, Il17ra -/- mice on the BALB/c background
also demonstrated significantly reduced pulmonary inflammation,
eosinophilia, Th2 cytokine production (IL-4, IL-5 and IL-13), AHR
[51]. Collectively these studies argue for an important role for IL-
17A in promoting allergen sensitization. However, these studies are
complicated by the recent demonstration that IL-17RA is also critical
for the IL-25 signaling [28]. As IL-25 is widely regarded as a potent Th2
inducing cytokine, it is unclear whether the failure to develop robust
allergic inflammation in Il17ra -/- mice is due to a lack of IL-17A/IL-
17F responsiveness, or a lack of IL-25 responsiveness.

To better address the roles of IL-17A in the development of allergic
asthma, some studies have compared the development of asthma in
mice specifically lacking IL-17A. Both C57Bl/6 and BALB/c Il17a -/-
mice demonstrated significantly reduced pulmonary eosinophilia, less
robust Th2 cytokine production by spleen or lung cells, and decreased
IgE levels following OVA alum sensitization and intranasal OVA
challenge [54-55]. Interestingly, despite decrease airway inflammation
AHR was not affected in IlI7a -/- mice following OVA alum
sensitization and intranasal challenge, likely due to the intense Th2
response induced in the presence of alum [56]. In contrast, Il17a -/-
DO11.10 mice (expressing an OV A-specific TCR transgene) sensitized
via OVA inhalation did demonstrate reduced airway inflammation
and AHR demonstrating that following mucosal sensitization, IL-17A
plays an important role in inducing AHR [55]. Similarly, blockade
of IL-17A by administering anti-IL-17A monoclonal antibodies to
OVA alum sensitized and challenged mice limited the development
of allergen induced AHR, Th2 cytokine production and eosinophilia
[46,50], suggesting a pathogenic role for IL-17A. Furthermore, we have
demonstrated that blocking IL-17A in mice that develop a mixed Th2/
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Th17 response associated with robust AHR (A/] mice) significantly
reduced HDM-induced AHR [53]. Administration of exogenous IL-
17A at the time of HDM-challenge was sufficient to induce more severe
AHR in C3H/He] mice [53]. Similarly, in mice sensitized via mucosal
of OVA exposure, challenge with OVA + IL-17A enhanced AHR over
that induced by challenge with OV A alone [52].

However, while these studies suggest that the presence of IL-17A
is associated with more severe disease, a handful of studies argue
have observed either a protective, or no role for IL-17A in allergen-
induced AHR. For example, IL-17A blockade had no impact on
AHR or BAL cellularity in OVA alum sensitized and intranasally
challenged BALB/c mice, although this is likely due to undetectable
levels of IL-17A induced in these studies [45]. In contrast blocking
IL-17A was found to exacerbate eosinophilia, IL-5 production in
BAL and serum while IL-17A administration decreased eosinophil
recruitment, chemokine production and Th2 cytokine production
[48,49] suggesting a protective role for IL-17A. While these studies
are difficult to reconcile with the studies arguing for a pathogenic role
for IL-17A, a recent report by Besnard et al. suggests that the presence
of IL-22 (another Th17-derived cytokine) may influence the ability
of IL-17A to promote protective versus pathogenic responses in the
lung. Interestingly, they demonstrate that blockade of IL-17A in I[22
-/- mice significantly enhanced eosinophilic inflammation and Th2
cytokine production, while IL-17A blockade in control mice had the
opposite effect [57]. Thus, the authors argued that while pathogenic
in the presence of IL-22, in its absence, IL-17A plays a protective role,
limiting the development of allergen-induced AHR and eosinophilic
inflammation [57], although it is equally plausible that IL-17A regulates
the pathogenicity of IL-22. In support of the latter, a recent report that
examined the relationship between IL-17A and IL-22 in a bleomycin-
induced model of acute lung injury demonstrated that in the presence
of IL-17A, IL-22 increased lung damage, whereas in the absence of IL-
17A, TL-22 was tissue protective [58]. The possibility that IL-22 may
regulate the pathogenicity of IL-17A (or vice versa) is interesting given
that both are products of Th17 cells. As the pattern of cytokines present
during initial Th17 cell differentiation can have a profound effect on the
panel of transcription factors and cytokines secreted upon subsequent
activation [38], it is conceivable that exposure to different cytokine
milieus present during Th17 cell differentiation leads to different ratios
of IL-17A versus IL-22, and the development of protective, versus
pathogenic Th17 cells. The relative production of IL-22 and IL-17A
in these models and in humans with mild versus severe asthma is a
question that warrants further investigation.

Mucin production

Mucus hypersecretion and goblet cell hyperplasia are hallmark
features of allergic disease. While administration of IL-13 directly to the
airways is sufficient to induce marked increases in mucus secretion [6], a
recent report suggests that IL-17A may have a unique role in promoting
mucus hypersecretion. Using primary human tracheobronchial
epithelial cells (TBEs), Chen et al demonstrate that out of a panel of
cytokines tested, only IL-6 and IL-17A (but not IL-4, IL-9 or IL-13)
enhanced expression of both Muc5AC and Muc5B [59]. In similar
experiments using mouse TBEs, IL-6 and IL-17A induced 223 and 97
fold increases in Muc5b promoter activity respectively [59]. While the
failure of IL-13 to induce mucin gene expression was surprising, in
vivo studies making use of transgenic animals support the possibility
that Th17 cytokines can induce mucus production. Over-expression of
IL-17A in pulmonary epithelial cells (under the control of the CC10
promoter) induced marked infiltration with monocytes, and CD4* or

B220* lymphocytes accompanied by increased PAS staining [60]. These
changes were not associated with detectable upregulation of any Th2-
related genes examined (IL-4, IL-5, IL-9, IL-13) [60]. The mechanisms
responsible for the IL-17A mediated induction of mucus production
remain unclear, however, IL-17A has been demonstrated to induce the
production of TSLP [54], an innate promoter of Th2 responses. Indeed,
lung-specific overexpression of TSLP induces monocytic/lymphocytic
infiltration, mucus hypersecretion, and extensive airway remodeling
[61]. Thus, IL-17A may also contribute to the development of more
severe asthma by directly (or indirectly) enhancing mucus production
in the inflamed lung.

IL-17A, neutrophils and asthma

As neutrophilia is observed in individuals with severe asthma, and
IL-17A stimulation induces the production of a number of factors
that directly increase neutrophil granulopoiesis and recruitment, it is
reasonable to hypothesize that the ability of IL-17A to promote severe
asthma may be dependent upon its ability to induce neutrophilia.
Wilson et al demonstrate that the recruitment of neutrophils following
OVA challenge in mice sensitized with OVA + LPS via the airways
is dependent upon IL-17A, as significantly reduced neutrophilia
and AHR was observed in Il17ra -/- mice [52]. To directly test the
importance of neutrophils in driving more severe AHR, they examined
AHR in mice lacking CXCR2 (the receptor for the neutrophil
chemoattractants CXCL1 and CXCL5) or treated with anti-Grl Abs to
deplete neutrophils. Mice lacking neutrophils developed reduced AHR,
suggesting that IL-17A mediated neutrophil recruitment can promote
more severe allergen-induced AHR [52]. However, the mere presence
of neutrophils in the an inflamed lung is not sufficient to induce more
severe AHR, as mice sensitized with OVA in alum (inducing a strong
Th2 response), and challenged with OVA plus CXCL1 or CXCL5 (to
trigger neutrophil recruitment) demonstrated no increase in AHR
[52]. Thus, while neutrophils can exacerbate AHR when recruited by
IL-17A, their mere presence is insufficient to cause the development of
more severe AHR. Thus, it is possible that in addition to inducing the
recruitment of neutrophils to the airways, the production of IL-17A
in severe asthma induces activation of the recruited neutrophils, thus
promoting the development of more severe AHR.

IL-17A mediated enhancement of IL-13 signaling

In trying to dissect the mechanisms through which IL-17A
may exacerbate AHR, we have recently demonstrated that while
administration of IL-17A directly to the airways is not sufficient to
increase AHR, administration of IL-17A + IL-13 increases AHR beyond
that induced by IL-13 alone [53]. Similarly, while administration of
IL-17A was not sufficient to induce expression of IL-13 driven genes
(Tff2, Argl, C3), the capacity of IL-13 to induce expression of these
genes was significantly enhanced when IL-13 was administered with
IL-17A [53]. These data suggest that IL-17A can synergize with IL-13 to
enhance IL-13-driven gene transcription and AHR. Further supporting
this, transfer of a combination of Th2 cells and Th17 [62], or of cells
simultaneously expressing both Th2 and Th17 cytokines [43,63] induced
more severe AHR than transfer of Th2 cells alone. Similar synergy
between IL-17A and IL-13 has also been observed in vitro, as IL-17A
was shown to enhance IL-13-driven secretion of IL-19 from primary
human bronchial epithelial cells [64]. These studies are interesting,
given the observations of Newcomb et al which showed antagonism
between IL-13 and production of Th17 cytokines at the effector T cell
level [40,41]. It should be noted however, that IL-13 responsiveness of
epithelial cells, or airway smooth muscle has been demonstrated to be
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sufficient to induce the development of AHR, suggesting that structural
cells may be an important effector cell in the development of asthma
[65,66]. Moreover, we have clearly demonstrated synergy between
IL-13 and IL-17A in pulmonary fibroblasts [53], suggesting that the
outcome of interactions between IL-13 and IL-17A may be cell specific.
Collectively, these studies suggest that while IL-13 may limit IL-17A
production initially, if both are present during the effector phase of an
immune response, IL-17A can directly synergize with IL-13, enhancing
its biological activities, and thus providing a mechanism responsible
for IL-17A-mediated exacerbation of allergen-induced AHR.

IL-17A and steroid resistance

Steroids represent the gold standard in asthma care, and efficiently
control symptoms in the majority of asthmatics. However, the is a subset
of asthmatics with severe disease that are refractory to corticosteroids.
Therefore, a greater understanding of the mechanisms that control the
development of severe steroid resistant asthma is needed. McKinley
et al. recently demonstrated a role for Th17 cells in the development
of steroid-resistant asthma. They showed that while exposure to
dexamethasone (DEX) significantly inhibited production of IL-5 and
IL-13 from Th2 cells, IL-17A and IL-22 were completely insensitive
to inhibition by DEX [63]. Moreover, AHR induced by transfer of in
vitro Th2-skewed OVA specific T cells followed by OVA challenge was
significantly decreased by in vivo treatment with DEX [63]. In contrast,
transfer of Th17-skewed OVA specific T cells (which appeared to co-
produce IL-4), followed by OVA challenge induced AHR that was
completely insensitive to inhibition by DEX [63], suggesting that Th17
cells may be uniquely insensitive to the inhibitory effects of steroids,
and promote the development of steroid resistant asthma.

There is also some evidence that IL-17A (and possibly IL-17F) can
directly induce steroid insensitivity in epithelial cells. Vazquez-Tello
et al. recently demonstrated that bronchial biopsies from individuals
with asthma demonstrated increased expression of IL-17A, and
decreased expression of glucocorticoid receptor a (GRa), the classical
glucocorticoid receptor [67]. Moreover, exposure of epithelial cells to
IL-17A (and IL-17F) in vitro significantly increased expression of GRp,
an alternative steroid receptor that is thought to act as a dominant
negative inhibitor of GRa [68], suggesting that steroid resistance in
severe asthmatics may be mediated by reciprocal regulation of GRa
and GRP by IL-17A. Interestingly, while steroids effectively blocked
IL-17A-mediated production of IL-6 by epithelial cells from normal
donors, steroids failed to inhibit IL-17A mediated production of IL-6
from asthmatic epithelial cells, demonstrating some level of steroid
resistance [67]. Collectively these data suggest that steroid insensitivity
observed in individuals with severe asthma may be linked to the
development of mixed Th2/Th17 response.

Conclusions

IL-17A is a cytokine with a well described protective role in anti-
microbial and anti-fungal responses, as well as a pathogenic role in
autoimmune diseases. In contrast, allergic diseases such as asthma
have long been associated with the development of a Th2-dominated
immune response. Recent evidence suggests however, that through
its ability to induce neutrophilia, enhance IL-13-driven signaling,
and promote steroid insensitivity, IL-17A is likely to play a role in the
development of severe asthma in humans. However, while IL-17A may
represent an important therapeutic target for treatment of asthma, it is
likely only to be effective in a subset of asthmatics on the severe end of
the spectrum in which disease is caused by a mixed Th2/Th17 response.
However, as this population is presently refractory to treatments

with existing medications (i.e. corticosteroids), such a therapeutic
intervention is likely to have significant impact on the quality of life of
these patients.
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