
Th9 and allergic disease

Introduction

Allergic diseases have been increasing in prevalence in the

developed world over the past few decades.1 Atopic dis-

eases including atopic dermatitis, food allergy, allergic

rhinitis, asthma and anaphylaxis have significant associ-

ated morbidity along with large health-care expenditures.

Through analysis of samples from patients and animal

models of disease, T helper type 2 (Th2) cells and their

cytokines, namely interleukin-4 (IL-4), IL-5 and IL-13,

have been implicated as orchestrating the allergic immune

response. The effector portion of this response includes

immunoglobulin E (IgE) production, infiltration of

eosinophils and mast cells, and ultimately the propagation

of chronic inflammation. Though characterization of

T-cell subsets Th1, Th2 and Th17 has allowed for under-

standing immunity in many disease models, the cytokine

profiles of effector T cells can vary within populations,

making clear distinctions difficult. Therefore, it seems

possible that chronic allergic disease may not be solely a

Th2-driven process.

Lessons from human and animal studies demonstrated

that IL-9 is implicated in asthma and in the protection

against nematode infections. It was originally described as

a T-cell and mast cell growth factor. It is a multifunctional

cytokine secreted by many cell types including T lympho-

cytes, eosinophils, mast cells and neutrophils.2–5 Interl-

eukin-9 has largely been described as one of several Th2

cytokines, but this has now become less clear. Recent

reports have described a new subset of the T helper

population separate from Th2 that produces IL-9 in

large quantities and contributes uniquely to immune

responses.6,7 This population has been named ‘Th9’.

The aim of this review is to combine data from human

and animal models of allergic disease, and propose how

IL-9 secreted by T cells, specifically Th9 cells, may reg-

ulate chronic allergic inflammation. We will begin with

a review of T cells as an important source of IL-9,

focusing on the novel Th9 subset, then we will translate

how IL-9 and possibly Th9 cells may function in allergic

disease.

T cells as a major source of IL-9

Initial in vitro studies revealed that IL-9 is preferentially

produced by Th2-type lymphocytes, and it was therefore

categorized as a member of the Th2 cytokine family.8,9

Subsequent in vivo studies have demonstrated that IL-9

production in response to protein antigen is significantly

reduced in the absence of CD4 T cells, implicating T cells

as a major source of IL-9 production.10 Consistent with

this, IL-9 messenger RNA (mRNA) and protein are highly

expressed and can be localized to lymphocytes in the

bronchoalveolar lavage (BAL) and CD3+ cells in bronchial

tissue from asthmatic patients.11–14 In addition, several

reports indicate that IL-9 is expressed during the course

of Th2-driven immune responses such as during murine

parasitic infections.15,16 The mesenteric lymph nodes from
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Summary

Helper CD4+ T-cell subsets have improved our understanding of adaptive

immunity in humans and in animal models of disease. These include T

helper type 1 (Th1), Th2 and the interleukin-17 (IL-17) -producing popu-

lation ‘Th17’. Th2 cells have been described as orchestrating the immune

response in allergic disease based on studies with patient samples and ani-

mal models. The cytokine IL-9 has largely been regarded as a Th2 cyto-

kine that makes multifocal contributions to allergic disease. Recent data

suggest that under certain conditions relevant to chronic disease (IL-4

and transforming growth factor-b), a distinct population of IL-9-produc-

ing ‘Th9’ helper T cells can exist. The contribution of Th9 cells in allergic

disease is currently unknown, and this review will propose a model for

how these cells may regulate chronic allergic inflammation.
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such studies have revealed elevated IL-9 levels along with

IL-3, IL-4 and IL-5.17 Hence, IL-9 seems to be produced

during some Th2 responses leading to its inclusion in the

Th2 subset of cytokines.

In humans, activation of CD4 T cells with phorbol

12-myristate 13-acetate (PMA) or anti-CD3 can induce

the expression of IL-918 and IL-9 is further up-regulated

by IL-2.19 In addition, signalling through the IL-2 recep-

tor and CD28 can amplify IL-9 secretion by allergen-

specific T-cell clones.20 Further analysis has revealed that

the synergistic effect of IL-2 for IL-9 production by T

cells is dependent on both IL-4 and IL-10.21 Among the

different subsets of human CD4 T cells, IL-9 is highly

expressed by CD45RO+ CCR8+ memory T cells upon

anti-CD3/CD28 stimulation.22 Interestingly, it has also

been reported that the transcriptional activator tax pro-

tein encoded by human T-cell lymphotropic virus type I

(HTLV-I) can induce IL-9 expression by human T cells

via a nuclear factor-jB (NF-jB) pathway.23 Taken

together, human memory T cells are a possible source

of IL-9 and many factors can induce IL-9 expression in

T cells, including IL-2 and IL-10.

In mice, IL-9 was first identified as a T helper cell cyto-

kine that promotes T-cell growth and proliferation.2,3 In

activated T cells, both IL-1a and IL-1b, were found to

enhance the secretion of IL-9.24,25 Similar to human T

cells, a cascade of different cytokines can increase IL-9

production by activated mouse T cells. Fifteen years ago,

Schmitt et al.26 showed that a combination of transform-

ing growth factor-b (TGF-b) and IL-4 synergistically up-

regulate IL-9 production by activated naı̈ve CD4 T cells

and interferon-c (IFN-c) suppresses this pathway. Inter-

estingly, activation of naı̈ve T cells with only TGF-b has

little effect on IL-9 production, indicating the importance

of IL-4 in IL-9 production. This study did not evaluate

the levels of IL-5 and IL-13 to characterize the T-cell sub-

set, but these authors were using ‘Th9’ conditions at a

time when the concept of Th1 and Th2 was being widely

accepted.

Although the requirement for IL-4 in enhancing IL-9

production has been suggested in different models,27,28 a

significant amount of IL-9 production is present in IL-4-

deficient mice upon protein antigen immunization

suggesting an IL-4-independent pathway for IL-9 produc-

tion.10 However, in the later case it is unclear whether

IL-9 is produced by CD4+ T cells or innate cells such as

CD4+ natural killer T cells or CD4+ lymphoid tissue

inducer cells. In contrast to these in vivo results, a reduc-

tion in IL-9 production has been found after activating

CD4 T cells from IL-4-deficient mice in vitro, or in the

presence of neutralizing anti-IL-4 antibody.10 Hence, IL-4

appears to be an important initiator of CD4 T-cell IL-9

synthesis.

To evaluate the functional role of IL-4 in IL-9 synthe-

sis, Schmitt et al. showed that activation of naı̈ve T cells

in the presence of TGF-b and anti-IFN-c significantly

enhances IL-9 production. However, compared with the

combination of TGF-b and IL-4, the enhancing effect of

anti-IFN-c antibody in the presence TGF-b was attenu-

ated, suggesting that IL-4 is sufficient for IL-9 production

in the presence of TGF-b. Consistent with this, defective

IL-9 production by signal transducer and activator of

transcription 6 (STAT6) -deficient T cells reinforces the

importance of IL-4 downstream signalling for IL-9 syn-

thesis.6 Taken together, IL-4 appears to enhance TGF-b-

mediated IL-9 production by neutralizing the inhibitory

effect of endogenously produced IFN-c and by directly

supporting IL-9 production.26

In addition to IL-4 and TGF-b, IL-10 has also been sug-

gested to promote IL-9 production in murine systems.10

This was shown by the impaired IL-9 production in IL-10-

deficient mice that were immunized with keyhole limpet

haemocyanin. However, blockade of the IL-10 receptor on

T cells has little effect on IL-9 production, indicating that

IL-10 may not directly regulate IL-9 synthesis.6 This

inconsistency between in vivo and in vitro studies may be

explained by an enhanced Th1 response and IFN-c pro-

duction in IL-10-deficient mice that may suppress IL-9

production in vivo.26 Unlike the consistent and non-

redundant role for IL-2 on T cells for IL-9 synthesis,26 the

precise role of IL-10 remains to be determined.

Th9, a new subset of T helper cells

Depending on the signals that innate cells sense from dif-

ferent pathogens and on the subsequent cytokine milieu,

naı̈ve CD4+ T cells differentiate into different subsets

based on cytokine profile including Th1, Th2, Th17 cells

or inducible regulatory T cells (iTreg).29–33 The signalling

events downstream of cytokines are essential to polarize T

cells into these different fates. In the case of Th1, IL-12

production by antigen-presenting cells acting through the

STAT4 can trigger the development of Th1 cells to pro-

duce the signature Th1 cytokine IFN-c, which in turn

activates STAT1 and induces expression of the principle

Th1 transcription factor T-bet.34–36 Th2 cells express IL-4,

IL-5 and IL-13. IL-4 activates STAT6 and induces the

Th2 transcription factor GATA3.37,38 When naı̈ve T cells

are stimulated in the presence of TGF-b with inflamma-

tory cytokines such as IL-6, IL-21 or IL-23, they differen-

tiate into another subset of T helper cells that produce

IL-17 (Th17) and IL-22.39 Interleukins -6, -21 and -23,

acting via STAT3 in the presence of TGF-b, induce the

key transcription factors RAR-related orphan receptor

(ROR)ct and RORa for Th17 development.40 In addition

to T helper cells, activation of naı̈ve T cells in the pres-

ence of TGF-b and IL-2 results in the generation of

iTregs via induction of the transcription factor Foxp3.41

This highlights the differential role of TGF-b in T-cell dif-

ferentiation, suggesting that the local cytokine milieu is
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critical to the T-cell response, whether in the presence of

IL-6 for Th17 or IL-4 for Th9 differentiation.

Although T-cell subsets differentiated in vitro provide

important potential clues to immune responses, adaptive

in vivo responses are usually characterized by a heteroge-

neous population of T helper and regulatory T cells. Even

in polarized in vitro conditions, some degree of flexibility

exists. Recent studies have shown that Treg and Th17

cells are not stable populations and have the capacity for

dedifferentiation.42–44 Therefore, T helper and Treg cells

are mixed populations consisting of a committed lineage

and an uncommitted subpopulation with developmental

plasticity.45,46 Such heterogeneity is also observed in

T cells producing IL-9. Although IL-9 production has

been generally attributed to Th2 cells, under certain

circumstances naturally arising CD4+ CD25+ regulatory

T cells (nTreg) in peripheral tissues and iTregs generated

in the presence of TGF-b can produce more IL-9

upon activation than Th2 cells.47,48 However, IL-9 pro-

duction appears to be absent from Foxp3+ nTregs isolated

from thymus or Foxp3+ iTregs generated from highly

purified naı̈ve T cells.6 The reason for this discrepancy

could be that CD4+ CD25+ T cells in the periphery repre-

sent a mixture of committed Foxp3+ Treg and recently

activated T helper cells that can already produce IL-9.22

Similarly, activation of CD4+ CD25) T cells, which are

a mixture of naı̈ve and effector/memory T cells, in the

presence of TGF-b gives rise to both Foxp3+ iTregs

and Foxp3) effector T cells that subsequently produce

IL-9 upon activation.26 Overall, these findings indicate

that apart from Th2 cells, another subset of effector

T helper cells may exist that produces a significant

amount of IL-9.

Recent comparative analysis of different subsets of T

helper cells for cytokine production by polymerase chain

reaction and intracellular staining revealed that activation

of naı̈ve CD4 T cells in the presence of TGF-b and IL-4

significantly enhances IL-9 and IL-10 production but not

other Th2 cytokines, indicating that IL-9-producing cells

are not Th2 cells.6,7 Interestingly, in the presence of TGF-

b and IL-4, IL-9-producing cells are also distinct from

Th1, Th17 and Foxp3+ iTreg populations, suggesting that

they represent a new subset of T helper cells. Functional

analysis of Th9 cells has also confirmed that in contrast

to Treg cells, Th9 are neither anergic nor suppressive, as

they can vigorously proliferate and along with effector T

cells they further enhance T-cell proliferation.7 In addi-

tion, Th9 cells do not express any well-defined transcrip-

tion factors like T-bet, GATA3, RORct and Foxp3,

emphasizing that Th9 cells are different from Th1, Th17

and Foxp3+ iTreg populations.6 In a human T-cell line, it

was noted that the promoter region of the IL-9 gene can

bind to several transcription factors like activating pro-

tein-1 and NF-jB, considered to be universal transcrip-

tion factors expressed by other T helper cells.49 One

report recently showed that GATA1 regulates IL-9 pro-

duction in mast cells through p38 mitogen-activated pro-

tein kinase.50 However, this might be different in the T

cell where GATA3 is the only GATA factor known to be

expressed. Therefore, the existence of a specific transcrip-

tion factor that is uniquely expressed by Th9 cells remains

to be discovered.

Considering the plasticity in T helper cell responses, it

has been shown that TGF-b is a key cytokine at the cen-

tre of the differentiation of Th17 cells and iTregs, and

reprogrammes already established Th2 cells to lose their

ability to produce Th2 cytokines and switch to IL-9 and

IL-10 production.6 In contrast to the idea that Th2 cells

have an irreversible lineage commitment, fate ‘decisions’

taken by Th2 cells might be more flexible than antici-

pated. Such flexibility in Th2 cells has only been reported

in response to TGF-b, as IL-12 cannot reprogramme Th2

cell to a Th1 phenotype.6 However, how TGF-b inhibits

the expression of GATA3 and consequently Th2 cytokines

by Th2 cells and instead promotes IL-9 and IL-10 pro-

duction requires further analysis. In this context, whether

TGF-b can reprogramme Th1 cells by modulating T-bet

expression also needs to be addressed.

As it is currently unknown whether Th9 cells contrib-

ute to the development or maintenance of allergic disease,

we will next review human and animal model studies

describing the expression and function of IL-9. Should

Th9 cells be identified as an important source of IL-9 in

these diseases, we may gain some insight from these stud-

ies into the effector function of these cells.

IL-9 in human allergic disease

Asthma

Asthma is characterized by chronic inflammation of the

airways and bronchial hyper-responsiveness. Genetic pre-

disposition along with environmental exposures appears

to be important for the development of clinical allergic

disease including asthma. In humans, IL-9 maps to the

long arm of chromosome 5 (5q31-35), a region that also

contains genes encoding IL-3, IL-4, IL-5, IL-13, CD14

and granulocyte–macrophage colony-stimulating factor.51

Polymorphisms in this region have associations with the

development of atopy and bronchial hyper-responsive-

ness.52,53 Specifically, IL-9 was proposed as a candidate

gene for atopy after linkage disequilibrium showed signifi-

cant association with elevated total IgE levels.54 The

homologue of IL-9 in mice is on chromosome 13 and

sequence differences between strains of mice have been

suggested to account for differences in IL-9 expression

and bronchial hyper-responsiveness, a cardinal feature of

asthma.55 Additionally, the IL-9 receptor is located in

the long arm of the XY pseudoautosomal region and

one report has provided evidence of linkage between a
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polymorphic region containing the IL-9R gene and

asthma and bronchial hyper-responsiveness.56 Differences

at the IL-9 and IL-9 receptor loci may be partially respon-

sible for the genetic susceptibility to allergic disease

including asthma.

Allergic asthma has been characterized by a Th2

inflammatory response to inhaled allergens, orchestrated

by CD4 T cells that produce a characteristic cytokine pro-

file responsible for eosinophilic lung inflammation.57 In

asthmatics, CD4 cells and Th2 cytokines in BAL speci-

mens are increased after allergen challenge.58,59 Though

initial studies evaluated IL-4, IL-5 and IL-13 levels in the

BAL, IL-9 levels have also been demonstrated to increase

after allergen challenge in asthmatics compared with nor-

mal controls.12 Additionally, bronchial biopsies from

patients with atopic asthma have shown an elevated num-

ber of IL-9 mRNA-positive cells in the airway compared

with normal controls and patients with chronic bronchitis

and sarcoidosis.11,60 Importantly, two reports have dem-

onstrated that IL-9 can be localized to the lymphocyte

population in the BAL, and CD3+ cells in the airway.13,14

However, it remains unclear if the principal cellular

sources of IL-9 are Th2 cells that produce IL-4, IL-5 and

IL-13 or other T cells that contribute significantly during

chronic asthma. These studies have revealed that IL-9 is

enhanced during asthmatic inflammation, but the precise

role in asthma pathogenesis has relied on murine models

for elucidation.

Other allergic diseases

A few studies have evaluated patients with allergic rhinitis

and the associations with IL-9 levels. In one report,

peripheral blood mononuclear cells (PBMCs) from non-

atopic and atopic individuals, including those with

asthma and/or allergic rhinitis, were stimulated with aller-

gens in vitro and IL-5, IL-9 and IL-13 levels were mea-

sured.61 Interestingly, IL-9 levels were more specifically

correlated with allergen-specific IgE levels compared with

IL-5 and IL-13, and higher IL-9 levels were present in

those with asthma versus allergic rhinitis. A separate

study evaluated allergen-specific responses in PBMCs

from atopic children, and found a positive correlation

between elevated IL-9 production after cat allergen stimu-

lation and presence of asthma, but not allergic rhinitis.

These suggest that IL-9 production after in vitro stimula-

tion may be a biomarker of allergen-specific T-cell

responses associated with asthma more than upper airway

disease. There is limited published data regarding the IL-9

expression in the nasal tissue of patients with allergic rhi-

nitis. One group has evaluated the numbers of IL-9

mRNA-positive cells and used immunohistochemistry to

characterize IL-9-producing cells in the nasal mucosa of

patients with allergic rhinitis before and after allergen

immunotherapy.62 The number of IL-9 mRNA-positive

cells correlated with nasal eosinophilia, and about one-

third of these cells were T cells. After 2 years of immuno-

therapy, IL-9 protein level and mRNA-positive cells were

significantly reduced.

To our knowledge, there are no published reports

regarding the involvement of IL-9 with other human

allergic diseases including atopic dermatitis, food allergy

and anaphylaxis. It is difficult to conclusively state the

role of IL-9 in allergic disease from human studies given

that this cytokine may be a bystander of the driving

forces behind the pathogenesis and most studies have

examined a very limited number of cytokines. However,

samples from patients with allergic respiratory disease,

principally asthma, have revealed that T cells are a signifi-

cant source of the IL-9 that is elevated in these diseases

compared with normal subjects.

Mouse models of allergic disease

Mouse models of allergic airways disease have been used

to evaluate the function of IL-9. Initial genetic studies in

B6 mice that have hypo-responsive airways revealed that

polymorphisms at the IL-9 locus were associated with

reduced levels compared with hyper-responsive DBA/2J

(D2) mice55 Subsequently, IL-9 over-expressing transgenic

mice were created and found to have increased airway

hyper-responsiveness, eosinophilia and IgE levels after

antigen challenges.63 Unchallenged transgenic mice in this

study appeared to have no evidence of peribronchial

inflammation or BAL eosinophilia, suggesting that IL-9

over-expression enhances the asthmatic phenotype only in

the presence of antigen-induced inflammatory changes.

In contrast, lung selective over-expression of IL-9 using

a clara cell (CC10) promoter without the presence of

antigen led to profound increases in airway eosinophilia,

peribronchial inflammation, mast cell accumulation and

hyper-responsiveness.64 In addition, these transgenic

mice had epithelial mucus production and subepithelial

fibrosis, features of airway remodelling associated with

chronic asthma. The dependence upon antigen between

systemic and lung-specific IL-9 expression to induce

phenotypic changes may be related to differences in

strains, IL-9 expression level, or possibly a suppressive

role of IL-9 when over-expressed systemically. Regard-

less, over-expression of IL-9 in the lungs of transgenic

mice appears to enhance airway inflammation and

remodelling.

It is difficult to draw conclusions about the role of IL-9

from transgenic IL-9 mice because IL-9 is probably highly

regulated. The creation of IL-9-deficient mice has allowed

for the evaluation of the role of IL-9 in models of allergic

disease. Initially, IL-9-deficient mice were tested in a

model of granulomatous Th2 lung inflammation that

occurs after Schistosoma mansoni egg administration, and

is characterized by mastocytosis and mucus metaplasia in
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addition to lung granuloma formation and eosinophilia.65

The IL-9-deficient mice had a similar amount of eosino-

philia, but were significantly impaired in the development

of epithelial mucus metaplasia and had reduced numbers

of lung mast cells. Using a more conventional acute

asthma model with ovalbumin (OVA)/alum immuniza-

tion followed by six daily aerosolized airway OVA chal-

lenges, one group found no difference in airway hyper-

responsiveness, BAL cellularity, mucus metaplasia and

peribronchial inflammation in IL-9-deficient mice.66

However, another report showed a significant decrease in

airway hyper-responsiveness and BAL eosinophilia after

administration of an IL-9 blocking antibody was given

before a single aerosolized challenge after two immuniza-

tions with OVA/alum.67 The conflicting results between

the knockout and antibody blocking study may be related

to protocol differences, with the former possibly bypass-

ing the requirement for IL-9 (daily challenges for 6 days

versus one challenge). In addition, the findings from

knockout mice cannot always be applied to physiological

disease models because of selective mutations being pres-

ent from birth.

Studies of IL-9 in mouse models of allergic disease

models apart from those involving lung inflammation are

limited. However, two reports suggest that IL-9 may have

an important role in anaphylaxis. In one report, IL-9 pro-

moted anaphylaxis during both sensitization and effector

stages in a passive model of systemic anaphylaxis, IL-9

receptor-deficient mice were not protected from anaphy-

laxis.68 In a recent report, intestinal anaphylaxis was

attenuated in IL-9-deficient mice undergoing oral antigen

sensitization and challenge.69 In addition, gut-specific

IL-9 transgenic mice had increased mucosal permeability

and were predisposed to oral antigen sensitization. Hence,

IL-9 appears to be acting during the sensitization and

challenge phases of murine anaphylaxis, perhaps through

IgE production and mastocytosis.

IL-9 and airway remodelling

Airway remodelling occurs in chronic asthma and is char-

acterized by structural changes mediated by cytokines and

growth factors that include epithelial mucus metaplasia,

peribronchial fibrosis, increases in airway smooth muscle

mass, and angiogenesis.70 Of these features of remodel-

ling, IL-9 has been most associated with epithelial mucus

production, which is considered deleterious to symptoms

and lung function in asthmatics and is reviewed else-

where.71 In mouse models of Th2-driven lung inflamma-

tion, mucus metaplasia occurs when epithelial cells

change their phenotype and rapidly increase their produc-

tion of mucins. Though data from the IL-9 transgenic

mice support a role for IL-9 in induction of mucus meta-

plasia, this phenotype was initially correlated with the

degree of inflammation. However, it is now clear from

both in vitro and in vivo studies that IL-9 can directly

induce these changes, independent of inflammation.72–75

Initially, IL-9 was shown to directly stimulate bronchial

epithelial cells in vitro to increase muc5ac gene expression,

the principle mucin in asthmatic airway epithelium.72

Additional studies have reported that direct instillation of

recombinant IL-9 into the trachea of mice can induce

muc5ac gene expression and histolopathological mucus

changes,73,75 without the presence of recruited inflamma-

tory cells in the airway. A few reports have shown that

IL-9 induction of mucus metaplasia is dependent on

IL-13,76,77 suggesting that there may be direct and indi-

rect effects.

Other features of remodelling including increases in

peribronchial subepithelial fibrosis in IL-9 transgenic mice

have been reported, but this may be secondary to

immune cell recruitment and mediator release.78 For

example, when human airway smooth muscle was stimu-

lated with IL-9 in vitro, eotaxin1 and IL-8 are released,

suggesting that the interactions between IL-9 and smooth

muscle may propagate inflammation through eosinophil

and neutrophil recruitment.79,80 As mentioned, IL-10 has

been shown to both stimulate IL-9 production and be

secreted from Th9 cells.6,10 Interestingly, IL-10 over-

expression in the lung has previously been shown to

induce STAT6 and IL-13-independent airway inflamma-

tion and fibrosis.81

Overall, IL-9 appears to have important roles in airway

remodelling, most notably with mucus production in the

epithelium. Conceivably, sources of IL-9 during the

remodelling process include T cells, eosinophils, mast

cells and structural cells. Although CD4 Th2 cells appear

critical to the initiation of remodelling changes, we have

recently demonstrated that CD4 cells are not required

for remodelling, including mucus metaplasia, after the

establishment of acute inflammation but remain essential

to eosinophilic inflammation even during late antigen

challenges. This suggests that IL-9 secreted from a CD4

cell may have a direct role in the early initiation of air-

way remodelling, but other cell types likely contribute

later.82

Interestingly, there is significant evidence from human

asthmatics and mouse models that TGF-b regulates the

airway remodelling process on many levels,83 providing

the appropriate milieu to differentiate or possibly ‘repro-

gramme’ effector CD4 T cells into Th9 cells. The recently

published data regarding Th9 subsets suggest a model

where Th2 cells that have been demonstrated to play a

critical role in acute allergic inflammation have the ability

to switch to a Th9 phenotype during chronic inflamma-

tion and contribute to the ongoing inflammatory

response and perhaps the initiation of airway remodelling

(Fig. 1). As mentioned, and reviewed in detail else-

where,84,85 there are many potential sources of IL-9 in

allergic disease, including mast cells and eosinophils,
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making it difficult to draw conclusions about the presence

and/or role of Th9 cells in allergic disease.

Th9 in health and non-allergic disease

Despite the functional role of IL-9 in allergic diseases and

resistance against intestinal nematodes, there is little

information regarding the significance of IL-9-producing

cells in autoimmune disease. There are a few models

describing how IL-9-producing cells can be generated

in vivo. Using a skin allograft model, Lu et al.47 showed

that CD4+ CD25+ T cells, but not CD4+ CD25) cells, are

able to secret a significant amount of IL-9, that in turn

activates mast cells and induces graft tolerance. In this

model, TGF-b either from Tregs or other cells may

potentiate IL-9 production by CD4+ CD25+ T cells. In a

separate experimental system, direct interaction between

effector encephalitogenic T cells and TGF-b+ neuron cells

switches the effector T cells into IL-9-producing regula-

tory T cells that can suppress ongoing experimental auto-

immune encephalomyelitis.48 In these two models, TGF-b

can ameliorate ongoing tissue damage driven by alloreac-

tive or encephalitogenic T cells probably through deviat-

ing uncommitted pathogenic Th0/Th1 cells toward

protective IL-9/IL-10-producing cells. However, in a coli-

tis model in which RAG-1-deficient mice were reconsti-

tuted with effector Th9 cells alone or in combination

with CD45RBhi effector T cells, severe weight loss and

moderate colitis were observed.7 Interestingly, 6–8 weeks

post transfer, Th9 cells recovered from RAG-1-deficient

mice are able to produce both IL-17 and IFN-c, indicat-

ing the flexibility in cytokine production by Th9 cells.7 As

a consequence, Th9 cells could contribute to the patho-

genesis of many different diseases, in part through a

broad repertoire of cytokines that can be produced by

these cells.

Concluding remarks

The identification of T-cell subsets and their respective

cytokine profiles that are consistently found in patients

with different diseases has improved our understanding
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Figure 1. Model of T helper type 2 (Th2) and Th9 responses during acute and chronic lung inflammation. During the acute phase of Th2 dri-

ven-lung inflammation, allergen inhalation in predisposed individuals induces activation of Th2 cells to express multiple cytokines. These cyto-

kines are involved in the class-switching of B cells to immunoglobulin E (IgE) synthesis [interleukin-4 (IL-4) and IL-13], activation and

recruitment of mast cells (IL-4, IL-9 and IL-13) and the development and maturation of eosinophils (IL-5 and granulocyte–macrophage colony-

stimulating factor) and basophils (IL-4) and initiation of mucus metaplasia (IL-13 and other growth factors). During repetitive exposure to aller-

gens or perhaps other stimuli epithelial cells and the underlying mesenchyme participate in the repair process of damaged epithelium through

the release of various growth factors and cytokines such as transforming growth factor-b (TGF-b) and vascular endothelial growth factor. In the

chronically inflamed airway, eosinophils, macrophages, and to some extent, mast cells produce TGF-b. In the presence of IL-4 and TGF-b, some

effector Th2 cells may switch to Th9 cells and become involved in distinct aspects of chronic lung inflammation mediated by IL-9. The IL-9 sup-

ports antigen-independent proliferation of T cells, enhances IgE and IgG production by B cells; promotes proliferation/survival and release of

proinflammatory cytokines from mast cells and potentiates the maturation and survival of eosinophils. Interleukin-9 can increase IL-8 release

from neutrophils and smooth muscle and in combination with IL-17 may increase accumulation of neutrophils in the airways. In epithelial cells,

IL-9 induces chemokines that enhance eosinophilia and T-cell infiltration, as well as stimulating mucin production leading to mucus metaplasia.

IL-9 can also induce the expression of Th2-associated chemokines in human airway smooth muscle, which in turn increase infiltration of eosino-

phils and other inflammatory cells. Together, the cellular and structural changes mediated by IL-9 can augment airway remodelling and perpetu-

ate chronic inflammation. MF = macrophage, Eos = eosinophil, Neu = neutrophils, MC = mast cells.
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of these diseases and has led to the creation of relevant

animal models. With the recent discovery of a novel

T-cell subset, Th9, it seems plausible that these cells may

be contributing to allergic disease. Analysis of specimens

from allergic patients has revealed that T cells can be a

significant source of IL-9 and mouse models have

revealed that IL-9 has multiple effects in the development

and maintenance of allergic inflammation and airway

remodelling. During the allergic response in vivo, it is

unknown whether IL-9-secreting T cells are distinct from

Th2 cells or whether Th2 cells can be reprogrammed into

Th9 cells. This exciting new area in the field of allergy

and immunology is now open for further investigation.
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