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STATE OF THE ART REVIEW

Allergic asthma: a tale of many T cells
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*Division of Rheumatology, Allergy and Immunology, Center for Inmunology and Inflammatory Diseases, Massachusetts General Hospital, Harvard Medical School,
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Summary

Asthma is a common immune-mediated disorder characterized by reversible airway
inflammation, mucus production, and variable airflow obstruction with airways
hyperresponsiveness (AHR). In most cases the airway inflammation characteristic of asthma is
thought to result from an allergic-type reaction to an inhaled substance from the environment
(so-called allergic asthma). In allergic asthma, allergen exposure stimulates eosinophilic
inflammation of the airways associated with infiltration of T cells. Although the recruitment
of eosinophils into the airways is an important component in the pathogenesis of asthma, the
trafficking of T lymphocytes into the airways is now believed to establish and orchestrate the
asthmatic inflammatory response. This review explores the roles of various T cell subsets in
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cells in regulating asthma.

the pathogenesis of allergic airway inflammation and highlights the contributions of these

Asthma pathogenesis

One of the earliest steps in the establishment of allergic
sensitization is the generation of an antigen-specific T cell
response to an allergen. This results from engagement of T
cells by allergen-loaded antigen presenting dendritic cells
[1]. A network of dendritic cells is located under the
airway epithelium where they can survey the airway for
invading pathogens and inhaled antigens [2, 3]. It is
thought that adjuvant signals from airway epithelium,
generated in response to inhaled stimuli, influence the
migration and maturation state of dendritic cells and
T cells, and helps determine whether a particular antigen
will trigger a T cell-mediated inflammatory response [2,
4-7]. When properly stimulated, airway dendritic cells
will migrate to the draining lymph node where they
present antigen and stimulatory signals to cognate T cells
leading to their activation [8]. These activated T lympho-
cytes then migrate into the airways where they secrete
cytokines and other mediators, which direct the late
asthmatic response (LAR) in the lungs. In addition, long-
lived memory T cells are generated, which continue to
survey the airways for specific inhaled antigens.

After the initial sensitization to an allergen, re-expo-
sure to it results in a rapid exacerbation of allergic airway
inflammation. Inhaled allergen binds to preformed IgE

and IgG in the airways and stimulates mast cells and
macrophages to release mediators, such as histamine, as
well as the production and release of such mediators as
leukotrienes, TNF, and various chemokines and T helper 2
(Th2) cytokines. Release of these mediators, associated
with the early-phase of an asthmatic reaction, results in
mucus production, bronchoconstriction, vascular leak,
and the initial recruitment of T cells into the airways. The
early-phase of an asthmatic reaction is initiated within
minutes, and is subsequently followed several hours later
by a late-phase reaction distinguished by an influx of
eosinophils and activated T cells into the airways.
Experimental evidence suggests that T cells are the
primary mediators of the asthmatic inflammatory re-
sponse, in particular, the Th2-type cell subset seems to be
critically important [9]. In support of this central role of
Th2 cells, an increase in Th2 lymphocytes and their
cytokines was observed in the airways of human asthma
patients [10-13]. In addition, studies done in murine
models of allergic airway inflammation have demon-
strated that Th2 cells and their secreted cytokines are
essential for the development of eosinophilia and airway
hyperresponsiveness (AHR) [14-18], supporting a role for
Th2 cells and their cytokines in the pathogenesis of
asthma. Based on this, it has been proposed that a
therapeutic strategy targeting Th2 cell trafficking into
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Fig. 1. Development of T cell subsets. CD4~CD8~ double negative T cells develop into CD4", CD8", NKT, and & T cell subsets in the thymus. A
subpopulation of CD4" cells develops into natural Tregs in the thymus. After emigrating from the thymus, upon antigen presentation and activation,
naive CD4" cells further differentiate into effector subsets, such as Th1, Th2, adaptive Tregs, or Th17 in secondary lymphoid organs depending on the
cytokine milieu. Encounter with antigen-loaded dendritic cells in secondary lymphoid organs and peripheral tissue also stimulates naive CD8™ cells to
proliferate and differentiate into cytotoxic T cells. Activation of different T cell subsets results in the migration of the cells via chemokine receptors and

subsequent production of the indicated cytokines.

the lung could be ideal for reducing airway inflammation
in asthma and controlling disease [19]. However, while
most data suggest that Th2 cells are central to the
pathogenesis of asthma, some studies suggest that other
T cell subsets, including Th1 cells [20, 21], natural killer
T (NKT) cells [22-24], and Th17 cells [25-30], accumulate
in the airway of asthmatics and may also play a role in its
pathogenesis. Furthermore, studies in humans and mouse
models of asthma suggest that Foxp3™ regulatory T cells
(Tregs) in the airways can modulate allergic airway
inflammation [31-34]. These data suggest that the im-
mune mechanisms in asthma are highly complex, and
thus it may not be possible to fully suppress inflammation
by targeting a single T cell subset. In this review, we
describe the current knowledge on the role of different
T cell subsets in the pathogenesis of allergic asthma as
well as the mechanisms that control their accumulation in
the airways.

T cell development

T lymphocytes, like all immune cells, originate from
haematopoietic stem cells in the bone marrow. However,

whereas the majority of blood lineages complete the
development process within the bone marrow, most T cells
undergo partial development within the thymus. T cells
begin the development process in the thymus as double
negative (DN) T cells, lacking both CD4 and CD8 co-
receptors (Fig. 1). As thymocytes, they continue the
development process and express both CD4 and CD8 co-
receptors, and are called double positive (DP) T cells. They
then become committed to express either a3 or yo T cell
receptor chains after which they proceed through a
complicated and well-regulated process of positive and
negative selection, and then further develop into CD4 or
CD8 single positive (SP) T lymphocytes [35, 36]. These
mature T cells then migrate from the thymus into the
periphery as naive T cells [37]. Upon encounter with
cognate antigens in the periphery, naive T lymphocytes
then differentiate into effector cells such as cytotoxic and
helper T cells, as well as Tregs [38].

CD4* Tcells

Antigen stimulation of CD4™ T cells results in activation
and differentiation of these cells into several different

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1-11



T cell subsets in Asthma 3

functional subsets. Th1 cells are defined by the production
of IFN-y and orchestrate protection from intracellular
pathogens; Th2 cells are characterized by the production
of IL-4, IL-5, and IL-13 and mediate protection from
extracellular parasites [39, 40]. A third subset of Th cells,
called Th17 cells, has been characterized. These cells are
distinguished by their production of IL-17 and IL-22 and
are believed to be involved in the clearance of extracel-
lular bacteria and fungi [41, 42]. Recent advancements in
T cell biology have discovered a subset of CD4" T cells
that constitutively express the o chain of the IL-2 receptor
(CD25) and the forkhead transcription factor FoxP3. These
CD4"CD25" cells are characterized by the expression of
IL-10 and TGF-B and are involved in regulating and
suppressing inflammation. Thus, these CD4" cells are
denoted Tregs [43-47].

T helper 2 cells

There is considerable experimental evidence from both
human and animal studies suggesting that Th2 cells and
their cytokines mediate allergic airway inflammation.
Human studies have shown that Th2-type cytokines were
found to be elevated at baseline in the airways of
asthmatic subjects [10, 12, 48], and the levels increase
after segmental allergen challenge [11, 49-53]. Consistent
with these findings, additional studies have demonstrated
an increase in Th2 cytokine production in CD4™ T cells in
the lungs of asthmatic individuals [12, 54-57]. In addi-
tion, high levels of the Th2 cell transcription factors
STAT6 and GATA3 were detected in bronchial-biopsies of
asthmatic patients [58, 59]. Because GATA3 and STAT6
are transcription factors that are important for both the
differentiation of naive T cells into Th2 cells and for the
secretion of Th2 cytokines [60-63], high levels of these
transcription factors suggests an increased population of
Th2 cells.

The Th2 cytokine IL-13 appears to be associated with
asthma. IL-13 was found to be over-expressed in the
sputum of mild asthmatic subjects [64, 65], and IL-13
mRNA expression was increased in bronchial biopsy
samples from mild asthmatics [66, 67]. A recent study by
Saha et al. provides further data supporting a correlation
between IL-13 production and asthma inflammation by
showing that not only is IL-13 expression increased in the
sputum and in bronchial biopsy samples from individuals
with severe asthma, but its expression is related to the
degree of eosinopilic inflammation [13]. Thus, these
studies support the hypothesis that Th2 cells are playing
an important role in asthma pathogenesis.

Mouse studies also support the concept that Th2 cells
play a central role in allergic airway inflammation. Con-
sistent with the findings from human studies, investiga-
tors have demonstrated that the Th2-type cytokine IL-13
is critical for allergen-induced eosinophil recruitment and
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AHR in a murine model of allergic airway inflammation
[14, 15]. Furthermore, depletion of Th2 cells from a mouse
model prevented the development of AHR and eosinophi-
lic inflammation [68]. Finally, adoptive transfer of anti-
gen-specific Th2 cells into naive mice followed by aerosol
challenge with antigen leads to eosinophilic airway in-
flammation, mucus hyper-secretion, and AHR [69-71].

Despite the large amount of data suggesting a central
role for Th2 cells in the pathogenesis of asthma, some
groups have reported that Th2 cells are not the only T cell
subset involved in asthma pathogenesis [23, 48, 72, 73].
Our laboratory has shown that there is not a preferential
enrichment of Th2 cells or Th2-associated chemokine
receptors observed in the bronchoalveolar lavage (BAL)
of human asthmatics before and 24 h following segmental
allergen challenge [23]. Another study has demonstrated
that although the total number of IL-4-producing T cells
was increased following segmental allergen challenge,
the percentage of these cells was not different from pre-
challenge levels [30]. Thus, the current data regarding Th2
cells leaves open the possibility that other T cell subsets
are also recruited into the asthmatic lung following
antigen challenge.

The trafficking of T cells into the airways is thought to
orchestrate the asthmatic response, and it has been of
interest to investigators to determine the mechanisms
behind T cell recruitment into the inflamed airways. Prior
studies have demonstrated that chemokine receptors ex-
pressed on Th2 cells are responsible for the migration of
these cells when stimulated with their respective chemo-
kine ligands [74-76]. In support of a role for chemokine
receptors in T cell trafficking in asthma, we found that
G protein-coupled chemoattractant receptors are mediat-
ing the trafficking of Th2 cells into the airway before and
after allergen challenge [77]. Specifically, expression of
the chemokine receptors CCR4 and CCR8 on Th2 cells [75,
76] have led researchers to hypothesize a role for these
specific receptors in the trafficking of Th2 cells to the
asthmatic lung. Data in support of this hypothesis include
reports implicating CCR4 in mediating T cell recruitment
to the airways in response to allergen [78-81] and,
notably, a study demonstrating that T cells expressing
CCR4 are found in the lungs of asthmatic patients [78].
Additionally, Schuh et al. assessed that CCR4-deficient
mice developed less airway inflammation [82], and CCR4
ligands were found to be up-regulated in asthmatic air-
ways after allergen challenge [83]. However, despite these
data demonstrating a role for CCR4 in the development of
Th2 responses to allergen, some contradictory reports
dispute the significance of CCR4 in the trafficking of Th2
cells to inflamed airways. One study using mice deficient
in CCR4 demonstrated that the absence of CCR4 did not
protect these mice from airway inflammation or AHR [84].
Additional research done in guinea pigs has shown that
blocking CCR4 with a specific antibody does not
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significantly affect CCR4" T cells in the BAL or the
recruitment of T cells to the lungs, further indicating
alternative pathways in the recruitment of T cells to the
inflamed airways [85].

CCR8 is another chemokine receptor that has been
associated with a Th2 cell phenotype; however, the
significance of CCR8 in asthma is less certain. Panina-
Bordignon et al. have shown that T cells expressing CCR8
are found in the airways of asthmatic patients, but the
level of CCR8 expression was not up-regulated to the same
extent as CCR4 [78]. It has also been shown that the CCR8
ligand CCL1 was not increased after allergen challenge in
humans [83], further suggesting that CCR8 may not be
playing a significant role in the recruitment of T cells to
the allergic lung. There are also difficulties interpreting
data regarding studies done in mouse models of asthma. It
has been reported that TCA-3, the murine ligand of CCR8,
was elevated in inflamed airways [86]. However, conflict-
ing results show that the absence of CCR8 does not affect
Th2 cytokine responses or airway inflammation [87].
Therefore, the role of CCR8 remains an unanswered
question and, although the current data demonstrate a
role for chemokine receptors in the recruitment of Th2
cells to the asthmatic lung, further study is needed to
understand the mechanisms by which they are exerting
their activity.

T helper 1 cells

Th1 cells are also recruited into the asthmatic lung, but
their role in the asthmatic response remains unclear
[88-90]. In contrast to the levels of Th2 cytokines, the
number of cells expressing mRNA for IFN-vy, a Th1-type
cytokine, was reported to be similar in both normal and
asthmatic patients [56]. Additionally, expression of T-bet,
a transcription factor important in IFN-y production, was
decreased in T cells isolated from the airways of asthmatic
patients compared with non-asthmatic individuals [91].
Other groups have demonstrated that the percentage of
IFN-y Th1l cells decreases in comparison with pre-
challenge levels [23, 48], suggesting that although Th1
cells migrate to the allergic lung, they may not be the pre-
ferential cell type that is recruited. In contrast to these
findings, however, some groups have reported that there
are increased IFN-y-producing cells in human BAL fluid
after administration of segmental allergen challenge [20,
73]. The question remains, therefore, whether Th1 cells
augment or regulate the asthmatic response.

In support of the hypothesis that Th1 cells enhance the
asthmatic response and aid in the recruitment of Th2 cells
to the airways, Randolph et al. [89] demonstrated in a
mouse model of asthma that the adoptive transfer of
antigen-specific Th1 cells and subsequent antigen chal-
lenge resulted in the recruitment of Th1l cells into the
airway and Thl-type inflammation of the lung. In con-

trast, adoptive transfer of antigen-specific Th2 cells in the
same model resulted in mild Th2 cell recruitment and
airway inflammation. However, adoptive transfer of both
Th1 and Th2 cells into the same host followed by antigen
challenge resulted in the recruitment of both T cell subsets
into the airways and eosinophilic inflammation. In further
support of a role for Th1 cells in allergic airway inflam-
mation, the administration of antigen and IL-18 (a cyto-
kine that promotes the production of IFN-vy) to naive mice
recruited adoptively transferred memory Th1 cells to the
airways and induced airway inflammation and hyper-
responsiveness [92], and the administration of anti-IFN-y
Ab into sensitized mice resulted in a marked reduction in
AHR [93].

There have also been several reports that suggest Th1
cells are playing more of a regulatory role in allergic
asthma. One study demonstrated that although antigen-
specific Th1 cells were not capable of hindering Th2 cell or
eosinophilic recruitment into the lung, they could sup-
press overall Th2-mediated airway inflammation [90].
Other studies have shown that Th1 cells could inhibit the
asthmatic response through IFN-y [94, 95]. Finally, ad-
ministration of IL-16, a cytokine with preferential che-
moattractant activity for Th1 cells, has been shown to
result in a marked decrease in both inflammation and
AHR [96], suggesting that Th1 cells are being recruited to
the allergic lung via IL-16 and suppressing inflammation.
Thus, these data collectively support the hypothesis that
Th1 cells display a regulatory function in asthma.

One mechanism behind Th1 cell recruitment to the lung
could be that Th1 cells are recruited to the allergic lung
through the expression of CXCR3. Work done in our
laboratory has demonstrated that CXCR3 was signifi-
cantly reduced on human CD4+ BAL T cells, while its
ligands were markedly increased after allergen challenge
[23], suggesting that this chemokine receptor pathway is
playing a role in the recruitment of T cells into the
asthmatic lung. In support of a role for CXCR3 in asthma,
expression of CXCL10, a CXCR3 ligand, was shown to be
increased in human asthma [95]. Additionally, Pilette et al.
found that CXCL10 is significantly up-regulated in atopic
asthmatics following allergen challenge [83]. Finally,
CXCL10 expression is increased in the airways in a mouse
model of asthma [97]. Thus, the CXCR3 pathway may be
involved in asthma, but its role and relevance remains a
subject of investigation.

T helper 17 cells

Although relatively little is known about the contribution
of Th17 cells in asthma, several recent studies suggest that
Th17 cells may be involved in the asthmatic response. One
recent study has shown that mRNA of the predominant
product of Th17 cells, IL-17, is expressed in the sputum of
asthmatics [26]. Consistent with this finding, IL-17 protein
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is increased in individuals with allergic asthma [30].
Additional data showed that not only was human IL-17
production increased in allergic asthmatic subjects, but its
production was further enhanced in the presence of
allergic stimuli [25, 27, 29]. Furthermore, it has been
demonstrated that IL-17 expression was decreased by oral
corticosterioids in asthmatic patients [98], further sug-
gesting that IL-17 and, by inference, Th17 cells are
playing a role in augmenting asthma.

Consistent with human data, mice that were sensitized
by epicutaneous antigen exposure demonstrated a robust
Th17 response and airway inflammation [28], suggesting
that IL-17 is important for the development of lung
inflammation. Mice deficient in IL-17 did not develop
airway inflammation when challenged with antigen [99].
Additional work has shown that IL-17 production is
increased in an animal model of allergic asthma [100];
however, this study also found that IL-17 production
negatively regulated established asthma.

It has recently been shown that human and mouse Th17
cells express the chemokine receptor CCR6 [101, 102],
although the expression of other chemokine receptors,
such as CCR4, have been reposted as well [103]. These
findings suggest that Th17 cells could migrate into the
asthmatic airway through the induction of CCL20 as we
have found in the human airway following antigen
challenge [23, 104]. Taken together, these studies lend
support to the idea that Th17 cells may be involved in the
asthmatic response, but the contribution of this T cell
subset is only beginning to be studied.

Regulatory T cells

Foxp3™ Tregs are the major regulators of autoimmunity
and are critical for control of antigen-specific inflamma-
tion [105, 106]. Thus, it is possible that the recruitment of
Tregs into the airways could suppress allergic airway
inflammation [107]. Recently, one study has shown that
atopic asthmatics had a higher frequency of allergen-
specific IL-4-producing peripheral blood T cells, whereas
normal subjects had a higher frequency of IL-10-produ-
cing peripheral blood T cells [31]. Because Tregs regulate
T cell inflammation through the production of IL-10, the
decrease in IL-10-producing cells in asthmatic patients
suggests a decrease in Treg activity in these individuals.
Consistent with these data, a study examining paediatric
asthmatic patients found a lower percentage of
CD4*CD25" T cells (Tregs) in the BAL as compared with
healthy children or children treated with corticosteroids
[32]. Additional studies in animal models of allergic
airway inflammation have provided more insight into the
role of Tregs in asthma. The adoptive transfer of
CD4"CD25" draining lymph node cells (73% Foxp3™)
into sensitized mice before challenge resulted in an
abrogation of AHR [107]. Additionally, when CD4*CD25"
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Tregs were depleted in a mouse model that is normally
resistant to airway inflammation, these mice exhibited
an increase in Th2 cytokines and eosinophilia in the
airways after sensitization with allergen [34]. Further-
more, adoptive transfer of antigen-specific Tregs into
allergen-sensitized mice prevented allergic airway in-
flammation and AHR [108]. Finally, a recent study by
Curotto de Lafaille et al. shows that Foxp3™ Tregs are
important for regulating chronic allergic inflammation in
mice and are essential cells for establishing tolerance in
the respiratory mucosa [109]. These data collectively
suggest that Tregs are playing an important role in the
regulation of allergic asthma but the mechanism remains
unanswered.

One question of importance has been the location in
which the Tregs are exerting their regulatory function and
the mechanisms that localize these cells to their functional
location. It has been postulated that the chemokine
receptors expressed on Tregs, such as CCR4, CCR5, CCR7,
and CCR8, could play a role in recruiting these regulatory
cells to either the allergic lung or the lymph node
[110-114]. Localization of Tregs remains of interest and
further study is required to determine the mechanism and
tissue localization of Tregs in allergic asthma.

Natural killer T cells

Recent reports suggest a role for CD1d-restricted NKT cells
in allergic asthma, although the magnitude of their con-
tribution to the asthma phenotype remains controversial.
Akbari et al. reported that NKT cells comprise the majority
(>60%) of T cells in the BAL of asthmatic patients [22].
However, our laboratory has shown that although there
were more NKT cells in the BAL as compared with blood of
asthmatics, the percentage of NKT cells was < 2.5% of the
total lymphocyte population [115], suggesting that the
NKT cell population was not the predominant T cell subset.
Furthermore, we have found that the percentage of BAL
NKT cells was the same before and after segmental
allergen challenge [23]. In accordance with our findings,
Vijayanand et al. and others also found < 1% of T cells in
the BAL of asthma patients were NKT cells [24, 116-119],
providing further support that although NKT cells are
enriched in the BAL as compared with blood, NKT cells
are not the predominant T cell in an asthmatic response.
Work done in murine asthma models also support the
hypothesis that although CD1d-restricted NKT cells play a
role in generating the allergic airway response [120, 121],
NKT cells are not sufficient to induce allergic airway
inflammation [122].

CD1d-restricted NKT cells have been shown to express
high levels of CXCR3, CCR5 and CCR6, and intermediate
levels of CCR4 [123], and it is likely that these receptors
regulate the recruitment of NKT cells to the asthmatic
lung. Taken together, these data suggest that although
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CD1d-restricted NKT cells contribute to allergic airway
inflammation, conventional T cells are the predominant
and likely to be the more important T cell population
in asthma.

CD8™ T cells

Studies have tried to delineate the role of CD8™ T cells in
the asthmatic response. It has previously been reported
that production of IFN-y by sputum CD8* T cells was
increased in subjects with asthma when compared with
normal subjects [57], suggesting a role for CD8™ T cells in
allergic inflammation. Another group has implicated a
role for these T cells in asthma by showing that activated
memory CD8" T cells are important effector cells in
allergic airway inflammation [124]. This study demon-
strated that the transfer of CD3"CD8™" effector T cells into
CD8 " -deficient mice restored allergic airway inflamma-
tion. In accordance with this result, Hamelmann et al.
have shown that depletion of CD8" T cells in a naive
mouse prevented airway inflammation and AHR upon
sensitization and challenge of the mice [125], further
suggesting a role for CD8™ T cells in asthma pathogenesis.
In contrast to these studies, however, several groups have
reported that CD8™ cells play a minimal role in allergic
airway inflammation. One study demonstrated that there
is a very small number of CD8" cells in the lungs and
airways in allergic airway inflammation [126]. Providing
further complexity in defining the role CD8™ T cells play
in allergic asthma, additional studies have shown that the
number of CD8" T cells in the lung and airways are not
changed after allergen challenge [127, 128]. Consistent
with these data, Das et al. demonstrated that activated
CD8™ T cells are not sufficient to mediate an asthmatic
response in the absence of CD4" T cells [122]. Thus,
although it is unclear how much CD8™ T cells contribute
to allergic asthma, they are not likely to be a predominant
T cell subtype in promoting the allergic asthmatic
response.

vo T cells

Another T cell subtype reported to contribute to allergic
asthma is y6 T cells. Krug et al. found that when compar-
ing asthmatic patients with control subjects, there was an
increase in Th2 cytokines and a decrease in Th1 cytokines
being produced by y6 T cells after allergen challenge [73],
leading investigators to hypothesize these cells may be
playing a pro-inflammatory role in asthma. An additional
study showed an increase in intracellular IL-4 in yd T cells
isolated from the airways of asthmatic patients [129].
Moreover, IL-4-and IL-5-producing yd T cells were found
to be resident in the nasal passages of asthmatics [130].
Together, these results lend support to the hypothesis that
v0 T cells are contributing to allergic asthma.

Studies in mouse models have also demonstrated a role
for yo T cells in asthma. One group has reported that the
presence of y6 T cells results in enhanced allergic airway
inflammation [131], providing further support for a sig-
nificant role for this T cell subtype in allergic asthma.
Additionally, using mice deficient in y& T cells, it was
found that the absence of these cells prevented the mice
from developing AHR [132]. In this study, Lahn et al.
reported a deficiency in this T cell subset results in
decreased eosinophils in the BAL and lung, thus suggest-
ing that yo T cells are contributing to allergic airway
inflammation. However, Isogai et al. have demonstrated
that CD8™ y5 T cells inhibit late airway responses through
the release of IFN-y [133], suggesting that CD8™ v T cells
are important regulators of airway inflammation. Addi-
tionally, Hamelmann et al. used a mouse model of airway
inflammation to demonstrate that yd T cells affect AHR
but do not have a significant role in modulating airway
inflammation [125]. These conflicting results may be
explained by more recent findings demonstrating that
there are two subsets of yd cells that can alter AHR. The
Vler subset, when induced, enhances AHR while induc-
tion of the Vy4" subset suppresses AHR [134-138].
Although the mechanism behind how these yd T cell
subsets exert their function is unknown, it has recently
been reported that the development of both Vy1™ and
Vy4" cells requires CD8 " dendritic cells [139]. Therefore,
although several studies suggest that yd T cells may be
contributing to asthma pathogenesis, their overall role in
the development of the asthma phenotype remains
uncertain.

The chemokine pathways that would direct selective
recruitment of ¥4 T cells to the allergic airways are
undetermined. CXCR3 has been implicated in contribut-
ing to yo T cell recruitment [83, 140], but the role of this
pathway and 3 T cells in asthma has not been defined.
Thus, further studies investigating the role of yo T cells is
required to elucidate their importance in asthma patho-
genesis.

Conclusions

Asthma is a chronic inflammatory disease of the airway
that is often the result of an allergic-type reaction to
inhaled antigen. This inflammation is characterized by
eosinophil accumulation around the airways and is be-
lieved to be primarily directed by Th2 cells that are
recruited into the airways. However, emerging data has
suggested a potential role for other T cell subsets, includ-
ing Th1 cells, Th17 cells, NKT cells, Tregs, CD8™ T cells,
and yd T cells. While new research is providing more
insight into the role of these other T cell subsets in allergic
airway inflammation, their exact function in asthma
pathogenesis remains unclear. A better understanding of
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the

contributions of these different T cell subsets in

asthma pathogenesis may lead to new therapeutic targets.

Acknowledgement

The authors are supported by grants from the National
Institute of Health.

References

1

N

vl

)}

~

<o

10

12

13

14

16

Mellman I, Steinman RM. Dendritic cells: specialized and
regulated antigen processing machines. Cell 2001; 106:255-8.
Huh JC, Strickland DH, Jahnsen FL et al. Bidirectional interac-
tions between antigen-bearing respiratory tract dendritic cells
(DCs) and T cells precede the late phase reaction in experimental
asthma: DC activation occurs in the airway mucosa but not in
the lung parenchyma. J Exp Med 2003; 198:19-30.

Holt PG, Schon-Hegrad MA, Oliver J, Holt BJ, McMenamin PG.
A contiguous network of dendritic antigen-presenting cells
within the respiratory epithelium. Int Arch Allergy Appl
Immunol 1990; 91:155-9.

Eisenbarth SC, Cassel S, Bottomly K. Understanding asthma
pathogenesis: linking innate and adaptive immunity. Curr Opin
Pediatr 2004; 16:659-66.

Eisenbarth SC, Piggott DA, Bottomly K. The master regulators of
allergic inflammation: dendritic cells in Th2 sensitization. Curr
Opin Immunol 2003; 15:620-6.

Herrick CA, Bottomly K. To respond or not to respond: T cells in
allergic asthma. Nat Rev Immunol 2003; 3:405-12.

Piggott DA, Eisenbarth SC, Xu L et al. MyD88-dependent
induction of allergic Th2 responses to intranasal antigen. J Clin
Invest 2005; 115:459-67.

de Jong EC, Smits HH, Kapsenberg ML. Dendritic cell-mediated
T cell polarization. Springer Semin Immunopathol 2005;
26:289-307.

Larche M, Robinson DS, Kay AB. The role of T lymphocytes in
the pathogenesis of asthma. J Allergy Clin Immunol 2003;
111:450-63; quiz 64.

Walker C, Bode E, Boer L, Hansel TT, Blaser K, Virchow JC Jr.
Allergic and nonallergic asthmatics have distinct patterns of T-
cell activation and cytokine production in peripheral blood and
bronchoalveolar lavage. Am Rev Respir Dis 1992; 146:109-15.
Del Prete GF, De Carli M, D’Elios MM et al. Allergen exposure
induces the activation of allergen-specific Th2 cells in the
airway mucosa of patients with allergic respiratory disorders.
Eur J Immunol 1993; 23:1445-9.

Robinson DS, Hamid Q, Ying S et al. Predominant TH2-like
bronchoalveolar T-lymphocyte population in atopic asthma.
N Engl J Med 1992; 326:298-304.

Saha SK, Berry MA, Parker D et al. Increased sputum and
bronchial biopsy IL-13 expression in severe asthma. J Allergy
Clin Immunol 2008; 121:685-91.

Wills-Karp M, Luyimbazi J, Xu X et al. Interleukin-13: central
mediator of allergic asthma. Science 1998; 282:2258-61.
Grunig G, Warnock M, Wakil AE et al. Requirement for IL-13
independently of IL-4 in experimental asthma. Science 1998;
282:2261-3.

Foster PS, Hogan SP, Ramsay AJ, Matthaei KI, Young IG.
Interleukin 5 deficiency abolishes eosinophilia, airways hyper-

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1-11

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

reactivity, and lung damage in a mouse asthma model. J Exp
Med 1996; 183:195-201.

Brusselle G, Kips J, Joos G, Bluethmann H, Pauwels R. Allergen-
induced airway inflammation and bronchial responsiveness in
wild-type and interleukin-4-deficient mice. Am J Respir Cell
Mol Biol 1995; 12:254-9.

Kips JC, Brusselle GG, Joos GF et al. Importance of interleukin-
4 and interleukin-12 in allergen-induced airway changes in
mice. Int Arch Allergy Immunol 1995; 107:115-8.

Medoff BD, Thomas SY, Luster AD. T cell trafficking in allergic
asthma: the ins and outs. Annu Rev Immunol 2008; 26:205-32.
Cembrzynska-Nowak M, Szklarz E, Inglot AD, Teodorczyk-
Injeyan JA. Elevated release of tumor necrosis factor-alpha
and interferon-gamma by bronchoalveolar leukocytes from
patients with bronchial asthma. Am Rev Respir Dis 1993;
147:291-5.

Medoff BD, Sauty A, Tager AM et al. IFN-gamma-inducible
protein 10 (CXCL10) contributes to airway hyperreactivity and
airway inflammation in a mouse model of asthma. J Immunol
2002; 168:5278-86.

Akbari O, Faul JL, Hoyte EG et al. CD4" invariant T-cell-
receptor+natural killer T cells in bronchial asthma. N Engl J
Med 2006; 354:1117-29.

Thomas SY, Banerji A, Medoff BD, Lilly CM, Luster AD. Multiple
chemokine receptors, including CCR6 and CXCR3, regulate
antigen-induced T cell homing to the human asthmatic airway.
J Immunol 2007; 179:1901-12.

Vijayanand P, Seumois G, Pickard C et al. Invariant natural
killer T cells in asthma and chronic obstructive pulmonary
disease. N Engl J Med 2007; 356:1410-22.

Barczyk A, Pierzchala W, Sozanska E. Interleukin-17 in sputum
correlates with airway hyperresponsiveness to methacholine.
Respir Med 2003; 97:726-33.

Bullens DM, Truyen E, Coteur L ef al. IL-17 mRNA in sputum of
asthmatic patients: linking T cell driven inflammation and
granulocytic influx? Respir Res 2006; 7:135-44.

Hashimoto T, Akiyama K, Kobayashi N, Mori A. Comparison of
IL-17 production by helper T cells among atopic and nonatopic
asthmatics and control subjects. Int Arch Allergy Immunol
2005; 137 (Suppl. 1):51-4.

He R, Oyoshi MK, Jin H, Geha RS. Epicutaneous antigen
exposure induces a Th17 response that drives airway inflam-
mation after inhalation challenge. Proc Natl Acad Sci USA
2007; 104:15817-22.

Molet S, Hamid Q, Davoine F et al. IL-17 is increased in
asthmatic airways and induces human bronchial fibroblasts to
produce cytokines. J Allergy Clin Immunol 2001; 108:430-8.
Wong CK, Ho CY, Ko FW et al. Proinflammatory cytokines (IL-
17, IL-6, IL-18 and IL-12) and Th cytokines (IFN-gamma, IL-4,
IL-10 and IL-13) in patients with allergic asthma. Clin Exp
Immunol 2001; 125:177-83.

Akdis M, Verhagen J, Taylor A et al. Immune responses in
healthy and allergic individuals are characterized by a fine
balance between allergen-specific T regulatory 1 and T helper 2
cells. J Exp Med 2004; 199:1567-75.

Hartl D, Koller B, Mehlhorn AT et al. Quantitative and func-
tional impairment of pulmonary CD4*CD25" regulatory T cells
in pediatric asthma. J Allergy Clin Immunol 2007; 119:
1258-66.



8 R.

Afshar et al

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Kohl J, Baelder R, Lewkowich IP et al. A regulatory role for the
C5a anaphylatoxin in type 2 immunity in asthma. J Clin Invest
2006; 116:783-96.

Lewkowich IP, Herman NS, Schleifer KW et al. CD4"CD25% T
cells protect against experimentally induced asthma and alter
pulmonary dendritic cell phenotype and function. J Exp Med
2005; 202:1549-61.

Dudley EC, Girardi M, Owen MJ, Hayday AC. Alpha beta and
gamma delta T cells can share a late common precursor. Curr
Biol 1995; 5:659-69.

Petrie HT, Scollay R, Shortman K. Commitment to the T cell
receptor-alpha, -beta or -gamma delta lineages can occur just
prior to the onset of CD4 and CD8 expression among immature
thymocytes. Eur J Immunol 1992; 22:2185-8.

Starr TK, Jameson SC, Hogquist KA. Positive and negative
selection of T cells. Annu Rev Immunol 2003; 21:139-76.
Ciofani M, Zuniga-Pflucker JC. The thymus as an inductive site
for T lymphopoiesis. Annu Rev Cell Dev Biol 2007; 23:
463-93.

Medoff BD, Thomas SY, Luster AD. T cell trafficking in allergic
asthma: the ins and outs. Annu Rev Immunol 2008; 26:205-32.
Mosmann TR, Coffman RL. TH1 and TH2 cells: different
patterns of lymphokine secretion lead to different functional
properties. Annu Rev Immunol 1989; 7:145-73.

Bettelli E, Korn T, Kuchroo VK. Th17: the third member of the
effector T cell trilogy. Curr Opin Immunol 2007; 19:652-7.
Bettelli E, Korn T, Oukka M, Kuchroo VK. Induction and effector
functions of T(H)17 cells. Nature 2008; 453:1051-7.

Fehervari Z, Sakaguchi S. CD4" Tregs and immune control.
J Clin Invest 2004; 114:1209-17.

Fehervari Z, Sakaguchi S. Control of Foxp3™ CD25'CD4"
regulatory cell activation and function by dendritic cells. Int
Immunol 2004; 16:1769-80.

Fehervari Z, Sakaguchi S. Development and function of
CD25*CD4" regulatory T cells. Curr Opin Immunol 2004;
16:203-8.

Fehervari Z, Sakaguchi S. A paragon of self-tolerance:
CD25*"CD4" regulatory T cells and the control of immune
responses. Arthritis Res Ther 2004; 6:19-25.

Le NT, Chao N. Regulating regulatory T cells. Bone Marrow
Transplant 2007; 39:1-9.

Brightling CE, Symon FA, Birring SS, Bradding P, Pavord ID,
Wardlaw AJ. TH2 cytokine expression in bronchoalveolar
lavage fluid T lymphocytes and bronchial submucosa is a
feature of asthma and eosinophilic bronchitis. J Allergy Clin
Immunol 2002; 110:899-905.

Lommatzsch M, Julius P, Kuepper M et al. The course of
allergen-induced leukocyte infiltration in human and experi-
mental asthma. J Allergy Clin Immunol 2006; 118:91-7.

Batra V, Musani Al, Hastie AT ef al. Bronchoalveolar lavage
fluid concentrations of transforming growth factor (TGF)-
betal, TGF-beta2, interleukin (IL)-4 and IL-13 after segmental
allergen challenge and their effects on alpha-smooth muscle
actin and collagen III synthesis by primary human lung
fibroblasts. Clin Exp Allergy 2004; 34:437-44.

Kroegel C, Julius P, Matthys H, Virchow JC Jr, Luttmann W.
Endobronchial secretion of interleukin-13 following local aller-
gen challenge in atopic asthma: relationship to interleukin-4
and eosinophil counts. Eur Respir J 1996; 9:899-904.

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Liu L, Jarjour NN, Busse WW, Kelly EA. Enhanced generation of
helper T type 1 and 2 chemokines in allergen-induced asthma.
Am J Respir Crit Care Med 2004; 169:1118-24.

Virchow JC Jr, Walker C, Hafner D et al. T cells and cytokines in
bronchoalveolar lavage fluid after segmental allergen provoca-
tion in atopic asthma. Am J Respir Crit Care Med 1995;
151:960-8.

Ying S, Humbert M, Barkans J ef al. Expression of IL-4 and IL-5
mRNA and protein product by CD4" and CD8* T cells,
eosinophils, and mast cells in bronchial biopsies obtained from
atopic and nonatopic (intrinsic) asthmatics. J Immunol 1997,
158:3539-44.

Olivenstein R, Taha R, Minshall EM, Hamid QA. IL-4 and IL-5
mRNA expression in induced sputum of asthmatic subjects:
comparison with bronchial wash. J Allergy Clin Immunol 1999;
103 (2 Pt 1):238-45.

Walker C, Bauer W, Braun RK ef al. Activated T cells and
cytokines in bronchoalveolar lavages from patients with var-
ious lung diseases associated with eosinophilia. Am J Respir
Crit Care Med 1994; 150:1038-48.

Cho SH, Stanciu LA, Holgate ST, Johnston SL. Increased
interleukin-4, interleukin-5, and interferon-gamma in airway
CD4" and CD8" T cells in atopic asthma. Am J Respir Crit Care
Med 2005; 171:224-30.

Nakamura Y, Ghaffar O, Olivenstein R et al. Gene expression of
the GATA-3 transcription factor is increased in atopic asthma.
J Allergy Clin Immunol 1999; 103 (2 Pt 1):215-22.

Taha R, Hamid Q, Cameron L, Olivenstein R. T helper type 2
cytokine receptors and associated transcription factors GATA-
3, c-MAF, and signal transducer and activator of transcription
factor-6 in induced sputum of atopic asthmatic patients. Chest
2003; 123:2074-82.

Shimoda K, van Deursen J, Sangster MY et al. Lack of IL-4-
induced Th2 response and IgE class switching in mice with
disrupted Stat6 gene. Nature 1996; 380:630-3.
Maneechotesuwan K, Xin Y, Ito K et al. Regulation of Th2
cytokine genes by p38 MAPK-mediated phosphorylation of
GATA-3. J Immunol 2007; 178:2491-8.

Ho IC, Pai SY. GATA-3 - not just for Th2 cells anymore. Cell Mol
Immunol 2007; 4:15-29.

Takeda K, Tanaka T, Shi W et al. Essential role of Stat6 in IL-4
signalling. Nature 1996; 380:627-30.

Berry MA, Parker D, Neale N et al. Sputum and bronchial
submucosal IL-13 expression in asthma and eosinophilic bron-
chitis. J Allergy Clin Immunol 2004; 114:1106-9.

Komai-Koma M, McKay A, Thomson L et al. Immuno-regula-
tory cytokines in asthma: IL-15 and IL-13 in induced sputum.
Clin Exp Allergy 2001; 31:1441-8.

Humbert M, Durham SR, Kimmitt P ef al. Elevated expression of
messenger ribonucleic acid encoding IL-13 in the bronchial
mucosa of atopic and nonatopic subjects with asthma. J Allergy
Clin Immunol 1997; 99:657-65.

Naseer T, Minshall EM, Leung DY et al. Expression of IL-12 and
IL-13 mRNA in asthma and their modulation in response to
steroid therapy. Am J Respir Crit Care Med 1997; 155:845-51.
Gavett SH, Chen X, Finkelman F, Wills-Karp M. Depletion of
murine CD4™ T lymphocytes prevents antigen-induced airway
hyperreactivity and pulmonary eosinophilia. Am J Respir Cell
Mol Biol 1994; 10:587-93.

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1-11



T cell subsets in Asthma 9

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

Cohn L, Homer RJ, Marinov A, Rankin J, Bottomly K. Induction
of airway mucus production By T helper 2 (Th2) cells: a critical
role for interleukin 4 in cell recruitment but not mucus produc-
tion. J Exp Med 1997; 186:1737-47.

Li L, Xia Y, Nguyen A, Feng L, Lo D. Th2-induced eotaxin
expression and eosinophilia coexist with Th1 responses at the effec-
tor stage of lung inflammation. J Immunol 1998; 161:3128-35.

Li XM, Schofield BH, Wang QF, Kim KH, Huang SK. Induction of
pulmonary allergic responses by antigen-specific Th2 cells.
J Immunol 1998; 160:1378-84.

Morgan AJ, Symon FA, Berry MA, Pavord ID, Corrigan CJ,
Wardlaw AJ. IL-4-expressing bronchoalveolar T cells from
asthmatic and healthy subjects preferentially express CCR3
and CCR4. J Allergy Clin Immunol 2005; 116:594-600.

Krug N, Erpenbeck VJ, Balke K ef al. Cytokine profile of
bronchoalveolar lavage-derived CD4(+), CD8(+), and gamma-
delta T cells in people with asthma after segmental allergen
challenge. Am J Respir Cell Mol Biol 2001; 25:125-31.

Sallusto F, Mackay CR, Lanzavecchia A. Selective expression of
the eotaxin receptor CCR3 by human T helper 2 cells. Science
1997; 277:2005-7.

Zingoni A, Soto H, Hedrick JA et al. The chemokine receptor
CCR8 is preferentially expressed in Th2 but not Th1 cells.
J Immunol 1998; 161:547-51.

D’Ambrosio D, Iellem A, Bonecchi R ef al. Selective up-regula-
tion of chemokine receptors CCR4 and CCR8 upon activation of
polarized human type 2 Th cells. J Immunol 1998; 161:5111-5.
Mathew A, Medoff BD, Carafone AD, Luster AD. Cutting edge:
Th2 cell trafficking into the allergic lung is dependent on
chemoattractant receptor signaling. J Immunol 2002; 169:651-5.
Panina-Bordignon P, Papi A, Mariani M et al. The C-C chemo-
kine receptors CCR4 and CCR8 identify airway T cells of
allergen-challenged atopic asthmatics. J Clin Invest 2001;
107:1357-64.

Nouri-Aria KT, Wilson D, Francis JN et al. CCR4 in human
allergen-induced late responses in the skin and lung. Eur J
Immunol 2002; 32:1933-8.

Gonzalo JA, Pan Y, Lloyd CM et al. Mouse monocyte-derived
chemokine is involved in airway hyperreactivity and lung
inflammation. J Immunol 1999; 163:403-11.

Lloyd CM, Delaney T, Nguyen T et al. CC chemokine receptor
(CCR)3/eotaxin is followed by CCR4/monocyte-derived chemo-
kine in mediating pulmonary T helper lymphocyte type 2
recruitment after serial antigen challenge in vivo. J Exp Med
2000; 191:265-74.

Schuh JM, Power CA, Proudfoot AE, Kunkel SL, Lukacs NW,
Hogaboam CM. Airway hyperresponsiveness, but not airway
remodeling, is attenuated during chronic pulmonary allergic
responses to Aspergillus in CCR4~/~ mice. FASEB J 2002;
16:1313-5.

Pilette C, Francis JN, Till SJ, Durham SR. CCR4 ligands are up-
regulated in the airways of atopic asthmatics after segmental
allergen challenge. Eur Respir J 2004; 23:876-84.

Chvatchko Y, Hoogewerf AJ, Meyer A et al. A key role for CC
chemokine receptor 4 in lipopolysaccharide-induced endotoxic
shock. J Exp Med 2000; 191:1755-64.

Conroy DM, Jopling LA, Lloyd CM et al. CCR4 blockade does
not inhibit allergic airways inflammation. J Leukoc Biol 2003;
74:558-63.

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1-11

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

Mathew A, MacLean JA, DeHaan E, Tager AM, Green FH, Luster
AD. Signal transducer and activator of transcription 6 controls
chemokine production and T helper cell type 2 cell trafficking
in allergic pulmonary inflammation. J Exp Med 2001;
193:1087-96.

Chung CD, Kuo F, Kumer J et al. CCR8 is not essential for the
development of inflammation in a mouse model of allergic
airway disease. J Immunol 2003; 170:581-7.

Randolph DA, Carruthers CJ, Szabo SJ, Murphy KM, Chaplin
DD. Modulation of airway inflammation by passive transfer of
allergen-specific Th1 and Th2 cells in a mouse model of asthma.
J Immunol 1999; 162:2375-83.

Randolph DA, Stephens R, Carruthers CJ, Chaplin DD. Co-
operation between Th1l and Th2 cells in a murine model of
eosinophilic airway inflammation. J Clin Invest 1999; 104:
1021-9.

Huang TJ, MacAry PA, Eynott P et al. Allergen-specific Th1
cells counteract efferent Th2 cell-dependent bronchial hyper-
responsiveness and eosinophilic inflammation partly via IFN-
gamma. J Immunol 2001; 166:207-17.

Finotto S, Neurath MF, Glickman JN ef al. Development of
spontaneous airway changes consistent with human asthma in
mice lacking T-bet. Science 2002; 295:336-8.

Sugimoto T, Ishikawa Y, Yoshimoto T, Hayashi N, Fujimoto J,
Nakanishi K. Interleukin 18 acts on memory T helper cells type
1 to induce airway inflammation and hyperresponsiveness in a
naive host mouse. J Exp Med 2004; 199:535-45.

Hayashi N, Yoshimoto T, Izuhara K, Matsui K, Tanaka T,
Nakanishi K. T helper 1 cells stimulated with ovalbumin and
IL-18 induce airway hyperresponsiveness and lung fibrosis by
IFN-gamma and IL-13 production. Proc Natl Acad Sci U S A
2007; 104:14765-70.

Iwamoto I, Nakajima H, Endo H, Yoshida S. Interferon gamma
regulates antigen-induced eosinophil recruitment into the
mouse airways by inhibiting the infiltration of CD4™ T cells.
J Exp Med 1993; 177:573-6.

Cohn L, Homer RJ, Niu N, Bottomly K. T helper 1 cells and
interferon gamma regulate allergic airway inflammation and
mucus production. J Exp Med 1999; 190:1309-18.

De Bie JJ, Jonker EH, Henricks PA et al. Exogenous interleukin-
16 inhibits antigen-induced airway hyper-reactivity, eosino-
philia and Th2-type cytokine production in mice. Clin Exp
Allergy 2002; 32:1651-8.

Medoff BD, Sauty A, Tager AM et al. IFN-gamma-inducible
protein 10 (CXCL10) contributes to airway hyperreactivity and
airway inflammation in a mouse model of asthma. J Immunol
2002; 168:5278-86.

Chakir J, Shannon J, Molet S ef al. Airway remodeling-
associated mediators in moderate to severe asthma: effect of
steroids on TGF-beta, IL-11, IL-17, and type I and type III
collagen expression. J Allergy Clin Immunol 2003; 111:
1293-8.

Nakae S, Komiyama Y, Nambu A et al. Antigen-specific T cell
sensitization is impaired in IL-17-deficient mice, causing sup-
pression of allergic cellular and humoral responses. Immunity
2002; 17:375-87.

Schnyder-Candrian S, Togbe D, Couillin I et al. Interleukin-17 is
a negative regulator of established allergic asthma. J Exp Med
2006; 203:2715-25.



10 R. Afshar etal

10

—_

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

Acosta-Rodriguez EV, Rivino L, Geginat J ef al. Surface pheno-
type and antigenic specificity of human interleukin 17-produ-
cing T helper memory cells. Nat Immunol 2007; 8:639-46.
Annunziato F, Cosmi L, Santarlasci V et al. Phenotypic and
functional features of human Th17 cells. J Exp Med 2007,
204:1849-61.

Lim HW, Lee J, Hillsamer P, Kim CH. Human Th17 cells
share major trafficking receptors with both polarized effector
T cells and FOXP3* regulatory T cells. J Immunol 2008; 180:
122-9.

Liu H, Rohowsky-Kochan C. Regulation of IL-17 in human
CCR6™ effector memory T cells. J Immunol 2008; 180:7948-57.
Kim JM, Rasmussen JP, Rudensky AY. Regulatory T cells
prevent catastrophic autoimmunity throughout the lifespan of
mice. Nat Immunol 2007; 8:191-7.

Lahl K, Loddenkemper C, Drouin C et al. Selective depletion of
Foxp3™ regulatory T cells induces a scurfy-like disease. J Exp
Med 2007; 204:57-63.

Strickland DH, Stumbles PA, Zosky GR et al. Reversal of airway
hyperresponsiveness by induction of airway mucosal
CD4"CD25" regulatory T cells. J Exp Med 2006; 203:2649-60.
Kearley J, Barker JE, Robinson DS, Lloyd CM. Resolution of
airway inflammation and hyperreactivity after in vivo transfer
of CD4*CD25" regulatory T cells is interleukin 10 dependent.
J Exp Med 2005; 202:1539-47.

Curotto de Lafaille MA, Kutchukhidze N, Shen S, Ding Y, Yee H,
Lafaille JJ. Adaptive Foxp3™ regulatory T cell-dependent and -
independent control of allergic inflammation. Immunity 2008;
29:114-26.

Bromley SK, Mempel TR, Luster AD. Orchestrating the orches-
trators-chemokine control of T cell trafficking. Nat Immunol
2008; 9:970-80.

Sather BD, Treuting P, Perdue N et al. Altering the distribution of
Foxp3(+) regulatory T cells results in tissue-specific inflamma-
tory disease. J Exp Med 2007; 204:1335-47.

Yuan Q, Bromley SK, Means TK et al. CCR4-dependent regula-
tory T cell function in inflammatory bowel disease. J Exp Med
2007; 204:1327-34.

Forster R, Davalos-Misslitz AC, Rot A. CCR7 and its ligands:
balancing immunity and tolerance. Nat Rev Immunol 2008;
8:362-71.

Schneider MA, Meingassner JG, Lipp M, Moore HD, Rot A. CCR7
is required for the in vivo function of CD4*CD25" regulatory
T cells. J Exp Med 2007; 204:735-45.

Thomas SY, Lilly CM, Luster AD. Invariant natural killer T cells
in bronchial asthma. N Engl J Med 2006; 354:2613-6; author
reply - 6.

Bratke K, Julius P, Virchow JC. Invariant natural killer T cells in
obstructive pulmonary diseases. N Engl J Med 2007; 357:194;
author reply - 5.

Heron M, Claessen AM, Grutters JC. Invariant natural killer
T cells in obstructive pulmonary diseases. N Engl J Med 2007;
357:194; author reply - 5.

Mutalithas K, Croudace J, Guillen C et al. Bronchoalveolar
lavage invariant natural killer T cells are not increased in
asthma. J Allergy Clin Immunol 2007; 119:1274-6.

Pham-Thi N, de Blic J, Leite-de-Moraes MC. Invariant natural
killer T cells in bronchial asthma. N Engl J Med 2006;
354:2613-6; author reply - 6.

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

Akbari O, Stock P, Meyer E et al. Essential role of NKT cells
producing IL-4 and IL-13 in the development of allergen-
induced airway hyperreactivity. Nat Med 2003; 9:582-8.
Lisbonne M, Diem S, de Castro Keller A et al. Cutting edge:
invariant V alpha 14 NKT cells are required for allergen-induced
airway inflammation and hyperreactivity in an experimental
asthma model. J Immunol 2003; 171:1637-41.

Das J, Eynott P, Jupp R et al. Natural killer T cells and CD8*
T cells are dispensable for T cell-dependent allergic airway
inflammation. Nat Med 2006; 12:1345-6; author reply - 7.
Thomas SY, Hou R, Boyson JE et al. CD1d-restricted NKT cells
express a chemokine receptor profile indicative of Thl-type
inflammatory homing cells. J Immunol 2003; 171:2571-80.
Miyahara N, Swanson BJ, Takeda K ef al. Effector CD8™ T cells
mediate inflammation and airway hyper-responsiveness. Nat
Med 2004; 10:865-9.

Hamelmann E, Oshiba A, Paluh J et al. Requirement for CDs™*
T cells in the development of airway hyperresponsiveness in
a marine model of airway sensitization. J Exp Med 1996;
183:1719-209.

Kennedy JD, Hatfield CA, Fidler SF et al. Phenotypic character-
ization of T lymphocytes emigrating into lung tissue and the
airway lumen after antigen inhalation in sensitized mice. Am J
Respir Cell Mol Biol 1995; 12:613-23.

Tsoumakidou M, Tzanakis N, Chrysofakis G, Kyriakou D,
Siafakas NM. Changes in sputum T-lymphocyte subpopulations
at the onset of severe exacerbations of chronic obstructive
pulmonary disease. Respir Med 2005; 99:572-9.

Isogai S, Jedrzkiewicz S, Taha R, Hamid Q, Martin JG. Resident
CD8" T cells suppress CD4" T cell-dependent late allergic
airway responses. J Allergy Clin Immunol 2005; 115:521-6.
Spinozzi F, Agea E, Bistoni O et al. Local expansion of allergen-
specific CD30" Th2-type gamma delta T cells in bronchial
asthma. Mol Med 1995; 1:821-6.

Pawankar RU, Okuda M, Suzuki K, Okumura K, Ra C. Pheno-
typic and molecular characteristics of nasal mucosal gamma
delta T cells in allergic and infectious rhinitis. Am J Respir Crit
Care Med 1996; 153:1655-65.

Zuany-Amorim C, Ruffie C, Haile S, Vargaftig BB, Pereira P,
Pretolani M. Requirement for gammadelta T cells in allergic
airway inflammation. Science 1998; 280:1265-7.

Lahn M, Kanehiro A, Takeda K et al. Negative regulation of
airway responsiveness that is dependent on gammadelta T cells
and independent of alphabeta T cells. Nat Med 1999; 5:1150-6.
Isogai S, Athiviraham A, Fraser RS, Taha R, Hamid Q, Martin
JG. Interferon-gamma-dependent inhibition of late allergic
airway responses and eosinophilia by CD8" gammadelta T
cells. Immunology 2007; 122:230-8.

Hahn YS, Taube C, Jin N et al. Different potentials of gamma
delta T cell subsets in regulating airway responsiveness:
V gamma 1+ cells, but not V gamma 4+ cells, promote airway
hyperreactivity, Th2 cytokines, and airway inflammation.
J Immunol 2004; 172:2894-902.

Jin N, Miyahara N, Roark CL ef al. Airway hyperresponsiveness
through synergy of gammadelta T cells and NKT cells. J
Immunol 2007; 179:2961-8.

Hahn YS, Taube C, Jin N ef al. V gamma 4+ gamma delta T cells
regulate airway hyperreactivity to methacholine in ovalbumin-
sensitized and challenged mice. J Immunol 2003; 171:3170-8.

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1-11



T cell subsets in Asthma 11

137 Jin N, Taube C, Sharp L et al. Mismatched antigen prepares 139 Cook L, Miyahara N, Jin N et al. Evidence that CD8" dendritic

gamma delta T cells for suppression of airway hyperrespon- cells enable the development of gammadelta T cells that modulate
siveness. J Immunol 2005; 174:2671-9. airway hyperresponsiveness. J Immunol 2008; 181:309-19.

138 Lahn M, Kanehiro A, Takeda K et al. MHC class I-dependent 140 Ferrero E, Biswas P, Vettoretto K ef al. Macrophages exposed to
Vgamma4+ pulmonary T cells regulate alpha beta T cell- Mycobacterium tuberculosis release chemokines able to recruit
independent airway responsiveness. Proc Natl Acad Sci U S A selected leucocyte subpopulations: focus on gammadelta cells.
2002; 99:8850-5. Immunology 2003; 108:365-74.

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 1-11



