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The allergic response in human beings is engineered by CD4™*
T lymphocytes, which secrete T2 cytokines in response to
activation by allergen-derived peptides. Although Ty2 cells have
been well characterized, defining the properties of allergen-
specific T cells has proved challenging in human beings because
of their low frequency within the T-cell repertoire. However,
recent studies have provided insight into the molecular signature
of long-lived human memory Ty2 cells, which are allergen-
specific. T-cell responses directed against allergens develop in
early life and are heavily influenced by the type and dose of
allergen, and possibly coexposure to microbial products. These
responses are susceptible to suppression by regulatory T cells.
This article highlights recent advances in the characterization
of allergen-specific memory Ty2 cells and discusses the
heterogeneous nature of regulatory T cells and possible
mechanisms of action. The relevance of T-cell epitope mapping
studies to understanding the unique nature of T-cell responses
to different allergens, as well as to peptide vaccine development,
is reviewed. Experimental techniques and approaches for
analyzing allergen-specific T cells and identifying novel T-cell
epitopes are described that may lead to new T-cell-based
therapies. (J Allergy Clin Immunol 2007;119:280-94.)

Key words: Allergens, Tyl, Ty2, effector memory T cells, central
memory T cells, regulatory T cells, LPS, lipid antigens, immunosti-
mulatory DNA sequences, T-cell epitopes, peptide vaccines

Although different types of T lymphocytes (eg, CD4 ™",
CD8™, and natural killer T [NKT] cells) have the capacity
to respond to allergens, CD4 ™ T cells are the predominant
effector population. Type 2 CD4 " T lymphocytes (Ty2),
which recognize peptide antigen presented by antigen-
presenting cells (APCs) in the context of MHC class II
molecules, are pivotal to the allergic inflammatory
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Abbreviations used
AD: Atopic dermatitis
APC: Antigen-presenting cell
CLA: Cutaneous lymphocyte-associated antigen
CRTH2: Chemoattractant receptor-homologous
molecule expressed on Ty2 cells
DC: Dendritic cell
ISS: Immunostimulatory DNA sequence
NKT: Natural killer T
OVA: Ovalbumin
Tem: Central memory T cells
Tgm: Effector memory T cells
TCR: T-cell receptor
TLR: Toll-like receptor
Treg: Regulatory T cell
TSLP: Thymic stromal lymphopoietin

cascade. These cells exert their effects through production
of IL-4, IL-5, and IL-13. IL-4 is not only critical to the de-
velopment of T2 cells but also mediates antibody isotype
switching to IgE synthesis, which is a major risk factor for
the development of asthma.'"> On the other hand, IL-5 or-
chestrates eosinophil recruitment, which is a pathogno-
monic feature of this disease.*™ The relative roles of
different T2 cytokines in the pathogenesis of allergic dis-
eases such as asthma and atopic dermatitis have been widely
debated.” ' Nevertheless, the consensus is that multiple
immune pathways governed by a Ty2 cytokine network
promote allergic inflammation and the manifestation of clin-
ical symptoms. In the last decade, much has been learned
about the general properties of Ty2 cells, including mecha-
nisms of differentiation and activation, and how these relate
to cytokine receptor signaling pathways and gene transcrip-
tion events. However, characterizing allergen-specific Ty2
cells in human beings has proven challenging. This review
highlights our current knowledge of, and recent advances
in, CD4™ T-cell responses to allergens in human beings.

ALLERGENS AS INITIATORS
OF A Ty2 RESPONSE

Numerous murine models of asthma have shown a role
for T2 cells in both the initiation (ie, sensitization) and
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FIG 1. Evolution of T2 responses to allergens in human beings. Within the first months of life, multiple factors
converge to influence the generation or enhancement of T2 responses. During the consolidation phase,
Tu1 or Ty2 responses are strengthened. The atopic and nonatopic state are not fixed, but can be altered by
therapeutic (immunotherapy) or environmental (change in allergen dose) intervention.

effector phases of the allergic inflammatory response. In
addition to the use of mouse strains with a genetic T2 pre-
disposition (BALB/c), a major criticism of murine studies
has been the mode of sensitization and the nature of the
antigen used. Most models incorporate an immunization
regimen consisting of sensitization with ovalbumin (OVA)
via the intraperitoneal route followed by respiratory chal-
lenge with OVA. Obviously, OVA is notarelevant inhalant
allergen to human beings; however, regimens incorporat-
ing relevant allergens can also elicit Ty2 responses in
mice. By using an intratracheal sensitization regimen,
which more closely mimics the natural route in human be-
ings, dendritic cells (DCs) have been shown to play a cen-
tral role during both T-cell priming and subsequent effector
T-cell responses to allergen within the lung.'*'®

Despite considerable advances in our understanding of
the nature of allergens at the molecular level, the question
of why these molecules preferentially promote Ty2
responses in a subset of individuals remains enigmatic.
Diverse epidemiology studies have confirmed that the
allergic phenotype, as judged by the production of aller-
gen-specific IgE antibodies, develops as early as the first
2 years of life. Whether this is promoted by allergen-
driven Ty2 priming in predisposed individuals, and at
what point this occurs, has been controversial. Prescott
etal'’ suggested that transplacental delivery of allergen in-
duces Ty2 priming in utero and that this phenomenon is
universal (Fig 1). This was based on induction of Ty2

cytokines in cord blood mononuclear cells derived from
both high-risk and low-risk infants after in vitro stimula-
tion with allergen. Development of atopy was proposed
to reflect failure to redirect Ty2-skewed fetal responses
in early life. However, an alternative explanation for these
observations is the universal propensity to Ty2 skewing in
neonates, which occurs independently of allergen expo-
sure.'®2° This phenomenon is well recognized and reflects
the unique properties of immature T cells and DCs.

Few studies have examined how the cytokine milieu
in early life influences allergen-specific responses and/or
the subsequent development of atopy. Analysis of PHA-
activated T cells within the first 12 months of life showed
no clear-cut Ty2 polarization in children with an atopic
predisposition.?' By contrast, other work implied that al-
lergen-specific Ty2 responses are present at birth in all in-
fants, but progressively decline during the first months of
life in nonatopic children.?? Approaching from another an-
gle, other studies have attempted to link enhanced production
of the Ty1-promoting cytokine, IL-12, to allergen-induced
IFN-y in early life.” However, there is little evidence to
suggest that such a response in early life is protective.

On the basis of existing data, patterns of Ty2 cytokine
induction in early life are inconsistent, and evidence for
established allergen-specific memory Ty2 responses
within the first months of life is not convincing. It seems
likely that allergen-specific memory T2 cells develop
de novo within the first years of life through gene/
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FIG 2. Phenotypic properties of human memory CD4" T-cell subsets. Numbers denote references. CRTH2*
Tw2 Tem cells have not been formally demonstrated; however, CRTH2"CD3™ T cells identified in skin lesions
of patients with AD would be predicted to exhibit an effector memory phenotype.*®

environment interactions (Fig 1). In the longer term, the
development of sensitization and allergic disease in chil-
dren across a wide age range suggests that memory Ty2 re-
sponses continue to evolve over a prolonged period.z‘t'26
With this in mind, monitoring memory Ty?2 cells through
childhood into early adulthood could yield insight into
the influences of gene/environment interactions and matu-
ration of the immune system on memory Ty2 responses.

WHAT CONSTITUTES A MEMORY
Ty2 RESPONSE TO ALLERGEN IN
HUMAN BEINGS?

Chemokine receptors and memory phenotype

The recurrence of allergic symptoms after a period of
lack of allergen exposure (eg, in patients with seasonal
allergic rhinitis) reflects the presence of allergen-specific
memory T-cell responses. The nature of memory T cells
has been extensively studied and is reviewed else-
where.?”8 Expression of the CD45RO isoform on
memory T cells distinguishes them from their naive coun-
terparts that express CD45RA. Memory CD4" T cells
have been further classified into 2 distinct types on the
basis of expression of the chemokine receptor, CCR7.
Central memory T cells (Tcy) that express CCR7 prefer-
entially home to secondary lymphoid tissues, and prolifer-
ate on antigen encounter, giving rise to a progeny of
effector T cells. By contrast, effector memory T cells
(Tgm), which lack CCR7 expression, traffic to inflamed
tissues and respond rapidly on activation by secreting cy-
tokines, thereby exerting their effector functions (Figs 2
and 3).%’ Despite what we know about memory T cells
and Ty?2 cells in general (eg, selective expression of the
transcription factors GATA-3 and c-Maf), it has been
difficult to pinpoint cell surface markers restricted to
memory Ty2 cells. Distinct patterns of chemokine

receptor expression distinguish pre-Ty1 and pre-Ty2 cen-
tral memory cells. Specifically, Ty, which express the
chemokine receptor CXCR3, secrete low amounts of
IFN-vy and differentiate into Tyl effector memory cells
in response to T-cell growth factors. By contrast, Tcy
cells, which express CCR4, produce IL-4 and differentiate
into Ty2 effector memory cells (Figs 2 and 3).%° Although
CCR4 has been touted as a marker of Ty?2 cells, this recep-
tor is also expressed on all skin-homing (cutaneous lym-
phocyte-associated antigen—positive) memory T cells and
may facilitate trafficking to the skin.*® Moreover, memory
T cells with both Ty;1 and T2 potential, as well as regula-
tory T cells (Tregs), have now been shown to express
CCR4.>' Analysis of other chemokine receptors has
failed to reveal any clear-cut segregation in expression pat-
terns among Ty1 and Ty?2 cells, and expression of specific
receptors is inconsistent within the Ty2 subset.*® Thus, no
reliable chemokine receptor marker has been identified for
memory Ty2 cells in human beings.

Chemoattractant receptor-homologous
molecule expressed on Ty2 cells: A marker
of allergen-specific memory T2 cells?

In the late 1990s, selective expression of a gene encoding
anovel G protein-coupled receptor named chemoattractant
receptor-homologous molecule expressed on Ty2 cells
(CRTH2), was described in human Ty2 cells.”” CRTH2
is a receptor for prostaglandin D,, which is expressed
on 0.4% to 6.5% of circulating memory (CD45RA™
CD45RO™) CD4™" T cells. T-cell receptor (TCR) trig-
gering was shown preferentially to induce production
of IL-4, IL-5, and IL-13 by these cells.”’*® Recent
work by Yong-Jun Liu’s group® showed that
CRTH2"CD4" cells from normal donors exhibit a cen-
tral memory phenotype and respond to allergen in vitro
(Fig 2). Interestingly, priming of DCs with the IL-7-like
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FIG 3. Immune pathways for induction and maintenance of allergen-specific Ty2 cells in human beings. Migra-
tion of TSLP-activated DCs loaded with allergen may induce inflammatory allergen-specific Ty2 cells from naive
T cells. TSLP-activated DCs also maintain allergen-specific central memory Ty2 cells, possibly in the absence of
allergen. Signaling through OX40/0X40 ligand is a prerequisite for both T-cell pathways. At sites of inflamma-
tion, DCs activate allergen-specific effector/memory T2 cells in situ. mTh2, Memory Ty2 cells; T, naive T cells.

cytokine, thymic stromal lymphopoietin (TSLP), was a
prerequisite for generating allergen-specific recall re-
sponses in CRTH2*CD4™ T cells. These findings contra-
dict numerous studies showing that CD4" T-cell recall
responses are readily generated in vitro in response to al-
lergen in the absence of exogenous TSLP. Given that
CRTH2'CD4" T cells have been identified in the
lesional skin of patients with atopic dermatitis (AD), it
will be important to determine whether these cells consti-
tute an activated effector memory subset in the blood of
allergic individuals.?

Work by Liu’s group has also shown that TSLP-
activated DCs can maintain CRTH2 " CD4 " T cells in vitro
without altering their central memory phenotype or Ty2
commitment.” This provides insight into how allergen-
specific memory Ty2 cells may persist in vivo for many
years. In the last few years, TSLP has emerged as an im-
portant mediator in allergic inflammatory processes, pos-
sibly acting as a principal architect of the T2 response
through induction of inflammatory (INF-a™) Tg2
cells.**¢ TSLP is expressed at high levels in keratino-
cytes of skin lesions in patients with AD. The presence
of TSLP at the environmental interface raises the impor-
tant question of how allergen contributes to its induction
and subsequent differentiation of allergen-specific effec-
tor/memory Ty?2 cells (Fig 3).

Evidence for long-lived allergen-specific
memory T cells

Whether memory cells arise from effector cells or from
naive T-cell precursors has been widely debated.”**’ In
human beings, the kinetics for generation of allergen-spe-
cific memory Ty2 cells are not known. Moreover, it is
difficult to assess whether the memory T-cell repertoire
directed against allergens is shaped by chronic allergen
exposure. It is clear that allergen-specific memory T cells
are long-lived on the basis of the persistence of allergen-
specific T-cell clones for many years in the blood of al-
lergic subjects.48 One school of thought is that in vivo
persistence of memory T cells is antigen-independent. As
an example, asthma can be induced in mice as long as 400
days after a sensitization and challenge regimen in which
antigen depots are avoided by administering allergen in
the absence of adjuvants.*’ In considering the molecular
pathways involved, interactions between the costimula-
tory molecule OX40 expressed on memory CD4™ T cells,
and OX40 ligand expressed on DCs, have been implicated
in the persistence of allergen-specific memory T cells, as
well as in recall responses to allergen in both human
beings and mice (Fig 3).*****° Although persistence of
memory T2 cells may be antigen-independent, it is pos-
sible that these cells are maintained by allergen-induced
factors (eg, TSLP) that exert their effect in the absence
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of allergen. Regardless, the long-lived nature of allergen-
specific memory Ty2 cells highlights the importance of
designing therapeutic interventions that target these cells.

PLASTICITY OF THE T-CELL RESPONSE
TO ALLERGENS

It seems logical that allergen-specific T-cell responses
that develop in early life in parallel with maturation of the
immune system would be more susceptible to change than
established T-cell responses in adulthood. However, T-
cell responses to allergen can be influenced at all stages of
life through changes in natural exposure to environmental
antigens and therapeutic intervention.

Innate signals mold the T-cell response
to allergens in early life

Beginning in early childhood, the environment is a
major determinant of atopic status, as evidenced by the
decreased prevalence of atopy and asthma among chil-
dren living on farms who are exposed to high levels of
endotoxin.”"** A similar effect has been reported for chil-
dren living with multiple pets, which could also reflect
endotoxin exposure.53 In keeping with this, increased do-
mestic endotoxin exposure in early life has been linked to
increased circulating CD4* T cells that express IFN-y.>*
The idea that enhanced Tyl immunity arising from
increased exposure to microbial products inhibits the sub-
sequent development of Ty2 responses to allergens is a
basic tenet of the hygiene hypothesis. Accordingly, mu-
rine models of asthma have shown that intranasal coexpo-
sure to high-dose LPS favors the induction of a Tyl
response to allergen, whereas low-dose LPS induces a
Ty2 response (Fig 1.3 Although these observations ap-
pear to provide a simple explanation for the protective ef-
fects of bacterial exposure, the situation is likely far more
complex. Key issues that remain to be addressed include
the following: (1) What constitutes a protective dose of
endotoxin/LPS, if any, in the indoor environment, given
that domestic levels are likely much lower than those
found on farms? (2) Is coexposure to endotoxin and aller-
gen a prerequisite for protection from allergy? (3) What
mechanisms are involved at the T-cell level, and is the
timing of exposure relevant?

Considering these points, intranasal exposure to LPS
within the first week of life inhibits subsequent OVA-
induced asthma in mice through induction of putative
regulatory T cells (CD257IL-10%).5 Surprisingly, asth-
ma is also inhibited after exposure to respiratory allergen
during the neonatal period, through induction of a Tyl
response. These findings suggest that protective responses
within the respiratory tract in very early life do not require
innate signals, but can be induced by allergen alone. In ad-
dition, murine studies have demonstrated an influence of
the sequence of exposures to bacterial products and aller-
gen on the type of allergen-specific T-cell responses gener-
ated.’”>® Few studies have addressed these issues in
human beings. However, there is evidence of increased
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responsiveness to LPS in nasal mucosa derived from
children compared with adults as judged by increased
expression of IL-10.%° This highlights how LPS exposure
in early life may influence allergen-specific T-cell
responses.

Influence of high-dose allergen exposure
on T-cell responses in early life

As mentioned, T-cell exposure to allergen in early life
may elicit a protective response under certain conditions.
A decreased prevalence of cat allergy has been reported
among children living in a house with a cat.® Whether this
effect arises from increased endotoxin levels or high-dose
allergen exposure remains controversial. However, there
is increasing evidence to support the latter theory. This in-
cludes the following: (1) low levels of endotoxin in houses
with cats, which are comparable to houses without animals;
(2) decreased rates of sensitization to cat among children
exposed to high-dose allergen (>20 g Fel d 1 per gram
dust); (3) the presence of a unique allergen-specific serum
antibody profile (IgG"'" IgE"*€) in the absence of allergic
symptoms in these children, termed a ‘“modified T2 re-
sponse; and (4) enhanced production of IL-10 induced
by defined regions of the Fel d 1 molecule in PBMC cul-
tures from adults with a modified T2 (or tolerant) re-
sponse.25 61-63 Collectively, these data suggest that the
effects of high-dose exposure to Fel d 1 are allergen-specific
and are mediated at the T-cell level. Interestingly, among
college students in Central Virginia, atopy is uncommon
among subjects with a modified T2 response to cat aller-
gen (Woodfolk and Platts-Mills, personal observations,
April 2005). This could be explained by decreased atopic
predisposition at the genetic level or an influence of Fel d
1 exposure on the immune response to other allergens. It
is tempting to speculate that high-dose exposure to cat aller-
gen enhances IL-10 production, possibly through induction
of regulatory T cells in early life, thereby suppressing T2
responses to other allergens.

Role of regulatory T cells

A patient history describing allergic symptoms to cats
on returning home after 3 months in college is familiar
to many physicians. Given the role for regulatory T cells
(Tregs) in controlling the allergic response, reduced
activity of these cells could explain this phenomenon.
The implication is that the modified T2 response induced
by high-dose exposure to cat allergen is susceptible to
change and requires high-dose exposure for persistence.
The prevailing T-cell paradigm in relation to allergic dis-
ease dictates that Tregs influence the balance of allergen-
specific Tyl and Ty?2 cells (Fig 4). As such, the activity of
Tregs may be critical in the immune outcome to allergen
and hence the development of allergic versus nonallergic
responses. Some investigators would argue that enhanced
Treg activity favors Ty1 skewing and the development of
nonallergic responses. This could occur by increasing the
frequency of Tyl cells within the allergen-specific T-cell
repertoire, or by diminishing the frequency of Ty2 cells.
Working within this framework, the plasticity of the
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FIG 4. Regulatory T cells act to control the Ty1/Ty2 balance. Enhanced control by Tregs induces Ty1 skewing,
whereas decreased regulation favors T2 skewing. The Treg compartment is composed of a heterogenous
population of cells including IL-10-secreting T regulatory 1 cells (Tr1), as well as natural (nTreg) and adaptive

(aTreg) Tregs.

modified Ty2 response associated with changes in ex-
posure to cat allergen suggests that the proportion of
allergen-specific T2 cells versus regulatory T cells is
allergen-dependent. Specifically, increased exposure to
cat allergen may increase the suppressive effect of
Tregs, resulting in tolerance, whereas decreased expo-
sure reduces this effect, resulting in allergic symptoms.
Thus, Tregs may act to control both allergic and nonal-
lergic responses, with the degree of control determining
immune outcome.

The mechanisms whereby allergen induces and
maintains Tregs in vivo are unknown. Studies that have
examined IL-10 as a surrogate marker of Tregs in early
life have found no evidence of enhanced levels induced
by allergen or LPS in T cells from children or infants living
in an endotoxin-high environment.”'** Most studies of
Tregs in allergic disease have focused on atopic and non-
atopic adults with established immune responses. Akdis
etal® reported an increased frequency of allergen-specific
IL-10-secreting Tregs in nonatopic donors. Induction of
putative Tregs (CD4*"CD25IL-10") has also been de-
scribed in the development of protective responses result-
ing from conventional immunotherapy and in tolerance to
bee venom in subjects who have received repeated bee
stings.GG’67 A role for CD47CD25™ T cells in suppressing
T-cell responses to grass pollen allergen has also been de-
scribed; however, that study did not examine 1L-10.%8
Conversely, several studies have implied that the suppres-
sive function of Tregs is compromised in a variety of
atopic diseases in a manner dependent on natural exposure
to allergen or products produced by skin-colonizing
bacteria.®®%

There are conflicting data on the nature of Tregs
involved in suppression of the allergic response (Fig 4).
Specifically, the properties of the cells are not consistent
with specific types of Tregs described in the immunology
literature. Both natural and adaptive Tregs express the IL-
2 receptor a-chain, CD25, and the transcription factor
Foxp3. Natural Tregs are produced by the thymus and ex-
ert their effects primarily in a contact-dependent manner.
By contrast, adaptive Tregs are induced in the periphery
and mediate their suppressor effects through TGF-3 or
IL-10, although cell contact may also be a requirement.””
Studies in mice indicate a role for TCR engagement in in-
duction of adaptive Tregs. Another type of Treg is the T
regulatory 1 cell, which lacks Foxp3 expression and is an-
tigen-specific. These cells can be induced in vitro using a
variety of factors, and mediate their effects largely through
IL-10. Differences in the properties of murine and human
Tregs pose a major challenge when defining the role of
human Tregs in allergic disease. For example, Foxp3
was originally reported to be selectively expressed in
CcD4tCD25* Tregs. However, in contrast with mice,
Foxp3 expression can be induced in vitro in activated
CD25 Foxp3™ human cells. This suggests that some
Foxp3™ cells isolated from patients with inflammatory
diseases represent effector T cells.”® Consistent with this
theory, we have isolated a subset of CD4"CD25" cells
from patients with severe AD that express Foxp3 but
secrete Ty2 cytokines and fail to suppress Ty2 cytokine
production ex vivo.”' Key questions that remain to be
addressed include the following: (1) What is the antigen
specificity of Tregs? (2) Is the type of Treg induced depen-
dent on the route of allergen exposure (eg, injected or
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inhaled)? (3) Are different types of Tregs induced simul-
taneously? (4) Do the nature and dose of the allergen
determine the type of Treg induced?

ALLERGEN-SPECIFIC T-CELL RESPONSES
IN HUMAN BEINGS

Responses to whole allergen do not fit
a Ty2-restricted profile

Numerous studies have attempted to identify charac-
teristics of allergen-specific T cells in patients with allergy
that distinguish them from those in nonallergic subjects.
Although allergen-specific T-cell clones with a T2 phe-
notype can be isolated from patients with allergy,’” the
cytokine-secreting patterns do not strictly adhere to the
Ty2 definition. Indeed, in subjects sensitized to food
(ovomucoid) and wasp venom (Ves v 5) allergens, allergen-
specific T-cell clones are predominantly Tyl-like or
TyO-like.”*”* Thus, exposure to allergens through the
gastrointestinal tract or systemically may favor parallel
priming of distinct Ty subsets, which nevertheless drive
allergic disease.

It is clear that PBMCs can be activated in vitro to pro-
liferate and secrete cytokines in the presence of allergen
regardless of allergic status of the donor. In bulk culture
systems, the dichotomy between Ty2 and Tyl responses
in subjects with and without allergy, respectively, is often
blurred. This is not surprising given that allergen-specific
T cells are heterogeneous at the single cell level.
Moreover, a full compliment of memory T cells with di-
verse antigenic specificities is present in PBMC cultures,
and allergen stimulation likely results in bystander acti-
vation of nonallergen-specific T cells. That being said,
enhanced production of Ty2 cytokines in cultures from
donors with allergy has been widely reported. Interest-
ingly, recent observations in murine asthma models indi-
cate that Tyl cells may actually be required to generate
an efficient T2 response and the associated inflammatory
sequelae.75’76 Thus, a mixed T-cell landscape likely con-
tributes to the pathogenesis of asthma and is evident at
all stages of the disease process.

Epitope mapping: What have we learned?

In the last decade, elucidation of the primary amino acid
sequence of many allergens has facilitated analysis of T-
cell epitopes. Typically, such studies use synthetic pep-
tides (15 to 20 amino acids in length) spanning the length
of the molecule to map regions targeted by T cells. A
major challenge has been to identify allergy-related or
protective epitopes. Epitope mapping is inherently tricky
using PBMC cultures on the basis of the low precursor
frequency of allergen-specific cells within the CD4™ T-
cell compartment. The challenges and caveats associated
with these types of studies are reviewed elsewhere.”’
Alternative approaches have used T-cell lines or clones
from atopic individuals to screen allergen-derived pep-
tides. This may be used as a first-line approach before
testing the T-cell-activating potential of specific epitopes
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in a larger number of subjects. Because there is no gold
standard for epitope mapping, the variety of approaches
used has resulted in a dizzying array of epitopes for certain
allergens. Table I highlights the lack of uniformity be-
tween multiple studies designed to identify T-cell epitopes
of 2 major allergens, Der p 1 and Fel d 1.°%75%¢ Although
some allergens (eg, Fel d 1) contain broad immunodomi-
nant regions encompassing multiple nested epitopes, other
allergens (eg, Can f 1) contain many epitopes scattered
throughout the molecule.®***%7 On the other hand, for
some inhalant allergens (eg, mugwort), T-cell responses
may be dominated by a single epitope.*®™ In those cases,
mapping of epitopes to conserved regions of the molecule
that cross-react with related food allergens may preferen-
tially drive T-cell recognition of these epitopes.

In general, most individuals have T cells that react
in vitro to multiple epitopes within the same allergen, irre-
spective of allergic status; however, each subject’s T-cell
reactivity profile is unique and typically dominated by 1 or
2 epitopes. Few studies have identified clear-cut dif-
ferences in the patterns of T-cell epitope recognition
between subjects with and without allergy. The dermato-
phyte allergen derived from Trichophyton rubrum, Tri
r 2, is an exception.”® Specifically, comparison of T-cell
reactivity to overlapping peptides of Tri r 2 among sub-
jects with immediate hypersensitivity and delayed type
hypersensitivity skin tests to this protein revealed striking
differences in proliferation to a single peptide located
within the amino-terminal region of the molecule.
However, most other allergens do not elicit delayed skin
tests in subjects without allergy. Thus, similar T-cell epi-
tope reactivity in subjects with contrasting allergic status
may indicate a lack of dichotomy in Ty immune re-
sponses, pointing instead to more subtle differences at
the T-cell level. As an example, although the same epitope
may elicit T-cell reactivity in subjects with and without al-
lergy, the frequency of recognition may be increased in
subjects with allergy. This may be explained by the pres-
ence of an HLA-restricting element within the epitope,
which is expressed at high frequency in sensitized sub-
jects.”! Alternatively, qualitative differences (ie, cytokine
induction or proliferation) in the T-cell response directed
against the same epitope may be observed. Such differ-
ences may be revealed only when attention is paid to the
HLA binding potential of the epitope in question and the
HLA type of subjects studied.®

Are responses in the periphery reflective
of the local inflammatory response?

Most studies of T-cell responses to allergens have
focused on cells from peripheral blood. An ongoing
debate surrounds the relevance of T cells in the periphery
to immune events occurring at sites of allergic inflamma-
tion (eg, respiratory tract and skin). Recently, increased
circulating IL-4—producing CD4* T cells have been corre-
lated with markers of airway inflammation.””> However,
few studies have examined changes in circulating aller-
gen-specific T cells that are associated with asthma exac-
erbations. Moreover, because no definitive lung-homing
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T
TABLE I. Summary of T-cell epitope mapping studies of major allergens from house dust mite (Der p 1) and cat (Fel d 1) E 2
5
Experimental 3 o
Allergen T-cell epitopes Patients Molecular tool system Readout Reference q;’ 3
” L=
Derp 1 aad45-67, 94-104, 117-143 Atopic* (n =2) Recombinant deletion T-cell clones  Ty2 cytokines 78 [ '§
proteins (>45aa)
fused to GST and
synthetic peptides
aal-56 Atopic* (n = 35) Overlapping recombinant PBMCs Proliferation 79
fragments (39-114aa)
aal07-119, 110-119, 110-131  Atopic* (n=1) Recombinant peptide T-cell lines Proliferation 80
fragments and clones
aal05-133 Atopic* (n = 14) Pooled overlapping PBMCst Proliferation 81
Nonatopic (n = 11) synthetic peptides and IL-5
(19aa)
aal10-128A or 110-128V} Atopic* (n = 15) Polymorphic synthetic PBMCs Proliferation 82
Nonatopic (n = 13) peptides (19aa)
Feld 1  Chain 1: aa39-52, 53-66 Atopic* Overlapping synthetic T-cell lines Proliferation 83
Chain 2: aa9-21, 22-35, 57-70 (T-cell lines, peptides of Fel d 1 and clones
n = 4; T-cell chains 1 and 2
clones, n = 1) (12-16aa)
Chain 1: aa9-55, 56-69 Atopic* (n =53) Overlapping synthetic T-cell lines Proliferation 84
Chain 2: aa74-92 peptides of Fel d 1
chains 1 and 2
(14-26aa)
Chain 1: aa29-42: allergic Allergic* (n =42)  Overlapping synthetic T-cell lines Proliferation 85
Chain 1: aa37-55: nonallergic Nonallergic peptides of Fel d 1
(n= 16) chains 1 and 2
(14-26aa)
Chain 1: aa29-69: Cat-allergic Overlapping synthetic PBMCs Proliferation and 86
1 IL-5:IFN-y ratio in asthmatics* peptides of Fel d 1 IL-5/IFN-y
cat-allergic asthmatics (n =20) chain 1 (17-18aa)
No difference in Non—cat-allergic
proliferation between asthmatics
groups (n=10)
Cat-allergic
patients with
rhinitis* (n = 10)
Normal controls
n =10)
Chain 1: aa8-24, aa36-52 Cat-allergic* Overlapping synthetic PBMCs Proliferation and 63

Chain 2: aal-17: (n=14) peptides of Fel d 1 IL-5/IL-10/
$IL-10 in DR7* Modified Ty2 chains 1 and 2 (17aa) IL-13/TFN-y
modified T2 (n=12)

aa8-24: IFN-y -inducing

Control (n=11)

aa, Amino acids; GST, glutathione S-transferase.

*0On the basis of perennial rhinitis, serum IgE, or positive skin test.
TCells cultured in serum-free medium.
{Peptide incorporating Ala/Val substitution at amino acid position 124.

CD4"CD25" T cells are present in patients with AD,
and a significant proportion of these cells express
CLA.”"** This may reflect the large surface area of skin
that is affected in AD and trafficking of Tregs and/or
activated effector cells through the circulation. In an
attempt to link T cells in the periphery with local events,
several studies have characterized T cells present in

marker has been identified to date, tracking T cells in the
periphery that contribute to inflammatory events in the res-
piratory tract has not been feasible. By contrast, expres-
sion of CLA is a hallmark of T cells with skin-homing
potential. In patients with AD, induction of T-cell
reactivity against allergens occurs predominantly within
the CLA" subset.”® Interestingly, increased circulating
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bronchoalveolar lavage fluid. Although this has defined
the expression profile of cytokine/chemokine receptors
on lung cells, it is not clear how these cells relate to their
phenotypic counterparts in the periphery. In addition, it
is important to consider that when sampling the lung, aller-
gen-specific T cells are likely to be only a minor compo-
nent of the T-cell inflammatory infiltrate.

Analysis of TCR V[ usage has been used to identify
allergen-specific T cells on the basis of the premise that
allergen drives clonal expansion of T cells expressing
specific TCR VB chains. A higher frequency of VB18™
and Va2.3" T cells has been reported in the blood of
atopic subjects, and these clonotypes were expanded after
in vitro stimulation with dust mite allergen.”” Similar ob-
servations have been reported for birch and cat allergens.
Expansion of allergen-specific clonotypes has also been
reported after allergen challenge in the lung.’® However,
few studies have attempted to correlate these changes
with those driven by allergen in the peripheral T-cell rep-
ertoire. In one study, T-cell clonotypes present in PBMCs
stimulated with dust mite allergen did not reflect clono-
types in skin lesions of patients with AD.”” Thus, given
the existing data, it is important not to overinterpret rela-
tionships between allergen-specific T cells at distinct ana-
tomic sites. What is not in dispute is that human studies
using T cells from the blood have yielded important in-
sight into the nature of allergen-specific T-cell responses.

Work by Larche’s group98 supports the capacity for
allergen-specific T cells to traffic from the periphery to
the lung. In those studies, intradermal administration of
Fel d 1 peptides induced a marked reduction in airway
function in a subset of cat-allergic asthmatics within
hours. Importantly, specific peptides present in the in-
jected peptide mixture induced IL-5 production by T cells
in vitro when presented in the context of HLA-DR mol-
ecules expressed in patients with altered lung function.
Moreover, the short peptides used lacked the ability to
cross-link IgE. These findings imply that allergen-
specific T cells in the periphery not only traffic to the
lung but also mediate changes in airway function inde-
pendent of IgE.

ALL ALLERGENS ARE NOT CREATED
EQUAL: T-CELL MECHANISMS AT THE
MOLECULAR LEVEL

Allergens are a diverse array of molecules. Many
different proteins can become allergens, but it is increas-
ingly clear that the magnitude of IgE antibody responses
varies for allergens from different sources (eg, dust mite
and cat).” This has led to the view that some allergens are
more potent than others. The major dust mite allergen, Der
p 1, is a cysteine protease whose enzymatic activity may
enhance allergen delivery and augment inflammatory re-
sponses.'% Cleavage of CD25 by Der p 1 enhances Ty2
skewing by inhibiting IFN-y and increasing induction of
the IgE switch factor, IL-4.'01102 1 addition, cleavage
of CD23 (the low-affinity receptor for IgE) by Der p 1
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has been proposed to upregulate IgE synthesis by disrupt-
ing negative feedback signaling through CD23.'*

By contrast, the major cat allergen, Fel d 1, is a
homologue of uteroglobin, which is constitutively ex-
pressed in the lung. Interestingly, uteroglobin represses
allergen-induced inflammation in mice through blockade
of the prostaglandin D, receptor.103 Whether Fel d 1 ex-
hibits similar anti-inflammatory properties is unknown;
however, induction of IL-10 production by T cells is a
prominent feature of this molecule in cultures from sub-
jects with and without allergy.®® Although defined regions
of the Fel d 1 molecule preferentially induce specific cyto-
kines (Table I), there are insufficient data to assess whether
other allergens exhibit similar properties. However, these
observations raise important questions related to the in-
trinsic cytokine-inducing properties of allergen-derived
peptides, which are distinct from functional properties of
the whole molecule. Extensive studies on altered peptide
ligands have led to the view that the quality of the T-cell
response, as judged by the type of cytokines induced,
can be influenced by changes in the amino acid sequence
of the peptide that alter the MHC-peptide/TCR interac-
tion. Enhanced IL-10 production in cultures from HLA-
DR7™ subjects after stimulation with an IL-10—inducing
peptide derived from Fel d 1 may be explained by in-
creased affinity and/or stability of the peptide/DR7 inter-
action coupled with increased density of DR7-peptide
complexes at the surface of the APC.* This could alter
T-cell signaling events to favor induction of Tregs. This
being said, the view that peptide ligands influence T-cell
cytokine production by inducing qualitatively distinctive
signals through the TCR remains controversial.

Environmental exposure to airborne cat allergen is
much higher than for dust mite allergen. Moreover, as
already mentioned, exposure to high-dose cat allergen is
associated with high titer allergen-specific IgG Ab without
IgE Ab. Several in vitro systems have shown that peptide
antigens preferentially induce Ty2 development at low
dose, and Ty 1 cytokines at higher dose. This phenomenon
appears to depend on the total number of T cells initially
activated (ie, low numbers at low dose and higher numbers
at high dose) and subsequent influences on the cytokine
milieu, rather than altered signaling through the TCR.'*
With this in mind, it is tempting to speculate that differ-
ences in environmental exposure to high-dose allergens
(eg, cat) versus low-dose allergens (mite) induce similar
events in vivo. Further analysis of the effects of allergen
peptide dose on cytokine responses, both in bulk cultures
and at the single cell level, may be valuable in resolving
this issue.

ALLERGENS AND T CELLS: THINKING
BEYOND THE PROTEIN

In the last few years, popularity of the hygiene hypoth-
esis provided impetus to studies on the T-cell immuno-
modulatory properties of nonprotein bacterial adjuvants
such as LPS and CpG-containing immunostimulatory
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FIG 5. Future research directions and T-cell-based vaccines. Candidate peptides and allergen variants provide
useful molecular tools for future research directions as well as for vaccine development.

DNA sequences (ISS). In animal models, immunization
with ISS inhibits Ty2-mediated airway responses to aller-
gen.'% ISS activate Toll-like receptor (TLR)-9 expressed
in plasmacytoid DCs and promote the development of Ty1
responses. In the last few years, an immunotherapeutic
compound composed of ragweed pollen antigen, Amb a
1, conjugated to ISS has been developed. This conjugate
stimulated decreased production of Ty2 cytokines in
PBMCs from patients with ragweed allergy, indicating
therapeutic potential.’ 06 A phase 2 clinical trial of this vac-
cine has recently reported clinical efficacy; however, anal-
ysis of T cells showed no difference in cytokine patterns
between the treatment group and controls.'”” In mice, in-
hibition of allergic airway responses by ISS has been
attributed to an inability for lung APCs to activate T2
cells, but not Tyl cells.'® This may occur through
TLR9-mediated induction of the inhibitory molecule,
programmed death (PD)-1, as well as other costimulatory
molecules on APCs. Interestingly, ISS also inhibits IgE-
dependent release of T2 cytokines from airway basophils
and mast cells.'” This observation is consistent with
decreased basophils expressing intracellular IL-4 in pa-
tients treated with Amb a 1-ISS conjugate.'”” Thus,
whether ISS exert their effects primarily on human mast
cells and basophils, which express TLR9, or on T cells
via the APC remains to be determined.

Nonprotein components of the allergen molecule itself
can influence allergen-specific T-cell responses. For ex-
ample, glycan structures present on peanut glycoallergens
act as T2 adjuvants on the basis of increased induction of
IL-4" and IL-13" CD4™ T cells.'” By contrast, oligosac-
charides on the major Cryptomeria japonica pollen

allergen, Cry j 1, actually inhibit Cry j 1-induced prolifer-
ation and IL-4 production.l 10 Thus, the oligosaccharides on
Cry j 1 do not exhibit T2 adjuvanticity, nor are they tar-
geted by T cells. Looking beyond the realm of CD4* T
cells, other types of T cells that recognize nonprotein anti-
gens have been implicated in the immune response to aller-
gens. yd T cells recognize lipid antigens presented in the
context of the nonclassical MHC molecule, CD1d. As an
example, the pollen membrane lipid antigen, phosphati-
dyl-ethanolamine, induces proliferation of cloned vy& T
cells, which secrete both Tyl and Ty2 cytokines.111 NKT
cells, which also recognize nonprotein antigens, have
recently been implicated in the induction of airway hy-
perreactivity via an allergen-independent mechanism.''?
Moreover, NKT cells were reported to make up the major-
ity (60%) of pulmonary CD4 " CD3™ cells in patients with
moderate-to-severe persistent asthma.' ' Despite the pres-
ence of lipid antigens in pollens, it seems unlikely that
such antigens are a major target for T cells in human beings.
Consistent with this, phospholipids extracted from cypress
grains were shown to stimulate the proliferation of a variety
of T-cell types in sensitized subjects, with CD4™ T cells
constituting the predominant type and NKT cells respond-
ing only rarely.''* At this point, the role of NKT cells in
allergic inflammation is disputed and has not been corrob-
orated.''” Nevertheless, taken collectively, these findings
raise several important questions: (1) How do nonprotein
components of allergen molecules influence CD4 " T-cell
responses? (2) Does this effect depend on whether the
source is mammalian versus nonmammalian? (3) Are the
effects dependent on direct linkage or close association of
the nonprotein component to the allergen molecule?
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FIG 6. Thinking beyond the Ty1/T42/Treg paradigm. This model depicts newly described effector and
regulatory T cells that may influence the existing T-cell paradigm.

THERAPEUTIC IMPLICATIONS
AND FUTURE DIRECTIONS

The rational design of T-cell-based therapies for aller-
gic disease is dependent on well designed studies of T-cell
responses to allergens in human beings (Table II).
Rigorous T-cell epitope mapping is warranted to identify
peptide candidates for vaccine development. Ideally, these
epitopes should induce T-cell reactivity in a genetically
diverse population of atopic subjects by binding to multi-
ple HLA class II molecules (Fig 5). Because short aller-
gen-derived peptides lack IgE binding capacity, the risk
of adverse events is low compared with conventional
immunotherapy. It is tempting to speculate that T-cell
epitopes that preferentially induce IL-10 or IFN-y would
be better candidates for therapy than others.%®> To this
end, further investigation of the relationship between the
amino acid sequence of allergen-derived peptides and
their cytokine-inducing properties would be valuable.

Despite what we have learned about T-cell epitopes,
peptide vaccines have been relatively slow in coming to
fruition, particularly in the United States.''® Building on
knowledge gained from cat peptide vaccine trials in the
late 1990s,"'”"'"® a new vaccine was developed in the
United Kingdom that contained shorter peptides that do
not bind or cross-link IgE.“9’12° This vaccine, which
appears to confer clinical benefit, was associated with
changes in allergen-induced T-cell cytokine profiles
in vitro. Further investigation of T-cell responses to aller-
gens at the epitope level is clearly warranted to hasten the

TABLE II. Key points

e Generation of memory (CD45RACD45RO™) T};2 responses to
allergen likely occurs within the first few years of life, rather than
within the first few months or in utero.

Allergen-specific memory Ty2 cells are long-lived, express
CRTH2, and may be maintained in vivo by the IL-7-like
cytokine TSLP produced at sites of allergic inflammation.
T-cell responses to allergens are plastic in both early life

and adulthood and can be altered by a change in environmental
exposure or immunotherapy.

T-cell responses to whole allergens are dependent on the
unique properties of each allergen and atopic status of the host.
Enhanced suppression of Ty2 responses by regulatory T cells
may favor nonallergic responses; however, little is known about
the types of Tregs involved, their antigen specificity, or their
mode of action.

Identification of novel allergen-derived T-cell epitopes is critical
to developing new reagents for monitoring allergen-specific
T cells in vitro and in vivo, and is central to the rational design
of new vaccines.

bench-to-bedside transition. In the cancer field, mass spec-
trometry has proven useful for identifying tumor-associ-
ated peptide antigens that have been incorporated into
peptide vaccines. Refinements in this technique should
make it feasible to identify novel allergen-derived pep-
tides presented in the context of specific HLA molecules
(Fig 5). Once new therapies are identified, the efficacy
of such vaccines administered in early versus later life
will need to be evaluated.
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Additional future directions for research include ana-
lyzing the kinetics of T-cell responses in early life and
developing techniques for monitoring the immunomodu-
latory potential of new vaccines. To this end, further
characterization of allergen-specific T cells is critical (Fig
5). Identification of CRTH2 as a marker of allergen-
specific memory Ty2 cells is an important step forward.
However, more studies on CRTH27CD4" T cells are
needed in allergic subjects to clarify their phenotype and
function. MHC-peptide tetramers (and the newer gen-
eration pentamers and Ultimers [Proimmune Inc.,
Springfield, Va]) consist of MHC molecules and their as-
sociated peptide ligands linked to a central streptavidin or
core structure. These fluorochrome-conjugated complexes
bind to T cells with defined TCR specificities and are
emerging as a useful tool for identifying and enumerating
circulating allergen-specific CD4 " T cells by flow cytom-
etry (Fig 5)."*""'** However, to date only a limited panel of
MHC class II molecules is available as tetramers, and be-
cause these reagents can only be used in subjects express-
ing specific HLA class II alleles, it is necessary to screen
many patients to identify sufficient subjects for a study.

Regulatory T cells remain a hot research topic, and
targeting these cells is an attractive possibility. However,
further studies on the influence of conventional immuno-
therapy and allergen variants (eg, CpG conjugates or other
receptor-targeted allergens'>?) on the Treg compartment
are necessary. Finally, researchers should not be con-
strained by existing T-cell paradigms, especially in light
of recent discoveries. It has been suggested that Ty;1 and
Ty2 cells be recategorized as inflammatory, on the basis
of a capacity to secrete TNF-o, or regulatory, on the basis
of secretion of IL-10.*° In addition, a new lineage of
effector T cells (Ty17) has recently been identified that
is distinct from Tyl or Ty2 cells.'** These emerging
T-cell subsets may have a considerable impact on our cur-
rent understanding of T-cell responses to allergens (Fig 6).
Broadening our T-cell horizons could identify new thera-
peutic targets and pave the way for exciting new develop-
ments in the treatment of allergic disease from the T-cell
perspective.

REFERENCES

1. Del Prete GF, Maggi E, Parronchi P, Chretien I, Tiri A, Macchia D, et al.
IL-4 is an essential factor for the IgE synthesis induced in vitro by human
T cell clones and their supernatants. J Immunol 1988;140:4193-8.

2. Swain SL, Weinberg AD, English M, Huston G. IL-4 directs the devel-
opment of Th2-like helper effectors. J Immunol 1990;145:3796-806.

3. Abehsira-Amar O, Gibert M, Joliy M, Theze J, Jankovic DL. IL-4 plays
a dominant role in the differential development of ThO into Thl and
Th2 cells. J Immunol 1992;148:3820-9.

4. Foster PS, Hogan SP, Ramsay AJ, Matthaei KI, Young IG. Interleukin-
5 deficiency abolishes eosinophilia, airways hyperreactivity, and lung
damage in a mouse asthma model. J Exp Med 1996;183:195-201.

. Dent LA, Strath M, Mellor AL, Sanderson CJ. Eosinophilia in mice
expressing interleukin 5. J Exp Med 1990;172:1425-31.

6. Lee JJ, McGarry MP, Farmer SC, Denzler KL, Larson KA, Carrigan
PE, et al. Interleukin-5 expression in the lung epithelium of transgenic
mice leads to pulmonary changes pathognomonic of asthma. J Exp Med
1997;185:2143-56.

w

=)

20.

21.

22.

24.

25.

26.

217.

28.

29.

Woodfolk 291

. Mathur M, Herrmann K, Li X, Qin Y, Weinstock J, Elliott D, et al.

TRFK-5 reverses established airway eosinophilia but not established
hyperresponsiveness in a murine model of chronic asthma. Am J Respir
Crit Care Med 1999;159:580-7.

. Leckie MJ, ten Brinke A, Khan J, Diamant Z, O’Connor BJ, Walls CM,

et al. Effects of an interleukin-5 blocking monoclonal antibody on eo-
sinophils, airway hyperresponsiveness, and the late asthmatic response.
Lancet 2000;356:2144-8.

. Wills-Karp M, Luyimbazi J, Xu X, Schofield B, Neben TY, Karp CL, et al.

Interleukin-13: central mediator of allergic asthma. Science 1998;282:
2258-61.

. Grunig G, Warnock M, Wakil AE, Venkayya R, Brombacher F, Renick

DM, et al. Requirement for IL-13 independently of IL-4 in experimental
asthma. Science 1998;282:2261-3.

. Walter DM, MclIntire JJ, Berry G, McKenzie AN, Donaldson DD,

DeKruyff RH, et al. Critical role for IL-13 in the development of aller-
gen-induced airway hyperreactivity. J Immunol 2001;167:4668-75.

. Leckie MJ. Anti-interleukin-5 monoclonal antibodies: preclinical and

clinical evidence in asthma models. Am J Respir Med 2003;2:245-59.

. Woodfolk JA. Cytokines as a therapeutic target for allergic diseases:

a complex picture. Curr Pharm Design 2006;12:2349-63.

. Lambrecht BN, De Veerman M, Coyle AJ, Gutierrez-Ramos JC, Thie-

lemans K, Pauwels RA. Myeloid dendritic cells induce Th2 responses
to inhaled antigen, leading to eosinophilic airway inflammation.
J Clin Invest 2000;106:551-9.

. Lambrecht BN, Pauwels RA, Fazekas De St Groth B. Induction of rapid T

cell activation, division, and recirculation by intratracheal injection of
dendritic cells in a TCR transgenic model. J Immunol 2000;164:2937-46.

. van Rijt LS, Jung S, KleinJan A, Vos N, Willart M, Duez C, et al. In vivo

depletion of lung CD11c+ dendritic cells during allergen challenge abro-
gates the characteristic features of asthma. J Exp Med 2005;201:981-91.

. Prescott SL, Macaubas C, Holt BJ, Smallacombe TB, Loh R, Sly PD,

et al. Transplacental priming of the human immune system to environ-
mental allergens: universal skewing of initial T cell responses toward
the Th2 cytokine profile. J] Immunol 1998;160:4730-7.

. Adkins B, Bu Y, Guevara P. Murine neonatal CD4+ lymph node cells

are highly deficient in the development of antigen-specific Thl function
in adoptive adult hosts. J Immunol 2002;169:4998-5004.

. Chen L, Cohen AC, Lewis DB. Impaired allogeneic activation and

T-helper 1 differentiation of human cord blood naive CD4 T cells.
Biol Blood Marrow Transplant 2006;12:160-71.

Delespesse G, Yang LP, Ohshima Y, Demuerue C, Shu U, Byun DG,
et al. Maturation of human neonatal CD4+ and CD8+ lymphocytes
into Th1/Th2 effectors. Vaccine 1998;16:1415-9.

Neaville WA, Tisler C, Bhattacharya A, Anklam K, Gilbertson-White
S, Hamilton R, et al. Developmental cytokine response profiles and
the clinical and immunologic expression of atopy during the first year
of life. J Allergy Clin Immunol 2003;112:740-6.

Prescott SL, Macaubas C, Smallacombe T, Holt BJ, Sly PD, Holt PG.
Development of allergen-specific T-cell memory in atopic and normal
children. Lancet 1999;353:196-200.

. Prescott SL, Taylor A, King B, Dunstan J, Upham JW, Thornton CA,

et al. Neonatal interleukin-12 capacity is associated with variations
in allergen-specific immune responses in the neonatal and postnatal
periods. Clin Exp Allergy 2003;33:566-72.

Wahn U, Lau S, Bergmann R, Kulig M, Forster J, Bergmann K, et al.
Indoor allergen exposure is a risk factor for sensitization during the first
three years of life. J Allergy Clin Immunol 1997;99:763-9.

Sporik R, Squillace SP, Ingram JM, Rakes G, Honsinger RW, Platts-
Mills TA. Mite, cat, and cockroach exposure, allergen sensitization,
and asthma in children: a case-control study of three schools. Thorax
1999;54:675-80.

Custovic A, Woodcock A. Exposure and sensitization in infants and
children. Curr Opin Allergy Clin Immunol 2001;1:133-8.

Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector
memory T cell subsets: function, generation, and maintenance. Annu
Rev Immunol 2004;22:745-63.

Marsden VS, Kappler JW, Marrack PC. Homeostasis of the memory
T cell pool. Int Arch Allergy Immunol 2006;139:63-74.

Rivino L, Messi M, Jarrossay D, Lanzavecchia A, Sallusto F, Geginat J.
Chemokine receptor expression identifies pre-T helper (Th)1, pre-Th2,

("]
T 0
52
25
2L
>
S%o
L




e
o
g
c
<
®
2
3
O
®
("]

PUD SM3IAY

292 Woodfolk

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

and nonpolarized cells among human CD4+ central memory T cells.
J Exp Med 2004;200:725-35.

Campbell JJ, Haraldsen G, Pan J, Rottman J, Qin S, Ponath P, et al. The
chemokine receptor CCR4 in vascular recognition by cutaneous but not
intestinal memory T cells. Nature 1999;400:776-80.

Andrew DP, Ruffing N, Kim CH, Miao W, Heath H, Li Y, et al. C-C
chemokine receptor 4 expression defines a major subset of circulating
nonintestinal memory T cells of both Th1 and Th2 potential. J Immunol
2001;166:103-11.

Tellem A, Mariani M, Lang R, Recalde H, Panina-Bordignon P, Siniga-
glia F, et al. Unique chemotactic response profile and specific expres-
sion of chemokine receptors CCR4 and CCR8 by CD4+CD25+
regulatory T cells. ] Exp Med 2001;194:847-53.

Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al.
Specific recruitment of regulatory T cells in ovarian carcinoma fosters
immune privilege and predicts reduced survival. Nat Med 2004;10:
942-9.

Lee I, Wang L, Wells AD, Dorf ME, Ozkaynak E, Hancock WW.
Recruitment of Foxp3+ T regulatory cells mediating allograft tolerance
depends on the CCR4 chemokine receptor. J Exp Med 2005;201:
1037-44.

Ishida T, Ishii T, Inagaki A, Yano H, Komatsu H, Iida S, et al. Specific
recruitment of CC chemokine receptor 4-positive regulatory T cells in
Hodgkin lymphoma fosters immune privilege. Cancer Res 2006;66:
5716-22.

Annunziato F, Cosmi L, Galli G, Beltrame C, Romagnani P, Manetti R,
et al. Assessment of chemokine receptor expression by human Th1 and
Th2 cells in vitro and in vivo. J Leukoc Biol 1999;65:691-9.

Nagata K, Tanaka K, Ogawa K, Kemmotsu K, Imai T, Yoshie O, et al.
Selective expression of a novel surface molecule by human Th2 cells
in vivo. J Immunol 1999;162:1278-86.

Cosmi L, Annunziato F, Iwasaki M, Galli G, Manetti R, Maggi E, et al.
CRTH2 is the most reliable marker for the detection of circulating
human type 2 Th2 and type 2 T cytotoxic cells in health and disease.
Eur J Immunol 2000;30:2972-9.

Wang Y-H, Ito T, Wang Y-H, Homey B, Watanabe N, Martin R, et al.
Maintenance and polarization of human Th2 central memory T cells
by thymic stromal lymphopoietin-activated dendritic cells. Immunity
2006;24:827-38.

Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, Homey B,
et al. Human epithelial cells trigger dendritic cell mediated allergic
inflammation by producing TSLP. Nat Immunol 2002;3:673-80.

Ying S, O’Connor B, Ratoff J, Meng Q, Mallett K, Cousins D, et al.
Thymic stromal lymphopoietin expression is increased in asthmatic
airways and correlates with expression of Th2-attracting chemokines
and disease severity. J Immunol 2005;174:8183-90.

Al-Shami A, Spolski R, Kelly J, Keane-Myers A, Leonard WJ. A role
for TSLP in the development of inflammation in an asthma model.
J Exp Med 2005;202:829-39.

Zhou B, Comeau MR, De Smedt T, Liggitt HD, Dahl ME, Lewis DB,
et al. Thymic stromal lymphopoietin as a key initiator of allergic airway
inflammation in mice. Nat Immunol 2005;6:1047-53.

Li M, Hener P, Zhang Z, Kato S, Metzger D, Chambon P. Topical
vitamin D3 and low-calcemic analogs induce thymic stromal lympho-
poietin in mouse keratinocytes and trigger an atopic dermatitis. Proc
Natl Acad Sci U S A 2006;103:11736-41.

Yoo J, Omori M, Gyarmati D, Zhou B, Aye T, Brewer A, et al. Spon-
taneous atopic dermatitis in mice expressing an inducible thymic
stromal lymphopoietin transgene specifically in the skin. J Exp Med
2005;202:541-9.

Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, Watanabe N,
et al. TSLP-activated dendritic cells induce an inflammatory T helper
type 2 cell response through OX40 ligand. J Exp Med 2005;202:
1213-23.

Epstein MM. Targeting memory Th2 cells for the treatment of allergic
asthma. Pharmacol Ther 2005;109:107-36.

Bohle B, Schwihla H, Hu H-Z, Friedl-Hajek R, Sowka S, Ferreira F,
et al. Long-lived Th2 clones specific for seasonal and perennial aller-
gens can be detected in blood and skin by their TCR-hypervariable
regions. J Immunol 1998;160:2022-7.

Mojtabavi N, Dekan G, Stingl G, Epstein MM. Long-lived Th2 mem-
ory in experimental allergic asthma. J Immunol 2002;169:4788-96.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

J ALLERGY CLIN IMMUNOL
FEBRUARY 2007

Salek-Ardakani S, Song J, Halteman BS, Gebre-Hiwot Jember A,
Akiba H, Yagita H, et al. OX40 (CD134) controls memory T helper
2 cells that drive lung inflammation. J Exp Med 2003;198:315-24.
Braun-Fahrlander C, Riedler J, Herz U, Eder W, Waser M, Grize L,
et al. Environmental exposure to endotoxin and its relation to asthma
in school-age children. N Engl J Med 2002;347:869-77.

von Mutius E, Braun-Fahrlander C, Schierl R, Riedler J, Ehlermann S,
Maisch S, et al. Exposure to endotoxin or other bacterial components
might protect against the development of atopy. Clin Exp Allergy
2000;30:1230-4.

Ownby DR, Johnson CC, Peterson EL. Exposure to dogs and cats in the
first year of life and risk of allergic sensitization at 6 to 7 years of age.
JAMA 2002;288:963-72.

Gereda JE, Leung DY, Thatayatikom A, Streib JE, Price MR, Klinnert
MD, et al. Relation between house-dust endotoxin exposure, type 1
T-cell development, and allergen sensitisation in infants at high risk
of asthma. Lancet 2000;355:1680-3.

Eisenbarth SC, Piggott DA, Huleatt JW, Visintin I, Herrick CAK, Bot-
tomly K. Lipopolysaccharide-enhanced, Toll-like receptor 4-dependent
T helper cell type 2 responses to inhaled antigen. J Exp Med 2002;196:
1645-51.

Wang Y, McCusker C. Neonatal exposure with LPS and/or allergen
prevents experimental allergic airways disease: development of toler-
ance using environmental antigens. J Allergy Clin Immunol 2006;
118:143-51.

Cochran JR, Khan AM, Eidemir O, Xue H, Cua B, Fullmer J, et al. In-
fluence of lipopolysaccharide exposure on airway function and allergic
responses in developing mice. Pediatr Pulmonol 2002;34:267-77.
Tulic MK, Holt PG, Sly PD. Modification of the inflammatory response
to allergen challenge after exposure to bacterial lipopolysaccharide.
Am J Respir Cell Mol Biol 2000;22:604-12.

Tulic MK, Fiset PO, Manoukian JJ, Frenkiel S, Lavigne F, Eidelman
DH, et al. Role of Toll-like receptor 4 in protection by bacterial lipopol-
ysaccharide in the nasal mucosa of atopic children but not adults.
Lancet 2004;363:1689-97.

Erwin EA, Custis N, Ronmark E, Wickens K, Sporik R, Woodfolk JA,
et al. Asthma and indoor air: contrasts in the dose response to cat and
dust-mite. Indoor Air 2005;15:33-9.

Platts-Mills JA, Custis NJ, Woodfolk JA, Platts-Mills TAE. Airborne
endotoxin in homes with domestic animals: implications for cat-specific
tolerance. J Allergy Clin Immunol 2005;116:384-9.

Platts-Mills T, Vaughan J, Squillace S, Woodfolk J, Sporik R. Sensiti-
sation, asthma, and a modified Th2 response in children exposed to cat
allergen: a population-based cross-sectional study. Lancet 2001;357:
752-6.

Reefer AJ, Carneiro RM, Custis NJ, Platts-Mills TA, Sung SS, Hammer
J, et al. A role for IL-10-mediated HLA-DR7-restricted T cell-depen-
dent events in development of the modified Th2 response to cat aller-
gen. J Immunol 2004;172:2763-72.

Abraham JH, Finn PW, Milton DK, Ryan LM, Perkins DL, Gold DR.
Infant home endotoxin is associated with reduced allergen-stimulated
lymphocyte proliferation and IL-13 production in childhood. J Allergy
Clin Immunol 2005;116:431-7.

Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C, Crameri
R, et al. Inmune responses in healthy and allergic individuals are char-
acterized by a fine balance between allergen-specific T regulatory 1 and
T helper 2 cells. J Exp Med 2004;199:1567-75.

Francis JN, Tills SJ, Durham SR. Induction of IL-10+CD4+CD25+ T
cells by grass pollen immunotherapy. J Allergy Clin Immunol 2003;
111:1255-61.

Akdis CA, Blesken T, Akdis M, Wuthrich B, Blaser K. Role of inter-
leukin-10 in specific immunotherapy. J Clin Invest 1998;102:98-106.
Ling EM, Smith T, Nguyen XD, Pridgeon C, Dallman M, Arbery J,
et al. Relation of CD4+CD25+ regulatory T-cell suppression of aller-
gen-driven T-cell activation to atopic status and expression of allergic
disease. Lancet 2004;363:608-15.

Cardona ID, Goleva E, Ou LS, Leung DY. Staphylococcal enterotoxin
B inhibits regulatory T cells by inducing glucocorticoid-inducing TNF
receptor-related protein ligand on monocytes. J Allergy Clin Immunol
2006;117:688-95.

Shevach EM. From vanilla to 28 flavors: multiple varieties of T regu-
latory cells. Immunity 2006;25:195-201.



J ALLERGY CLIN IMMUNOL
VOLUME 119, NUMBER 2

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Reefer AJ, Satinover SM, Nguyen J, Solga MD, Lannigan J, Wilson B,
et al. Analysis of discrete regulatory T cell subsets in patients with
atopic dermatitis reveals Th2-promoting properties [abstract]. J Allergy
Clin Immunol 2007;119:S238.

Wierenga EA, Snoek M, de Groot G, Chretien I, Bos JD, Jansen HM,
et al. Evidence for compartmentalization of functional subsets of CD2+
T lymphocytes in atopic patients. J Immunol 1990;144:4651-6.
Kondo M, Suzuki K, Inoue R, Sakaguchi H, Matsukuma E, Kato Z, et al.
Characterization of T-cell clones specific to ovomucoid from patients
with egg-white allergy. J Investig Allergol Clin Immunol 2005;15:107-11.
Bohle B, Zwolfer B, Fischer GF, Seppala U, Kinaciyan T, Bolwig C,
et al. Characterization of the human T cell response to antigen 5 from
Vespula vulgaris (Ves v 5). Clin Exp Allergy 2005;35:367-73.

Bocek P, Foucras G, Paul WE. Interferon gamma enhances both in vitro
and in vivo priming of CD4+ T cells for IL-4 production. J Exp Med
2004;199:1619-30.

Sugimoto T, Ishikawa Y, Yoshimoto T, Hayashi N, Fujimoto J, Naka-
nishi 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.

Woodfolk JA. Epitope-specific T-cell responses and allergic pheno-
types: implications for T-cell peptide therapy. Exp Rev Clin Immunol
2006;2:309-18.

Yssel H, Johnson KE, Schneider PV, Wideman J, Terr A, Kastelein,
et al. T cell activation-inducing epitopes of the house dust mite allergen,
Der p I proliferation and lymphokine production patterns by Der p I-
specific CD4+ T cell clones. J Immunol 1992;148:738-45.

O’Brien RM, Thomas WR, Tait BD. An immunogenetic analysis of T-cell re-
active regions on the major allergen from the house dust mite, Der p 1, with
recombinant truncated fragments. J Allergy Clin Immunol 1994;93:628-34.
Higgins JA, Thorpe CJ, Hayball JD, O’Hehir RE, Lamb JR. Overlap-
ping T-cell epitopes in the group I allergen of Dermatophagoides spe-
cies restricted by HLA-DP and HLA-DR class II molecules. J Allergy
Clin Immunol 1994;93:891-9.

Hales BJ, Thomas WR. T-cell sensitization to epitopes from the house
dust mites Dermatophagoides pteronyssinus and Euroglyphus maynei.
Clin Exp Allergy 1997;27:868-75.

Smith W-A, Hales BJ, Jarnicki AG, Thomas WR. Allergens of wild
house dust mites: environmental Der p 1 and Der p 2 sequence poly-
morphisms. J Allergy Clin Immunol 2001;107:985-92.

van Neerven RJJ, van de Pol MM, van Milligen FJ, Jansen HM, Aal-
berse RC, Kapsenberg ML. Characterization of cat dander-specific
T lymphocytes from atopic patients. J Immunol 1994;152:4203-10.
Counsell CM, Bond JF, Ohman JL, Greenstein JL, Garman RD. Defi-
nition of the human T-cell epitopes of Fel d 1, the major allergen of the
domestic cat. J Allergy Clin Immunol 1996;98:884-94.

Mark PG, Segal DB, Dallaire ML, Garman RD. Human T and B cell
immune responses to Fel d 1 in cat-allergic and non-cat-allergic sub-
jects. Clin Exp Allergy 1996;26:1316-28.

Haselden BM, Syrigou E, Jones J, Huston D, Ichikawa K, Chapman
MD, et al. Proliferation and release of IL-5 and IFN-y by peripheral
blood mononuclear cells from cat-allergic asthmatics and rhinitics,
non-cat-allergic asthmatics, and normal controls to peptides derived
from Fel d 1 chain 1. J Allergy Clin Immunol 2001;108:349-56.
Immonen A, Facri S, Taivainen A, Partanen J, Pouvelle-Moratille S,
Narvanen A, et al. T cell epitope-containing peptides of the major
dog allergen Can f 1 as candidates for allergen immunotherapy. J Im-
munol 2005;175:3614-20.

Jahn-Schmid B, Kelemen P, Himly M, Bohle B, Fischer G, Ferreira F,
et al. The T cell response to Art v 1, the major mugwort pollen allergen,
is dominated by one epitope. J Immunol 2002;169:6005-11.
Jahn-Schmid B, Radakovics A, Luttkopf D, Scheurer S, Vieths S,
Ebner C, et al. Bet v 1142-156 is the dominant T-cell epitopes of
the major birch pollen allergen and important for cross-reactivity with
Bet v 1-related food allergens. J Allergy Clin Immunol 2005;116:213-9.
Woodfolk JA, Sung SS, Benjamin DC, Lee JK, Platts-Mills TA. Dis-
tinct human T cell repertoires mediate immediate and delayed-type
hypersensitivity to the Trichophyton antigen, Tri r 2. J Immunol
2000;165:4379-87.

Jahn-Schmid B, Fischer GF, Bohle B, Fae I, Gadermaier G, Dedic A,
et al. Antigen presentation of the immunodominant T-cell epitope of

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Woodfolk 293

the major mugwort pollen allergen, Art v 1, is associated with the ex-
pression of HLA-DRB*01. J Allergy Clin Immunol 2005;115:399-404.
Shirai T, Inui N, Suda T, Chida K. Correlation between peripheral
blood T-cell profiles and airway inflammation in atopic asthma.
J Allergy Clin Immunol 2006;118:622-6.

Santamaria LF, Perez Soler MT, Hauser C, Blaser K. Allergen specific-
ity and endothelial transmigration of T cells in allergic contact derma-
titis and atopic dermatitis are associated with the cutaneous lymphocyte
antigen. Int Arch Allergy Immunol 1995;107:359-62.

Ou LS, Goleva E, Hall C, Leung DY. T regulatory T cells in atopic der-
matitis and subversion of their activity by superantigens. J Allergy Clin
Immunol 2004;113:756-63.

Kircher MF, Haeusler T, Nickel R, Lamb JR, Renz H, Beyer K. Vbeta
18.1+ and Valpha 2.3+ T-cell subsets are associated with house dust
mite allergy in human subjects. J Allergy Clin Immunol 2002;109:
517-23.

Yurovsky VV, Weersink EIM, Meltzer SS, Moore WC, Postma DS,
Bleecker ER, et al. T-cell repertoire in the blood and lungs of atopic
asthmatics before and after ragweed challenge. Am J Respir Cell Mol
Biol 1998;18:370-83.

Takahama H, Masuko-hongo K, Tanaka A, Kawa Y, Ohta N, Yama-
moto K, et al. T-cell clonotypes specific for Dermatophagoides ptero-
nyssinus in the skin lesions of patients with atopic dermatitis. Hum
Immunol 2002;63:558-66.

Haselden BM, Kay AB, Larche M. Immunoglobulin E-independent ma-
jor histocompatibility complex-restricted T cell peptide epitope-induced
late asthmatic reactions. J Exp Med 1999;189:1885-94.

Erwin EA, Wickens K, Custis NJ, Siebers R, Woodfolk J, Barry D,
et al. Cat and dust mite sensitivity and tolerance in relation to wheezing
among children raised with high exposure to both allergens. J Allergy
Clin Immunol 2005;115:74-9.

Shakib F, Schulz O, Sewell H. A mite subversive: cleavage of CD23
and CD25 by Der p 1 enhances allergenicity. Immunol Today 1998;
19:313-6.

Ghaemmaghami AM, Robins A, Gough L, Sewell HF, Shakib F. Hu-
man T cell subset commitment determined by the intrinsic property
of antigen: the proteolytic activity of the major mite allergen Der p
1 conditions T cells to produce more IL-4 and less IFN-gamma. Eur J
Immunol 2001;31:1211-6.

Ghaemmaghami AM, Shakib F. Human T cells that have been condi-
tioned by the proteolytic activity of the major dust mite allergen Der
p 1 trigger enhanced immunoglobulin E synthesis by B cells. Clin
Exp Allergy 2002;32:728-32.

Mandal AK, Zhang Z, Ray R, Choi MS, Chowdhury B, Pattabiraman
N, et al. Uteroglobin represses allergen-induced inflammatory response
by blocking PGD2 receptor-mediated functions. J Exp Med 2004;199:
1317-30.

Grakoui A, Donermeyer DL, Kanagawa O, Murphy KM, Allen PM.
TCR-independent pathways mediate the effects of antigen dose and
altered peptide ligands on Th cell polarization. J Immunol 1999;162:
1923-30.

Spiegelberg HL, Raz E. DNA-based approaches to the treatment of
allergies. Curr Opin Mol Ther 2002;4:64-71.

Marshall JD, Abtahi S, Eiden JJ, Tuck S, Milley R, Haycock F, et al.
Immunostimulatory sequence DNA linked to the Amb a 1 allergen pro-
motes T(H)1 cytokine expression while downregulating T(H)2 cytokine
expression in PBMCs from human patients with ragweed allergy.
J Allergy Clin Immunol 2001;108:191-7.

Creticos PS, Schroeder JT, Hamilton RG, Balcer-Whaley SL, Khat-
tignavong AP, Lindblad R, et al. Immunotherapy with a ragweed-
Toll-like-receptor 9 agonist vaccine for allergic rhinitis. N Engl J
Med 2006;355:1445-55.

Hessel EM, Chu M, Lizcano JO, Chang B, Herman N, Kell SA, et al.
Immunostimulatory oligonucleotides block allergic airway inflamma-
tion by inhibiting Th2 cell activation and IgE-mediated cytokine induc-
tion. J Exp Med 2005;202:1563-73.

Shreffler WG, Castro RR, Kucuk ZY, Charlop-Powers Z, Grishina G,
Yoo S, et al. The major glycoprotein allergen from Arachis hypogaea,
Ara h 1, is a ligand of dendritic cell-specific ICAM-grabbing noninte-
grin and acts as a Th2 adjuvant in vitro. J Immunol 2006;177:3677-85.

("]
T 0
52
25
2L
>
S%o
L




e
o
g
c
<
®
2
3
O
®
("]

PUD SM3IAY

294 Woodfolk

110.

111.

112.

113.

114.

115.

116.

117.

Okano M, Kimura Y, Kino K, Michigami Y, Sakamoto S, Sugata Y,
et al. Roles of major oligosaccharides on Cry j 1 in human immunoglob-
ulin E and T cell responses. Clin Exp Allergy 2004;34:770-8.
Russano AM, Agea E, Corazzi L, Postle AD, De Libero G, Porcelli S, et al.
Recognition of pollen-derived phosphatidyl-ethanolamine by human CD1d-
restricted gamma delta T cells. J Allergy Clin Immunol 2006;117:1178-84.
Meyer EH, Goya S, Akbari O, Berry GJ, Savage PB, Kronenberg M,
et al. Glycolipid activation of invariant T cell receptor” NK T cells is
sufficient to induce airway hyperreactivity independent of conventional
CD4+ T cells. Proc Nat Acad Sci U S A 2006;103:2782-7.

Akbari O, Faul JK, Hoyte EG, Berry GJ, Wahlstrom J, Kronenberg M,
et al. CD4" invariant T-cell-receptor ™ natural killer T cells in bronchial
asthma. N Engl J Med 2006;354:1117-29.

Agea E, Russano A, Bistoni O, Mannucci R, Nicoletti I, Corazzi L,
et al. Human CD1-restricted T cell recognition of lipids from pollens.
J Exp Med 2005;202:295-308.

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

Francis JN, Larche M. Peptide-based vaccination: where do we stand?
Curr Opin Allergy Clin Immunol 2005;5:537-43.

Norman PS, Ohman JL Jr, Long AA, Creticos PS, Gefter MA, Shaked
Z, et al. Treatment of cat allergy with T-cell reactive peptides. Am J
Respir Crit Care Med 1996;154:1623-8.

118.

119.

120.

121.

122.

123.

124.

J ALLERGY CLIN IMMUNOL
FEBRUARY 2007

Maguire P, Nicodemus C, Robinson D, Aaronson D, Umetsu DT. The
safety and efficacy of Allervax Cat in cat allergic patients. Clin Immu-
nol 1999;93:222-31.

Oldfield WL, Larche M, Kay AB. Effect of T-cell peptides derived
from Fel d 1 on allergic reactions and cytokine production in patients
sensitive to cats: a randomized controlled trial. Lancet 2002;360:
47-53.

Alexander C, Tarzi M, Larche M, Kay AB. The effect of Fel d 1-derived
T-cell peptides on upper and lower airway outcome measurements in
cat-allergic subjects. Allergy 2005;60:1269-74.

Seneviratne SL, Jones L, King AS, Black A, Powell S, McMichael AJ,
et al. Allergen-specific CD8+ T cells and atopic dermatitis. J Clin
Invest 2002;110:1283-91.

Macaubas C, Wahlstrom J, Galvao da Silva AP, Forsthuber TG, Son-
derstrup G, Kwok WW, et al. Allergen-specific MHC class II tetramer *
cells are detectable in allergic, but not in nonallergic, individuals.
J Immunol 2006;176:5069-77.

Vailes LD, Sun AW, Ichikawa K, Wu S, Sulahian TH, Chapman MD,
et al. High-level expression of immunoreactive recombinant cat allergen
(Fel d 1): targeting to antigen-presenting cells. J Allergy Clin Immunol
2002;110:757-62.

Wynn TA. Ty-17: a giant step from Ty1 and Ty2. Nat Immunol 2005;6:
1069-70.



	T-cell responses to allergens
	Allergens as initiators of a TH2 response
	What constitutes a memory TH2 response to allergen in human beings?
	Chemokine receptors and memory phenotype
	Chemoattractant receptor-homologous molecule expressed on TH2 cells: A marker ofnbspallergen-specific memory TH2 cells?
	Evidence for long-lived allergen-specific memory T cells

	Plasticity of the T-cell response to allergens
	Innate signals mold the T-cell response to allergens in early life
	Influence of high-dose allergen exposure on T-cell responses in early life
	Role of regulatory T cells

	Allergen-specific T-cell responses innbsphuman beings
	Responses to whole allergen do not fit a TH2-restricted profile
	Epitope mapping: What have we learned?
	Are responses in the periphery reflective of the local inflammatory response?

	All allergens are not created equal: T-cell mechanisms at the molecular level
	Allergens and T cells: Thinking beyond the protein
	Therapeutic implications and future directions
	References


