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Allergen specific T2 cells are a key component of allergic
disease, but their characterization has been hindered by
technical limitations and lack of epitope data. Knowledge about
the factors that drive the differentiation of naive T cells into
allergy-promoting T2 cells and the influence of allergen
specific immunotherapy on the phenotype and function of
allergen-specific T cells have also been limited. Recent
advances indicate that innate and adaptive immune factors
drive the development of diverse subsets of allergen-specific T
cells. While allergen-specific T cells are present even in non-
allergic subjects, highly differentiated T2 cells are present only
in allergic subjects and their disappearance correlates with
successful immunotherapy. Therefore, elimination of
pathogenic T2 cells is an essential step in tolerance induction.
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Introduction

Study of allergen specific CD4+ T cells has received
increasingly prominent attention over the past 30 years.
Lanzavecchia ez al. first demonstrated the isolation of
HLA-DR restricted T cell lines specific from Rye group
I and Dermatophagoides pteronyssinus (Der p) allergens
by stimulating PBMC from atopic subjects with extracts
[1]. Since that time significant progress has been made in
the development of T cell assays and in our understand-
ing of the functional characteristics of allergen reactive T
cells. The objective of this review is to summarize recent
efforts and advances in the study of allergen specific
CD4+ T cells and to highlight important new insights
that have emerged about allergen specific T cell
responses in atopic and non-atopic human subjects.

T cell epitope identification

Identification of precise T cell epitopes within allergens
is an important step toward clucidating mechanisms of
disease pathogenesis and has the potential to provide

crucial knowledge for the design of peptide vaccines for
immunotherapy. Recognizing this need, NIAID initiated
an effort to promote allergen T cell epitope discovery.
Out of that initiative, the Sette group at the La Jolla
Institute used a Dual ELISPOT technique to identify
promiscuous epitopes from 133 allergens derived from 28
different sources, resulting in the identification of 257 T
cell epitopes [2°]. For example, their approach identified
DR, DQ and DP restricted epitopes from 10 different
Timothy grass allergens and 5 different German cock-
roach allergens [3,4]. As part of the same initiative, the
Kwok group in Seattle utilized a tetramer guided epitope
mapping approach to identify T cell epitopes [5]. This
approach identified DR restricted T cell epitopes for
multiple allergens, including Fel d 1, Ara h 1 and Aln
g 1 [5,6,7°]. Alongside these newer methodologies,
traditional approaches such as proliferation assays are still
used to identify T cell epitopes. For example, some
recent studies were carried out to identify T cell epitopes
within food allergens [8-10], an area in which epitope
knowledge is lacking. Allergen epitope data from 1000
allergy-related manuscripts and some directly submitted
data were recently curated within the IEDB database
(www.immuneepitope.org) [11]. A meta-analysis indi-
cated that epitope data are available for only 17% of all
allergens listed by the IUIS database [12]. Therefore,
while considerable progress has been made, additional
work is clearly needed.

Phenotypic analysis of allergen specific T
cells

Detailed analysis of the phenotype of allergen specific T
cells is imperative to understand the contribution of these
cells to allergic disease. A variety of methods have been
used to characterize the magnitude and phenotype of
allergen specific T cell responses. These diverse
approaches (some of which are also used for epitope
identification) are summarized in Table 1, along with a
brief comparison of their advantages and limitations.
While many established T cell assays require a pre-
activation or expansion culture, recent studies indicate
that allergen specific T cells can be analyzed directly ex
vivo, allowing accurate measurement of T cell frequency
and confident detection of surface phenotypes. For
example, direct ex vivo tetramer analysis of allergen
specific T cells has been reported in cat, peanut and
alder allergic subjects [5,6,7°]. These studies confirmed
that a high percentage of allergen specific T cells express
CCR4 in allergic subjects. In ex vivo tetramer studies of
peanut allergic subjects, homing markers such as CLA
and B7 were not detected in the majority of Ara h 1
specific T cells [6]. In contrast, Chan ¢ a/. observed that
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Table 1

Methods of characterization of allergen-specific CD4+ T cells.

Method

Advantages

Limitations

Time

T cell assay compatibility

MHCII-peptide tetramer
Intracellular cytokine
staining (ICS)
Cytokine capture
assay (CCA)
CD154 assay

Elispot

CFSE-dilution assay

Sensitive, epitope-specific,
cells are viable.

Allows functional detection
of whole antigen-specific
CD4+ T cell response.
Allows functional detection
of whole antigen-specific
CD4+ T cell response,
cells are viable.

Allows detection of whole
antigen-specific CD4+

T cell response.

Sensitive, provides both
qualitative and quantitative
information.

Allows detection of whole
antigen-specific CD4+

Availability of recombinant
MHCII molecule, knowledge
of epitopes

Cells are non-viable,
dependent on specific
T-cell function

Limited to a few cytokines,
carry-over of irrelevant cells

Dependent on specific
T-cell activation

Limited to a few cytokines,
dependent on specific
T-cell function

Limited to dividing cells,
by-stander activation

Ex vivo: 5 h
in vitro: 5-14 days

4-12h

4-12h

3-8h

Ex vivo: 2-3 days
in vitro: 5-14 days

3-10 days

ICS, CFSE, CCA, CD154

CFSE, CD154, MHCII tetramer

MHCII tetramer, CD154, CFSE

ICS, CFSE, CCA, MHCII tetramer

ICS, CCA, MHCII tetramer,
CD154

T cell response

peanut reactive memory T cells in allergic subjects were
enriched in the CLA+ but not in the 37+ population,
suggesting that peanut sensitization occurs through the
skin rather than the gut [13]. The differences in CLA
expression observed in these two studies may be due to
differences in methodology, as the Chan study utilized iz
vitro stimulation with whole peanut extract, while the
tetramer study used un-manipulated cells from subjects
with no recent peanut exposure. Expression of important
markers such as CLA and CD25 is likely to be influenced
by T cell activation. For example, intermediate levels of
CD25 expression by T2 cells does not imply a regulatory
phenotype, but rather is a surface marker of activated

T2 cells [6].

Direct ex vivo tetramer analysis has allowed the analysis of
a variety of cell surface markers, leading to important new
insights. For example, examining PBMC from alder
allergic subjects, Wambre ¢ a/. observed that a large
population of Aln g 1 reactive T cells was CD27— [7°].
The loss of CD27 expression strongly correlated with
CRTH2 expression and IL.-4 secretion. In contrast, alder
reactive T cells in non-allergic subjects were CD27+ and
secreted IFN-y. As the loss of CD27 expression is an
indication of T cell differentiation, these observations
suggest that alder reactive 'T' cells in allergic subjects
undergo extensive proliferation.

Most recent data support previous observations that aller-
gen specific T cells are present in non-allergic subjects. A
substantial fraction of allergen specific T cells in non-
allergic subjects have a memory phenotype. However,
allergen specific T cells are present at lower frequencies
in non-allergic subjects than in allergic subjects
[5,6,7°,14,15]. An unexpected outcome was the demon-
stration that TCR of allergen specific memory T cells

from allergic subjects have higher avidity compared to
those of non-allergic subjects. This was true even when
the TCR of naive allergen specific T cells from allergic
and non-allergic subjects was compared, suggesting
possible differences in T cell repertoire development.

Differentiation of naive CD4+ T cells into T2

cells

It is known that a Ty2-promoting milieu is essential for
Ty2 differentiation. However, the cause and origin of
this milieu are unclear. An important advance in recent
years is an increased understanding of the interplay
between innate and adaptive immunity that facilitates
the differentiation of naive CD4+ T cells into T2 cells
(Figure 1). Airway epithelium or skin barrier tissue can be
triggered by allergens, mechanical stress or viral infection
leading to secretion of IL.-25, 1L.-33 and TSLP [16].
TSLP and I1.-33 act on dendritic cells to instruct a
Ty2 differentiation bias [17,18], while ILL-25 and IL-
33 activate lineage negative lymphoid-like populations,
such as type 2 innate lymphoid cells (ILLC2), nuocytes or
natural helper cells [19,20°]. These cells secrete signifi-
cant levels of IL.-5, IL.-9 and IL.-13, promoting differen-
tiation, survival and expansion of T2 cells. IL-25 also
acts on type 2 myeloid cells (T2M), which secrete 1L.-4
and IL-13 [21°°]. ILC2 and T2M cells were first charac-
terized using murine models, but recent studies demon-
strate that these cells are also found in the peripheral
blood and tissues of human subjects. For example, IL.C2
cells were enriched in inflamed nasal polyps from sub-
jects with chronic rhinosinusitis and T2M cells were
detected in the peripheral blood of subjects with asthma
[21°%,22°°]. Both ILLC2 and 'T'2M are likely to play a major
role in Ty2 cell lineage commitment and Ty2 cell
expansion. As depicted in Figure 1, the induction of
IL-25, 1L.-33 and TSLP through allergen exposure can
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Schematic representation of pathogenic processes in allergic disease. The hallmark of Type | allergic immune response is production of allergen-
specific IgE and activation of mast cells, basophils and eosinophils. Recent literature suggests that T;2 cytokines are induced after allergen exposure,
even before the establishment of an allergen-specific adaptive immune response. Thus both innate immunity and adaptive immunity are instrumental in

establishing Type | allergic immune response. The upper strata of the fig

ure depicts that upon allergen exposure in a suitable environmental milieu, IL-

25, IL-33 and TSLP are produced by epithelial cells. For the innate arm, these cytokines act on innate lymphoid/myeloid type 2 cells that are capable of
producing large amounts of T2 cytokines, such as IL-4, IL-5, IL-9 and IL-13. For the adaptive arm, allergens are taken up and processed by TSLP and
IL-33 primed DCs and presented to naive allergen-specific T cells in a T42 milieu that drives their differentiation into T2 cells. Dominant T2 responses
to allergens during the sensitization phase lead to immunoglobulin class switching to IgE as well as recruitment and activation of pro-inflammatory cells

such as mast cells, basophils and eosinophils.

initiate a cycle that perpetuates a T'ype [ allergic immune
response. However, it is unclear why Tg2 cells are
expanded only in allergic subjects and not in non-allergic
subjects. Differences in TCR affinity (as previously
mentioned) may offer a partial explanation. TCR with
higher avidity more effectively competes for MHC/pep-
tide, leading to increased expansion. Antigen presenting
cells in atopic and non-atopic subjects may also differ.
For example, a recent study demonstrated that DC from
non-atopic subjects induced more IL.-10 and less 11.-13
compared to DC from atopic subjects when co-cultured

with allogeneic naive T cells from a third-party non-
atopic subject [23].

T cell subsets

The existence and importance of diverse CD4+ subsets
have been increasingly recognized. These include the
well-established Tyl and Ty2 lineages and more
recently discovered Ty9, Tyl7, Ty22, Ty Trl and
Ty subsets [24-28]. As depicted in Figure 2, cytokines
from these cells have different functional roles in allergy.
Allergic diseases are primarily driven by Ty2 cells, with
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Figure 2
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Schematic representation of T cell subsets in allergic disease. Naive T cells are induced to differentiate into diverse lineages which can be defined
based on characteristic transcription factors, surface markers, effector cytokines, and other surrogate markers. As stated in their respective boxes,
each of the lineages depicted here (Ty1, multiple T2 subsets, Ty9, Ty17, Tn22, T.eq, and Try) have a demonstrated role in either promoting or

suppressing allergic disease.

IL-4, IL-5 and IL-13 as the major cytokines, and are
opposed by the activity of T, and Tr1 subsets. Prussin
et al. recently described heterogeneity within T2 cell
populations, documenting an IL.-4"1LL.13* T'y2 population
and an IL-4"1LL13"1L-5" Ty2 population. The later popu-
lation is derived from IL-4"11.13" cells and represents a
more differentiated cell subset. As ILL-5 has unique func-
tion compared to IL.-4 and IL-13, these subpopulations
may differentially contribute to the pathogenesis of aller-
gic disease [29,30°].

Recentreports have suggested important roles for T'9 and
Ty17 cells in allergic settings. Allergen specific Ty1 and
T17 cells have been detected [3,5], but current results
suggest that Tyl7 cells are a small subset of allergen
specific T cells. Allergen-specific 'T' cells that coproduce
Tyul/Ty2, T2/ TH17 and TH1/TH17 cytokines were also
observed. Cosmi ef a/. and Wang et a/. demonstrated that
T2/ T17 cells were more prevalent in asthmatic subjects.

However, the antigen specificity of these T2/ T17 cells
was not demonstrated in these studies [31,32]. TH9 cells
are considered to be derived from Ty2 cells. However,
while they produce IL-9, TH9 cells do not produce 1L.-4,
IL-50rIL-13. The T9 subset was first observed in murine
models, but it was recently that Jones ¢z @/. showed that
TH9 cells were present in human subjects. In allergic
donors, TH9 frequencies were directly correlated to IgE
levels [33°]. Jones ef al. also showed that Activin A, a
member of the T'GF-f family, facilitates the development
of TH9 cells in a mouse model. In a human study, TGF-
and IL.-4 are believed to covert memory CD4+ T cells into
IL-9 producing cells [34].

Recent literature has also drawn attention to the plasticity
of CD4+ T cells [35]. As natural allergens consist of
multiple components that can have various adjuvant
effects, it is not surprising that allergens elicit diverse
T cell lineages that secrete multiple cytokines. It is likely

Current Opinion in Immunology 2012, 24:1-7

www.sciencedirect.com

Please cite this article in press as: Wambre E, et al.: Characterization of CD4+ T' cell subsets in allergy, Curr Opin Immunol (2012), http://dx.doi.org/10.1016/.c0i.2012.07.009



http://dx.doi.org/10.1016/j.coi.2012.07.009

COIMMU-1121; NO. OF PAGES 7

Allergen specific CD4+ T cells Wambre, James and Kwok 5

Figure 3
IL-10
cD27 cp27,, W IFNv IL-10
IFN-y
" Repetitive high Repetitive high
dose allergen dose allergen 1
IL-4
: TCR oL Protective
Allergic ;‘ mHen o B cp7o response
response Specific deletion of Induction of
K pathogenic Ty, 2 cells protective response @ 9G4
IL-13 IgA
IL-5 Apoptotic
Ty2 cell
| Before Immunotherapy | | During Immunotherapy | | After Imnmunotherapy |
é &
Current Opinion in Immunology

Schematic representation of sequential immune deviation leading to the beneficial effects of ASIT. Before ASIT, the high frequency of allergen-specific
CD4+ T cells in allergic individual is dominated by pathogenic T2 cells. T2 cytokines inhibit the differentiation and induction of IL-10-secreting Tr1
cells and IFN-vy secreting Ty1 cells. High allergen dose during the course of ASIT induces apoptosis of CD27-allergen-specific T2 cells which are
typically in the final stages of differentiation. In contrast, the less differentiated CD27+ allergen-specific T41/Tr1 cells are more resistant to apoptosis.
Hence, the latter becomes increasingly dominant. Stimulation of T1/Tr1 cells leads to IFN-y and IL-10 production and the induction of allergen
specific IgG4 and IgA that can suppress the Type 1 allergic immune response.

that various combinations of these subsets are linked to
different allergic phenotypes.

Regulatory T cells and immunotherapy

Accumulating evidence indicates that skewing of aller-
gen-specific T cell responses from pathogenic (T2) to
regulatory (‘T'y1/Tr1) represents a key component of the
beneficial effects of allergen specific immunotherapy
(ASIT). The current view suggests that both subcu-
taneous and sublingual immunotherapy lead to the induc-
tion and maintenance of peripheral tolerance by
increasing the activity of inducible subsets of CD4+
CD25+ Foxp3+ Treg and 1L.-10-producing Type 1 T-
regulatory cells (Tg1l) thereby suppressing undesired
allergen-specific Ty2 responses [36-38]. Epigenetic
modification of the Foxp3 gene during ASI'T was corre-
lated with improved regulatory T cell function [39]. In
addition, the production of anti-inflammatory cytokines
such as IL.-10 and 'TGF-B can alter many aspects of the
atopic immune responses that underlie allergic disorders,
modulating the effector cells of allergic inflammation (z.e.
basophils, mast cells and eosinophils) and altering anti-
body production [38]. By establishing a clear link be-
tween the degree of differentiation of allergen-specific
CD4+ T cells and their functional activities, our group
recently demonstrated that allergen-specific T2 cells are
selectively deleted during ASIT, likely because of

increased susceptibility to apoptosis, while allergen-
specific Ty1/TRr1 cells persist and become increasingly
dominant [7°]. In this sequential immune deviation
(Figure 3), the elimination of allergen-specific T2 cells
is apparently a prerequisite for the induction of specific
tolerance as a T'y2 cytokine environment negatively
inhibits the generation of IL-10-secreting Trl cells
[40] and renders T'y2 cells resistant to regulatory T-cell
suppression [41]. Accordingly, persistent allergen admin-
istration along with diminution of the allergen-specific
TH2 cell response is accompanied by I1.-10 induction by
previously subdominant CD27+ allergen-specific CD4+
T cells. This process explains the high doses and long
duration required for successful ASIT.

Concluding remarks

Important new information has been gained recently in
terms of defining T cell epitopes within allergens, un-
derstanding the underlying factors that promote a Ty2
milieu, and deciphering the contribution of different T
cell subsets to allergy. The next important step will be to
utilize this information for the benefit of allergic subjects.
New therapeutics such as humanized antibodies to block
or neutralize T'y2 cytokines and peptide immunotherapy
to safely induce tolerance are currently in various stages of
development and early outcomes are encouraging. A
detailed understanding of how innate and environmental
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influences drive the development of various T cell phe-
notypes in atopic and allergic subjects is likely to suggest
additional therapeutic leads. Knowledge of the precise
mechanisms of allergy specific immunotherapy will lead
to improved outcomes and safety.
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