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Antigen-specific T lymphocytes are the central regulators of tolerance versus immune
pathology against otherwise innocuous antigens and key targets of antigen-specific
immune therapy. Recent advances in the understanding of T cells in tolerance and allergy
resulted from improved technologies to directly characterize allergen-specific T cells by
multiparameter flow cytometry or single-cell sequencing. This unravelled phenotypically
and functionally distinct populations, such as Type 2a T helper cells (Th2a), follicular Th
cells (Tfh), regulatory T cells (Treg), Type 1 regulatory T cells (Tr1), and follicular T regu-
latory cells. Here we will discuss the role of the different Th-cell subsets in the healthy
state, during sensitization and development of allergy, and in tolerance induction by aller-
gen immunotherapy (AIT). To date, the mechanisms of AIT as the only causal treatment of
allergy are not completely understood. The analyses of allergen-specific T cells directly ex
vivo during AIT support the concept of specific-Th2(a) cell deletion rather than an expan-
sion of allergen-specific Tr1 or Treg cells as underlying mechanism.
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Introduction

T lymphocytes play a crucial role in the maintenance of tolerance
against innocuous antigens, and defective T-cell tolerance drives
the development of allergy. Type I allergies are frequent chronic
diseases characterized by an IgE-driven immune response towards
environmental antigens and are manifesting in allergic rhinitis,
allergic asthma, food allergy, and life-threatening anaphylaxis and
can trigger atopic dermatitis. In this context, antigen-specific T
cells mediate the key pathogenetic steps, that is the induction
of allergen-specific IgE through cognate interaction with B lym-
phocytes, tissue infiltration, and damage [1, 2] but also toler-
ance induction [3], that is allergen immunotherapy (AIT). The
key allergen-specific T-cell subpopulations include phenotypically
and functionally diverse subsets, such as type 2a T helper cells
(Th2a) , follicular T helper cells (Tfh), regulatory T cells (Treg),
type 1 regulatory T cells (Tr1) cells, and follicular T regulatory
cells (Tfr). This review is focussed on the recent advances in the
understanding of the allergen-specific T-cell biology during the
onset of allergies and tolerance induction.
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T cells in the maintenance of tolerance
against allergens

In healthy individuals, different T-cell populations respond to
allergens. The allergen-specific Th cells from healthy individu-
als are mostly in a naïve state and express IL-2 on allergen
contact, and some cells with an antigen-experienced phenotype,
able to produce cytokines, including IFN-γ and rarely IL-10, but
not the Th2 cytokines IL-4 and IL-5 or IL-13 [4–6], were deter-
mined by short-term allergen restimulation (Fig. 1). Accordingly,
mostly allergen-specific antibodies are absent; however, in some
healthy individuals, isotype-switched antibodies of the IgG or IgA
subclasses, but not IgE, are detectable in the sera or tears. In
healthy individuals, the majority of T cells reacting against whole
extracts from airborne allergens, such as plant pollen or house
dust mite, are memory-type Treg expressing Foxp3, CD25high and
Helios [4] (Fig. 1). These findings support the hypothesis that
Tregs effectively controls naïve T-cell activation and prevents T
memory–cell differentiation. Genetic evidences further support
that Foxp3+ Treg cells control Th2 cell differentiation. Loss of
function mutations in the Foxp3 gene result in polyclonal Th2
polarization, hyper-IgE, and allergy in human (IPEX syndrome)
and mice (scurfy mice) [7]. Treg responses as such seem not to
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Figure 1. T cells in health and allergy. In the
nonallergic state, the particulate fraction of
allergens is presented by antigen-presenting
cells (APC) to Tregswhich are activated and effi-
ciently suppress naïve T cells (Tn) and consecu-
tive T memory development. Soluble allergens
are largely neglected, and no specific Tmemory
response exists. Allergen-specific B-cell anti-
body responses are rare and of IgG or IgA iso-
type. In allergy, the allergen escaped the Treg
control and sensitization results in allergen-
specific Th2, Th2a, or Tfh13 cells, which secrete
IL-4, IL-5, and IL-13. These cells instruct in B
cells an IgE-isotype class switch and secretion
of specific IgE.

be defective in allergy because the frequencies and phenotype of
Tregs reactive to allergen extracts were not affected, as shown
by short-term allergen restimulation analysis [4]. Foxp3 muta-
tions also cause severe inflammatory autoimmunity, which is not
occurring in atopic patients. Apparently, only a small number of
allergens escape the Treg control followed by sensitization [7,
8]. As shown for birch pollen, after contact with aqueous solu-
tion, the particles dissociate into a soluble fraction containing the
major allergenic proteins and a particle-attached protein fraction
[4, 8]. In nonallergic individuals, soluble allergens appear to be
ignored by the immune system, whereas particle-associated pro-
teins appear to serve as important Treg targets (Fig. 1). Thus, the
lack of antigen-specific Treg protection against soluble allergens
may allow allergen-specific Th2 cell differentiation and allergy
development [4] depending on environmental and genetic fac-
tors. To understand why this process is absent in healthy individ-
uals is important and may be used to foster a nonallergic state,
for example after tolerance induction.

Th2 cells and the onset of type I allergy

The presence of allergen-specific Th2 cells and the following spe-
cific IgE response is a hallmark of type I allergy [9]. Th2 cells
are memory Th cells with stable phenotype over time and res-
timulations which express the transcription factor GATA3 as a lin-
eage marker [9]. GATA3 is induced by IL-4, IL-13, and STAT5a-
signalling [9, 10]. These cytokines are either secreted from Th2
cells or other cells such as innate lymphoid 2 cells [11]. Th2 cells
secrete specific signature cytokines which include IL-4, IL-5, and
IL-13 [9]. The functions of IL-4 and IL-13 in the onset of allergy
are diverse and include the induction of IgE class switch in B
cells and impairment of the epidermal barrier function [12]. IL-5
promotes eosinophilia as differentiation and survival factor and

chemotactic molecule. Recently, food allergen-specific Th2 cells
were shown to expand Treg cells via IL-2 which suppresses Th2
cells in a negative feedback loop [13].

The sensitization and polarization of Th2 cells are complex and
include antigen- and cytokine-dependent mechanisms, reviewed
in Refs. [9, 14]. Initial reports showed that low antigen doses or
long-term stimulated APCs with a reduced cellular fitness induce
IL-4 and polarize Th2 cells, whereas high-antigen doses and vital
APCs induce IFN-γ and Th1 cells [15, 16]. A weak antigen sig-
nal by allergens may result not only from a low amount, but also
from a reduced epithelial barrier function or a modified antigen
presentation in atopy as discussed recently [12, 17]. Additional
to IL-4, cytokines from epithelial cells promote Th2 polarization
such as IL-33 and thymic stromal lymphopoietin, either directly
or indirectly through the induction of innate lymphoid 2 cells [9].
Of note, very strong antigen signals during helminth infection can
also induce Th2 cells in an IL-4-independent manner, showing dif-
ferent mechanisms in type 2 reactions [14].

Th2 subsets in allergy

Recent data unravelled that Th2 cells are not a homogenous pop-
ulation but rather a functional group of distinct subpopulations.
The distinct Th2-cell subpopulations discussed are summarized in
Table 1.

Th2a cells

In 2017, Wambre et al. identified Th2a cells, which express a ter-
minally differentiated CD4+ memory phenotype characterized by
CD161+CD27-CrTh2+CD49d+ expression and appear to carry
the Th2 memory cell function over a long time [18–20]. On

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

www.eji-journal.eu

 15214141, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.202249983 by C

hristian-A
lbrechts-U

niversitat, W
iley O

nline L
ibrary on [22/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Eur. J. Immunol. 2023;53:2249983 HIGHLIGHTS 3 of 6

Table 1. Th cell subsets in allergy and tolerance induction.

T-cell subset Marker Function

Th2 CD3+CD4+Gata3+IL-4+ IL-4 secreting T cells, orchestrate type 2 immune answers
Th2a CD4+CD161+CD27-CrTh2+CD49d+ Terminally differentiated T memory cells, secrete IL-4,

IL-13, IL-9, and IL-5
Tfh13 CD4+Cxcr5+Bcl6+Gata3+Pd-1+IL-4+IL-13+ Tfh subset in allergic individuals, provide B cell help to

generate high affinity IgE
Treg CD4+FoxP3+CD25+CD127low Suppressive T-cell subset
Tfr CD4+Cxcr5+Pd-1+Bcl-6+Foxp3+ Suppressive counterpart of B-cell stimulating Tfh cells
Tr1 CD4+FoxP3-IL-10+TGF-β+ Suppressive T-cell population expressing IL-10

allergen stimulation, these Th2a cells secrete high amounts of
IL-4, IL-13, IL-9, and IL-5 [18], which can be further increased
by epithelium-derived IL-33 [21]. These cells were suggested to
maintain the Th2 memory cell pool and affect tissues, but not IgE
induction which depends on IL-4 and IL-13 from Tfh cells [22–
25].

Tfh13 cells

Tfh13 were identified as a Tfh cell subset distinct from Th2
effector and Tfh2 cells by RNA single-cell sequencing of mouse
CD4+ T cells and are characterized by the expression of
CD4+Cxcr5+Bcl6+GATA3+Pd-1+IL-4+IL-13+ [24, 25]. In pre-
clinical type 2 mouse models, Tfh13 cells were only found in
allergen-sensitized mice and were required to generate high affin-
ity IgE responses that can elicit anaphylaxis, whereas they were
not found in mice without or low affinity IgE [25], supporting a
distinct role of IL-13 in allergy and IgE regulation. They are dis-
cussed as Th2-cell derived [26]. Human Tfh13 cells are charac-
terized by the same markers as mouse Tfh13 cells and single-cell
RNAseq of allergen-specific Tfh13 cells confirmed the coexpres-
sion of IL-4, IL-5, and IL-13 [25, 27]. These cells circulate in the
blood of allergic individuals [25, 27]. The signals required for the
generation and survival of allergen-specific Th2a cells and Tfh13
cells are still unknown, but this knowledge is important to better
understand type 2 immune responses and to enable better tar-
geted treatment of allergy.

T follicular regulatory cells

A defect in Tregs in quantity or function was discussed as an
underlying mechanism in allergy. As determined by single-cell
flow cytometric analysis of viable allergen-specific Tregs, their
number and function is comparable to healthy individuals [8, 28].
Thus, in allergy compared to the healthy state, not a functional
Treg defect but rather the occurrence of additional Th2 effector
cells is apparent [4, 29]. Of note, a novel regulatory T-cell sub-
type termed Tfr cells has been described as a suppressive coun-
terpart of B-cell-stimulating Tfh cells recently [30]. These Tfr cells
are characterized by the expression of CD4+Cxcr5+Pd-1+Bcl-

6+Foxp3+. Tfr cells differentiate from naïve Tregs in secondary
lymphoid organs [31]. Patients with allergic rhinitisAR showed
reduced frequencies of circulating Tfr cells compared to healthy
individuals [30]. Tfr cells were proven the counterpart of Tfh13
cells as Tfr-deficient mice showed increased specific IgE and lung
inflammation in a house dust mite-specific sensitization model
[32]. However, the instructing signals and whether these can be
targeted in a therapeutic manner to promote allergen-specific tol-
erance requires further research.

Tr1 T cells

Tr1 T cells are considered a suppressive CD4+ T-cell subpop-
ulation that secretes IL-10 and TGF-β and lacks Foxp3 expres-
sion [33]. Allergen-specific T cells that express IL-10 after acti-
vation are described for food and aero allergens in allergic donors
and healthy individuals [4, 29, 34, 35]. However, still no spe-
cific marker or lineage transcription factor exist to identify Tr1
cells with an epigenetically imprinted IL-10 gene [33], compara-
ble with GATA3 in Th2 cells [9] or Foxp3 in Treg cells [7]. Muta-
tion of the gene encoding the IL-10 or its receptor is not associated
with allergy or hyper-IgE, other than Foxp3 deficiency, suggesting
a minor function of Tr1 cells in the prevention of sensitization
[36]. Moreover, IL-10 was excluded from the imprinted cytokine
memory in human T cells, for example by promoter methylation
and instable reexpression after restimulation [37]. Still, the val-
idation that allergen-specific Tr1 cells exist facilitating repeated
the reexpression of IL-10 and TGF-β on repeated stimulations,
expansion and successful Tr1 cell therapy is pending. Thus, the
data support the hypothesis that allergen-induced IL-10 expres-
sion in T cells is conditional on the stimulation. Thus, the exis-
tence of allergen-specific Tr1 cells and function in allergy remains
to be established.

Induction of clinical tolerance

AIT is the only disease-modifying therapy of type I allergy with
the aim to achieve long-term clinical remission [3]. It aims to turn
the allergic state, with a low antigen threshold to elicit a clinical
reaction, into a nonallergic state with increased allergen reaction
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Figure 2. Tolerance induction by allergen
immunotherapy. Before therapy, the allergic
immune response is characterized by a low
antigen dose to elicit symptoms, Th2a cell, and
a humoral specific IgE response. Immunother-
apy is administered commonly s.c., s.l., or
p.o. After immunotherapy, the reaction anti-
gen threshold is higher, not dominated by
Th2a cells and humoral IgG4 induction. In both
states, Tregs are functional.

threshold, and ideally to achieve a tolerant state without any clini-
cal reactions (Fig. 2). Repeated high allergen doses over 3–5 years
are required to achieve a long-lasting benefit of AIT [3]; however,
a recurrence after 5–10 years is common. The only established
AIT-response marker is the induction of antigen-specific serum
IgG4, whereas specific IgE levels remain unchanged or decrease
[38–42] (Fig. 2).

The data on T cells during AIT are heterogenous, most likely
due to a methodological heterogeneity, caused by different routes
of application (mostly subcutaneous (s.c.), sublingual (s.l.), oral
(p.o.), epicutaneous, intralymphatic) or the T-cell analysis tech-
nique (Fig. 2). It is not established whether the induction of clin-
ical tolerance by AIT is mediated by T cells directly or via T-
cell-mediated specific IgG4 induction in B cells. For example, the
peptide immunotherapy with recombinant T-cell epitopes showed
low efficacy against cat dander or house dust mite [43], but
peptide immunotherapy using hydrolysed proteins against Lolium
perenne induced clinical tolerance and specific IgG4 [44]. These
data suggest that targeting T cells alone may not be sufficient to
achieve clinical tolerance, which may be achieved by targeting T
cells to promote specific IgG4 induction in B cells.

Beyond the different immunotherapy application routes and
antigens, the detection of allergen-specific T cells is crucial
and methodological differences are underlying causes of data
heterogeneity. Three major technologies to directly detect specific
T cells are currently used, that is activation-induced markers or
antigen-reactive T-cell enrichment, MHC-tetramer staining, and
single-cell sequencing [28]. The classical clonal in-vitro expan-
sion method identifies specific T cells indirectly after allergen
re-stimulation ex vivo and is discussed elsewhere [28]. Initially,
it was assumed that Tregs are induced to promote IgG4 induction
and AIT efficacy [45]. However, recent data obtained by antigen-
reactive T-cell enrichment or tetramer methodology support the
concept of a Th2(a)-cell depletion rather than Treg expansion
during AIT [8, 29, 35]. The number of allergen-specific Th2(a)
cells declines during AIT, which correlates with an increase in
IgG4 levels [18, 20, 46, 47]. Also circulating Tfh cells were
reduced by AIT while an increased number of Tfr cells were
observed [44, 48, 49], accompanied by the induction of IgG4
[44]. This implies that Th2(a)-/Tfh-cell reduction rather than a
Treg induction leads to IgG4 production. As Th2 cells are IL-4
inducible and a major target of AIT, the blockade of IL-4 signalling
may improve the efficacy of AIT. Dupilumab blocks IL-4 and IL-13
signalling and its addition to a short-term AIT improved its
tolerability, however, with little impact on the clinical symptoms

compared to AIT alone [50]. The new techniques for analysing
the allergen-specific T cells during AIT ex vivo significantly
impact the view on the mode of action during AIT: away from
an induction of Tregs towards a reduction of TH2(a)/Tfh cells.
Further research is warranted to identify how specific T cells
interact with B cells during AIT to induce IgG4 in order to shorten
the AIT treatment and increase the remission time.

In summary, the characterization of allergen-specific T cells
using novel technologies has provided new insights into their
function in health, allergy, and tolerance induction. Future
research using these methods will reveal how these cells maintain
survival and allergy, including recently discovered populations,
such as Th2a, Tfh13, Tfr, and Treg cells. The profound knowledge
of allergen-specific T-cell biology could enable curative treatment
of otherwise chronic type I allergies.
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