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Role of human antigen-specific
T cells in tolerance and
IgE-mediated allergic
reactions to food
Rosina López-Fandiño*

Instituto de Investigación en Ciencias de la Alimentación (CIAL, CSIC-UAM), Madrid, Spain
Allergen-specific CD4+ T cells play a pivotal role in the pathophysiology of food

allergy and in the induction of tolerance during desensitization. However, their

study remains challenging due to the considerable heterogeneity in the

frequency and phenotype of food allergy-specific Th2 cells in allergic

individuals, together with an extremely low abundance of T cells specific to a

given allergen. Furthermore, a major limitation of human studies is their reliance

on peripheral blood sampling, whereas higher frequencies of allergen-specific

cells may reside in intestinal tissues directly implicated in the allergic response.

Among the most targeted approaches to quantify and characterize these cells

stand MHC class II tetramers and activation-based detection methods. These

techniques have identified pathogenic Th2 cell subpopulations in allergic

individuals, that are absent in non-allergic subjects and differentiate patients

with diverse degrees of clinical reactivity. These cells, crucial in driving immune

responses and mediating immunological memory, exhibit distinct phenotypic

and functional properties compared to conventional Th2 cells. However, there is

no conclusive evidence supporting a definitive role for allergen-specific

regulatory T (Treg) cells in food allergy, natural tolerance, or desensitization

following immunotherapy. Moreover, pathogenic Th2 and Treg cells may differ in

their allergen specificity, potentially due to priming by distinct sets of food-

derived antigens. A deeper understanding of the characteristics and roles of

specific pathogenic Th2 and Treg cell populations in food allergy could pave the

way for novel preventive and therapeutic strategies for this disease.
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1 Introduction

Allergen-specific CD4+ T cells play a major role in the

physiopathology of food allergy as well as in tolerance induction

during desensitization (1). However, their study is complex due to

the great heterogenicity of the Th2 cell response in allergic subjects

(2), as well as the existence of an extremely low frequency of T cells

specific for a particular allergen (approximately 10-4−10-7 in the

naïve repertoire and 5x10-2−10-5 in the memory repertoire; 3).

Antigen-specific cells have been characterized by screening the

proliferative responses, intracellular cytokine expression, and

cytokines released by stimulated PBMCs from allergic patients,

using flow cytometry, ELISA or ELISPOT (4–9). Nevertheless,

proliferation assays often select the more expansive clones,

change the cellular phenotype and function, and cause bystander

multiplication (10). On its part, as with intracellular cytokine

staining, cytokine detection by ELISPOT allows visualization of

the secretory products of individual activated cells, and thus, the

identification of the number of functional T cells and their effector

function. However, the assay provides limited information, requires

long incubation times and it is difficult to detect several cytokines at

a time (11). These shortcomings highlight the need for more

sophisticated targeted approaches to identify, characterize and

enumerate specific T cells (12), especially considering that the

frequency of food allergen-specific cells is lower than that of cells

reactive to antigens associated to chronic or repeated exposure,

probably due to antigen avoidance in food allergic patients (13, 14).

This review addresses the main strategies to estimate the frequency

and phenotype of antigen-specific cells relevant to food allergy and

analyses the contribution of these approaches to the understanding

of the mechanisms underlying the establishment of food allergy and

its resolution.
2 Methods to monitor antigen-specific
cells in human subjects

The MHC multimer technology recognizes antigen-specific

CD4+T cells at a single cell level and allows the monitoring of the

surface phenotype of reactive cells, although it has the disadvantage

of being restricted to a small number of epitopes in major allergens

(it does not detect cells directed to peptides not included in the

assay) and to particular HLA genotypes (that express MHC class II

molecules able to recognize and bind those particular epitopes).

Due to the high polymorphism of HLA genes, identifying suitable

peptide epitopes for specific MHC class II molecules is inherently

challenging, and the technical complexity of producing peptide-

loaded MHC class II multimers further complicates the analyses.

MHC class II tetramers complexed to peanut epitopes were used to

examine the frequency and phenotype of specific CD4+ T cells in

peanut allergic individuals (14) and in peanut allergic patients with

different degrees of clinical reactivity (15). It should be noted that

the expression of certain surface activation markers or receptors is

influenced by both antigen presentation and T cell stimulation.
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Therefore, while tetramer staining is a valuable tool for identifying

antigen-specific T cells, it may not fully capture the functional

diversity or activation status of these cells (16), or exhibit a strict

correlation with assays measuring activation marker expression

(17). However, studies suggest that when identical epitopes are

used, tetramer staining and the CD154 assay yield comparable

frequencies and phenotypes (18).

The identification of allergen-responsive T cells using

activation-based detection approaches relies on in vitro

stimulation with a crude allergen extract containing all relevant

allergens and it is independent of the individual HLA status.

Furthermore, this method allows for a sufficiently short

stimulation period, enabling efficient antigen processing by

antigen-presenting cells (APCs) and subsequent T cell activation

while preventing the expansion of allergen-responsive T cells.

Activation markers are then stained with fluorophore-conjugated

antibodies and detected by flow cytometry (19). This procedure can

be followed by magnetic or fluorescence-activated cell sorting and

coupled with single-cell RNA-seq and paired T cell receptor (TCR)

sequencing to dive into the heterogenicity of patients with food

allergy (3, 20, 21).

Expression of CD154 (also named CD40L), a member of the

tumor necrosis factor (TNF)-ligand superfamily, by activated T cells

is highly sensitive and selective for TCR engagement (22). The CD154

assay serves as a valuable tool not only for assessing specific T cell

responses to food allergens, but also for characterizing CD4+ T cells

reactive to bacterial antigens. This dual functionality provides a

promising avenue for investigating intestinal T cell responses to the

microbiota, with broad implications for understanding mechanisms

underlying food allergy (23). Assessment of antigen-specific T cells

according to CD154 expression can be performed extracellularly with

a blocking antibody against CD40 (24). This approach prevents the

interaction between CD154 and CD40 on APCs, which would

otherwise lead to downregulation and degradation of CD154. By

stabilizing CD154 surface expression, this method enables subsequent

staining with a fluorescently labeled anti-CD154 antibody for

analysis. Alternatively, the addition of a fluorescent antibody

against CD154 during stimulation also allows its detection on the

cell surface, being equally compatible with further cell

characterization or sorting, although CD154-antibody complexes

may become unstable, potentially leading to an underestimation of

the proportion of responding cells (25). CD154 can also be detected

intracellularly with the addition of Brefeldin A, which blocks the

transport of proteins to the cell surface and allows the simultaneous

analysis of cytokines, providing higher frequencies of CD4+CD154+

cells than extracellular detection methods, although it is not

compatible with further multiparameter analyses (22, 24).

The extremely low frequencies in which T cells specific for a

particular antigen are present in the periphery underscore the need

for appropriate surface markers additional to CD154 for their

precise identification. Various transmembrane proteins and

costimulatory molecules, including OX40, CD69, and CD25, are

upregulated on the cell surface following CD4+ T cell activation via

TCR and CD28 signaling by APCs (26, 27). However, CD154

exhibits greater specificity than CD69 and it is upregulated more
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rapidly than OX40 and CD25, thereby minimizing bystander

activation (22). Of note, expression of CD69 and CD25 allowed

the detection, in peanut allergic patients, of allergen-specific CD8+

T cells (28). Among these markers, CD137, a member of TNF-

receptor superfamily (also named TNFRSF9 or 4-1BB), allows a

distinction between regulatory T (Treg) cells and effector T cells and

thus their simultaneous analysis (29, 30). Thus, CD137+CD154-

expression enabled the identification and sorting, after prior

expansion, of a Treg population with high suppressive potential

and epigenetic stability (31). Furthermore, assays that integrate and

simultaneously analyze 4 activation-induced markers: CD154,

CD137, CD69 and OX40 could overcome the possible biases

related to the selection of a single pair of markers, enhancing the

sensitivity of determination of CD4+ T responses while maintaining

high specificity (32).
3 Allergen-specific pathogenic CD4+T
cells

Even though, as mentioned, Th2 cells linked to food allergy are

highly heterogeneous, several researchers, using tetramer staining

or activation markers, have highlighted the existence in allergic

subjects of pathogenic Th2 cell subpopulations which share

analogous features yet display distinct phenotypic and functional

characteristics compared to conventional Th2 cells (Table 1). Thus,

peanut and egg allergy have been reported to be characterized by the

presence of allergen-specific, terminally differentiated memory

(CD45RA-CD45RO+CD27-) CD4+ T cells with a Th2 phenotype,

referred to as Th2A (34), T follicular helper 13 (Tfh13; 39), Th2+

(36), or, as a whole, type 2 effector cells (38). Allergen-specific Th2

cells were also identified in patients allergic to other foods, such as

shrimp, walnut, cashew or cow’s milk (33, 42–44).

These cells distinctively express a large amount of a broad

spectrum of Th2 cytokines, the receptors for the epithelial alarmins

IL-33 and IL-25 (ST2 and IL-17RB), which indicate that they are

activated at inflamed mucosal sites, and hematopoietic

prostaglandin D synthase (hPDGS) (16, 34, 36). They are also

enriched in surface markers for homing to B cell follicles (CXCR5),

the small intestine (CCR6), skin and lungs (CCR4) (36), to drive IgE

class-switching (20) or expand in the affected tissues, contributing

to allergic inflammation at the site of disease (45). While the skin

homing markers CLA and CCR10 are not different on peanut

reactive T cells with respect to total CD4+ T cells, the observation

that the chemokine receptor CCR4 is enhanced suggests priming

after exposure through the skin and the airways (14, 40, 46).

Surprisingly, expression of the gut homing integrin b7 does not

distinguish between peanut allergic and non-allergic subjects (14,

46), while CCR6 is negatively correlated with pathogenic type 2

responses (35, 38). These observations suggest either that Peyer’s

patches and mesenteric lymph nodes are not the primary sites of

initial antigen encounter or that cells primed at intestinal lymphoid

tissues do not subsequently recirculate in peripheral blood.

Expression of other markers, such as CD161, which identifies

Th17 and NK cells involved in inflammatory diseases (47), and
Frontiers in Immunology 03
the prostaglandin D2 (PGD2) receptor CRTH2 (chemoattractant-

homologous receptor expressed on Th2 cells), varies depending on

the detection approach (16, 36) and, notably, on the kinetics of

CD4+ T cell activation (27). CRTH2 expression is associated with

repetitive antigen stimulation, and thus, with low expression of

CD27 and a terminally differentiated phenotype (33, 43).

Allergen-responsive cells play a central role in facilitating

immune responses and in mediating immunological memory.

Thus, there is a strong relationship between the pathogenicity of

these cells and their maturation stage (34). Recently, Kratchmarov

et al. (48) identified a Th2 cell multipotent progenitor in several

tissues with the potential to maintain and replenish effector Th2 cell

populations, which could contribute to the renewal of these specific,

mature cells, with limited proliferative capacity. Upon subsequent

encounter with their specific allergen, TCR recognition causes

upregulation of surface receptors for epithelial alarmins that

considerably enhances the secretion of Th2 cytokines (16).

Specific Tfh13 cells, CXCR5+BCL6+GATA3+ cells producing, not

only IL-4, but also IL-13, are involved in guiding B cell isotype

switching to high affinity IgE in allergy to peanut (39) and milk (49).

Notably, in eosinophilic esophagitis (EoE), a type 2 inflammation-

driven disorder triggered by food proteins, milk-responsive Tfh

cells, which produce IL-10 and low levels of IL-4, support class

switch to IgG4 and contribute to distinct clinical manifestations

(49). However, while associational observations point at a role of

these cells in the maintenance of IgE levels following sensitization

(18, 36–38), the abundant expression of the Th2-related genes IL5,

IL13, IL9 and hPGDS indicates their implication in additional

mechanisms of clinical reactivity beyond IgE-class switching (34,

36, 45, 50). On its part, hPGDS coordinates the expression of

cyclooxygenase-2 and the synthesis of PGD2 in human Th2 cells.

PGD2 exerts inflammatory effects through high affinity interactions

with the G protein coupled receptors DP1 and CRTH2 (also known

as DP2), that together promote a number of biological effects

associated with the development and maintenance of the allergic

response (51). CRTH2 expressed by Th2 cells mediates the

activation and recruitment of these cells during the late phase of

the allergic response, contributing to their effector function. On its

part, hPGDS identifies a minor Th2 subpopulation with

proeosinophilic properties and high correlation with multiple

allergic inflammatory disorders, such as asthma, atopic dermatitis

or eosinophilic gastrointestinal disease (52).

The influence of Th17-related factors (CCR6, CD161, or IL-17

genes) is controversial (33, 34, 45). The finding that the expression

of the Th2A-related marker CRTH2 and the Th17-related marker

CCR6 is mutually exclusive, and that some patients manifest clinical

allergy symptoms in the absence of peanut-specific CRTH2+CD27-

T cells with a dominance of CCR6+CD27+ T cells, prompted the

hypothesis of the existence of 2 different cellular and molecular

signatures, or immunotypes, with different effector and homing

potential, associated with food allergy (53). Th17 cells potentiate

allergic inflammation through multiple mechanisms (54), although

it has also been suggested that, in view of the plasticity of these cells,

Th17-like cells could be a precursor or immature form of allergen-

specific Th2 cells (38). In fact, the predisposition of Th17 cells to
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TABLE 1 Relevant characteristics of allergen-specific CD4+ T cells related to food-mediated allergic disease present in human PBMCs.

Subtype Methodology
of detection

Phenotypic profile Functional attributes Relevance to
allergic disease

Reference

Walnut-
specific
T cells

Peptide (Jug r 2) MHCII
tetramer staining and
generation of T cell clones

-CD27+CCR4+CRTH2-

CCR7+CD62+

-CD27-CCR4+CRTH2+

-Central memory Th2 cells

-Effector Th2 cells with 3 different
profiles: Th2 (IL-4, IL-5, IL-13,
GATA3), Th2/Th17 (IL-4, IL-17A,
GATA3, RORC), and Th17 (IL-
17, RORC)

High frequencies in walnut
allergy
Absent (or not detected) in
non-allergic subjects

Archila
et al. (33)

Th2A Peptide (Ara h 1 and Ara h 2)
MHCII tetramer staining

CD45RO+CCR4+CD200R+

CD58+CD29+CRTH2+

CD161+CD49d+CD27low

CD45RBlowCCR7lowCD7low

Stable, simultaneous production of
multiple Th2 cytokines
High expression of IL5, IL9, IL17RB,
ST2, CLRF2, hPGDS, PTGS2, GPR42,
and PPARG)

High frequencies in peanut
allergy (also in perennial,
mould and pollen allergy)
Absent in non-allergic
subjects
Th2A cells are specifically
activated after peanut OFC

Wambre
et al. (34)

Th2A Surface expression of CD154
after 18 h of stimulation with
peanut extract

CD154+CD45RA-CD27-

CRTH2+CD161+ST2+

IL17RB+

Antigen-specific cell activation causes
transient surface expression of
epithelial cytokine receptors and
leads to increased IL-4 and IL-
5 production

Absent in non-
allergic subjects

Calise
et al. (16)

Peanut-
specific
T cells

Surface expression of CD154
after 14 h of stimulation with
overlapping Ara h 1, 2, 3, 6,
8 peptides

-CD154+CRTH2+CD161+

CD27-

-CD154+CCR7+CRTH2lo

CCR6hi CD27hi

-CD154-CD25+FOXP3+

CD137+CD127-OX40+

-Th2A. High expression of IL4, IL13,
IL5, IL9, IL17RB, IL1RL1, GATA3,
and PPARG

-Central memory differentiation
state. High expression of IFNG,
RORC, IL17A, IL17F, IL23R1, FOXP3
and L22 (Th1/Th17/Treg-related
genes)
-Treg cells

-Positive correlation with
specific IgE and response to
a DBPCFC with 100 mg of
peanut protein
-Negative correlation with
specific IgE and response to
a DBPCFC with 100 mg of
peanut protein

-No differences between
responders and
non-responders

Bajzik
et al. (35)

Th2+ Surface expression of CD154
after 6 h or 18 h of
stimulation with
peanut extract

CD154+IL-4+IL-13+CCR4+

CCR6+CXCR5+hPGDs+

CD45RO+CD45RA-

CD27lowCCR7low (6 h)

High expression of IL4, IL5, IL9,
IL13, IL3, CSF2, and IL17RB (18 h)

Specific for clinical reactivity
to peanut Significant
correlation with peanut-
specific IgE

Chiang
et al. (36)

Type 2 cells Surface expression of CD154
after 6 h of stimulation with
egg white protein

CD154+IL-4+IL-
13+CCR4+ CXCR5+

Type 2 cytokine expression
negatively correlates with
CCR6 expression

Significant correlation with
egg-specific IgE
Type 2 cell responses are
associated with baked
egg tolerance

Berin et al.
(37, 38)

Tfh13 cells Surface expression of CD154
after 6 h of stimulation with
peanut extract

CD154+CXCR5+GATA3+

IL-4+IL-13+
Transcriptionally distinct from Tfh2
and Th2 cells

Absent in non-allergic
subjects
Responsible for the
generation of high affinity,
anaphylaxis-inducing IgE

Gowthamanan
et al. (39)

Peanut-
specific
T cells

Surface expression of CD154
and CD137 after 20 h of
stimulation with
peanut extract

-Strong upregulation of
modules representing Th2,
Th1 and Th17 signatures in
both CD154+ CD137- and
CD154-

CD137+ compartments

-CD137+ compartment

-Tfh2-like (CXCR5, PDC1, IL5, Il4,
ITGA4 and PLA2G16))
Th2A-like (GATA3, IL17RB,
PTGDR2)
Th2 regulatory-like (FOXP3,
TNFRSF9)
Tfh1-like
Th1conv
Th17
-Tfh-like Tregs (IL10)
Conventional Tregs
CCR7+ Tregs

-Tfh2-like correlate with
peanut specific IgE
Th2A-like do not correlate
with specific IgE
Th2 regulatory-like are
deviated Treg cells

Monian
et al. (20)

Peanut-
specific
T cells

Surface expression of different
activation markers (CD154,
CD137, OX40, CD69 and
CD25), after 6, 24 or 48 h of

-CD154+CD69+FOXP3-

CD27-CCR7-CCR6- CXCR3-

CCR4+CRTH2hi PDIhi (6-
48h)

-Terminally differentiated mature
effector memory Th2 cells (high
secretion of IL-4, IL-5, IL-13 and IL-
2)

Early secretion of IL-2 by
peanut-specific Th2 cells
promotes efficient and
durable activation of Treg

Lozano-Ojalvo
et al. (27)

(Continued)
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upregulate IL-4 and become Th2 cells has been associated with the

exacerbation of allergic diseases (55).

Allergen-specific pathogenic Th2 cells are absent in non-allergic

subjects and differentiate patients with diverse degrees of clinical

reactivity to peanut (45) or tolerance to backed egg (38). However, a

substantial heterogeneity has been reported in the frequency and

phenotype of peanut or egg-specific T cell responses in allergic

patients, linked to the clinical manifestation of the disease or the

nature of the allergen (18), which restricts their value as clinical

biomarkers (38). In this respect, it should be noted that these studies

in humans have focused on characterizing these cells in peripheral

blood, despite that higher frequencies of pathogenic cells may exist

in the tissues more directly affected by the allergic response (52).

Furthermore, specific T cell numbers in blood may depend on

whether the allergic patients are strictly avoiding allergen

exposure (2).
4 About allergen-specific Treg cells

Several reports have shown that a high Treg cell frequency is

associated with the maintenance of oral tolerance (56–58), the

natural resolution of food allergy (59), or a phenotype of milder

clinical allergic disease and favorable prognosis (60, 61). Oral
Frontiers in Immunology 05
immunotherapy (OIT) also increases the frequency of Treg cells,

although only in individuals who succeed to achieve long lasting

clinical tolerance (27). However, unlike the case of aeroallergens,

where the contribution of allergen-specific Treg cells to tolerance, at

least partially, has been demonstrated (10, 62), there is no

conclusive evidence for the role of allergen-specific Treg cells in

food allergy (63) (Table 1). Early introduction of egg was found to

increase the proportion of ovalbumin-specific Treg cells, whereas

development of egg allergy at 12 months was associated with

impaired expansion of these cells (41). Similarly, it was claimed

that there is a functional defect in patients with peanut allergy that

prevents the induction of peanut-specific IL-10-producing

regulatory T type 1 (Tr1) cells (64). Nevertheless, no other studies

found evidence of a deficiency of allergen-specific Treg cells or a

disrupted specific Treg cell response in peanut allergic patients

compared to healthy controls, nor in individuals with different

degrees of clinical reactivity to peanut or egg (36, 37, 40, 45).

These discrepancies can be explained by methodological

differences between studies due to the use of different T cell

activation markers and stimulation times with the allergen to

detect responsive cells. Berin et al. (37) and Chiang et al. (36)

observed expression of CD154 on CD4+ cells bearing regulatory

markers (CD25 and FOXP3) after 18 h of stimulation of PBMCs

from allergic patients that was absent in control subjects.
TABLE 1 Continued

Subtype Methodology
of detection

Phenotypic profile Functional attributes Relevance to
allergic disease

Reference

stimulation with
peanut extract

-CD137+CD154-FOXP3-

CD27+CCR7-CCR6-

CXCR3+CCR4-PD1hiHLA-
DRhi (24-48h)
-CD137+CD154-FOXP3+

CD27+CCR7+CCR6+

CXCR3-CCR4+PD1hiHLA-
DRhi (24-48h)
-CD25+OX40+FOXP3+

CD27+CCR6+

CXCR3-CCR4+CD62+

IRF4lowPD1low (24-48h)

-Effector memory Th1 subset
(secretion of IFN-g, TNF-a, and IL-
2)

-Memory Treg-associated subset
(secretion of IL-10). Suppressive on
Th2 cells in vitro

-Memory Treg phenotype (no
specific cytokine secretion).
Suppressive on Th2 cells in vitro

cells after in vivo recognition
in allergic subjects

Peanut-
specific
Tregs

Surface expression of CD154
and CD137 after 7 h of
stimulation with
peanut extract

CD154-CD137+FOXP3+ Suppressive properties and stable
demethylation status of the FOXP3
locus
No production of effector cytokines

Frequency and stability
independent from the
allergic status

Weissler
et al. (40)

Ovalbumin-
specific
Tregs

Surface expression of CD137
after 6 h of stimulation
with ovalbumin

CD137+IL-10+ and
CD137+FOXP3+

Activated memory cells Age-dependent expansion in
infants subjected to early egg
introduction and in those
not allergic to egg at the age
of 12 months
CD137+IL-10+ cells correlate
with specific IgG4 at
12 months

Lai et al. (41)

Cow’s milk
specific
T cells

Surface expression of CD154
and CD137 after 6 h of
stimulation with a
peptide pool

CD45RA-FOXP3+

CD25+CCR7-CD127-
Differentially activated subset of
allergy-associated effector T cells with
no regulatory function. High
expression of FOXP3, CD25, TIGIT,
IL32, CD247, S100A6, S1000A10,
TNFRSF1B, CXCR4

Increased in baked-milk
allergy with respect to
healthy controls, with baked-
tolerant patients showing an
intermediary phenotype

Lewis
et al. (42)
OFC, oral food challenge, DBPCFC, double blind placebo-controlled food challenge.
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Upregulation of CD154 by these cells was a delayed, secondary,

response to IL-2 released by effector cells activated at 6 h, suggesting

that these cells included non-specifically activated Treg cells.

Divergences may also arise if patients are subjected to continuous

exposure to the allergen, as this may increase the traffic of cells

between the draining lymph nodes and the gastrointestinal tract,

increasing Treg cell frequency in peripheral blood (65).

Alternatively, the finding of increased numbers of Treg cells in

allergic patients could result from a feedback loop designed to limit

Th2 immune responses, regardless of whether this mechanism is

sufficient to control allergic inflammation (66). It should be noted

that identification of specific Treg cells has been performed solely

on the basis of expression of regulatory markers and lack of

cytokine production upon stimulation with the allergen, as their

low frequency in peripheral blood makes it difficult to carry out

more conclusive suppression assays without previous ex vivo

expansion (36).

It has been described that Treg cells acquire characteristics of

effector Th2 cells and probably display impaired suppressive

functions, and even pathogenic functions, in the setting of a

strong tissue inflammatory response, such as that typical of EoE

(67) and peanut allergy (20). This Th2-cell-like reprograming of

Treg cells, that in allergy-susceptible mice is driven by IL-4

production by ILC2s and activated mast cells (56, 68), supports

the interpretation that there is a generally dysfunctional Treg cell

response in allergic patients. Alternatively, the observation that, in

allergy, antigen-specific Th2 responses develop despite the presence

of a quantitatively and qualitatively normal Treg cell compartment

has been attributed, in the case of aeroantigens, to Th2 cells and

Treg cells targeting different proteins (30). Tissue-resident Th2 and

Treg cells in active EoE have also been found to have different

allergen-specific properties, suggesting stimulation by different sets

of food-derived antigens (67). Similarly, in peanut allergy, CD154+

and CD137+ cells were found to have different TCR repertories,

indicating that factors such as TCR affinity or the tissue

environment during priming may influence the induction of

specific T cell phenotypes (20). These observations may explain

why pathogenic Th2 cells seem to exhibit higher resistance to the

suppressive effect of Treg cells (36, 37, 40, 45), implying that

proteins that stimulate strong Th2 responses fail to activate Treg

cell responses, and suggesting that the induction allergen-specific

responses would efficiently suppress Th2 development.

In fact, whether allergen specificity is required for Treg

functionality is a debated issue. Treg cell maintenance and

development depends on IL-2 produced by other T cells and it

was shown that Treg cells with diverse TCRb repertoires activate as

result of a bystander-amplified response initiated by IL-2 produced

by highly specific (with restricted TCRb clonal diversity) Th2

effector cells upon allergen recognition (27). This was

demonstrated in in vitro experiments and also by the persistent

activation of Treg cells and expression of immunoregulatory

molecules following oral food challenge in peanut allergic subjects

(27). Notably, a population of terminally differentiated Treg cells

that plays a crucial role in maintaining intestinal health has recently
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been identified that becomes independent of TCR signaling and

acquires an “innate-like” function (69). Once the suppressive

activity of Treg cells is triggered, they can inhibit cells of the

innate immune system, such as mast cells, basophils and

eosinophils (70), as well as other T cells with different antigen

specificity, leading to an immunosuppressive albeit non-specific

function that has been exploited in Treg cell-based therapies (71). In

mice, it was shown that it is possible to induce tolerance to a

bystander protein through the establishment of a stable suppressive

environment after treatment with another protein (72). This effect,

associated with increased Foxp3 expression and IL-10 production,

has been hypothesized to occur, at least partially, through the

downregulation by Treg cells of APCs that present different

antigens to naive CD4+ T cells with diverse specificities,

hampering their activation (73).

As mentioned, these observations in PBMCs do not exclude the

possibility of a local Treg cell accumulation in the gastrointestinal

mucosa, only accessible for study when human tissue samples are

available through biopsies. Studies in mice, that enable the detailed

investigation of antigen-specific cells in contexts that are

challenging to study in humans, have identified Treg cells specific

for ingested peptides within secondary lymphoid organs associated

with the gut-liver axis, with a particularly high prevalence in the

lamina propria of the small intestine and colon (74). Following

prolonged dietary exposure, a-zein-responsive Treg cells, which

arise concomitantly with solid food intake, were found to exhibit a

localized distribution in the small intestinal lamina propria of mice

(75). This study further demonstrated that immune recognition in

the context of food tolerance is dominated by a limited subset of

epitopes, which do not appear to correspond to known allergen

epitopes (75). In humans, approximately 9% of memory CD4+ T

cells express FOXP3 in peripheral blood and colonic mucosa,

whereas only 2% of lamina propria CD4+ T cells in the small

intestine of healthy individuals are FOXP3+. However, this

population increases tenfold under inflammatory conditions, such

as active celiac disease (76). Similarly, Wen et al. (67) found an

overabundance of effector Th2 cells and Treg-like cells, along with

elevated Th2 cytokine expression, in endoscopic biopsies compared

to autologous peripheral blood samples, in patients with EoE.

Moreover, Treg cells specific for food-derived or commensal

bacterial antigens are rare in peripheral blood, despite the

presence of high frequencies of peripheral Treg cells responsive to

environmental antigens such as plant pollen or house dust mite,

which suggests that Treg cells relevant to food allergy

predominantly localize within intestinal tissues (30). Tonsils, that

are exposed to food allergens before they are digested, contain 3

times more FOXP3+ Treg cells than peripheral blood, indicating a

potential role as a first line of tolerance induction (77). Palomares

et al. (77) further demonstrated an enrichment of Bet v 1-specific

Treg cells in tonsils, where they constitute 30% of Bet v1-specific

CD4+ T cells. However, whether this effect is antigen-dependent

(restricted to aeroallergens) or rather reflects the anatomical

location or the functional features of this lymphoid organ

remains to be elucidated. In fact, aeroallergen and food allergen-
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1595696
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
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sensitized subjects differ in tonsillar gene expression, with the

former exhibiting more pronounced immune responses (78).
5 Allergen-specific cells in the
resolution of food allergy through
specific immunotherapy

High frequencies of food-specific pathogenic Th2 cells correlate

with adverse clinical parameters and with treatment failure following

egg OIT (38, 45) and, according to some studies, successful OIT to

peanut parallels a marked reduction in these cells (34), although not
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all subsets of allergen-reactive cells are equally altered by the

treatment (20, 35, 53) (Table 2). However, despite that a favorable

clinical outcome has been reported to be accompanied by the

induction of allergen-specific Treg cells with enhanced function, as

determined by proliferation assays (7), other studies using more

targeted approaches failed to prove increases in these cells, whose

frequency even decreases in the course of the treatment (20, 35, 53,

79). This has prompted the hypothesis that OIT acts primarily

through anergy, which designates T cell unresponsiveness to the

antigen, or deletion, which denotes apoptosis of antigen-specific T

cells, rather than a specific counterregulatory Treg response (20, 35,

36, 79). Additionally, while the clinical response to OIT is allergen-
TABLE 2 Evolution of antigen-specific T cell responses in the course of immunotherapy (IT).

Methodology
for detection

Clinical trial Clinical outcome Relevance to allergic disease Reference

Peptide (Ara h 2)
MHCII
hexamer staining

Peanut OIT Scalation to a target dose of 4000
mg peanut protein in 24 months,
followed by 3 months of
peanut avoidance

Reduction of antigen-specific Th2 and Treg cells and induction of
anergic memory (CD28-Ki-67

-CD69lo) and non-allergic (IFNg+)
antigen specific CD4+ T cells only in the immune tolerant
individuals (n= 5) comparted to pre-treatment and healthy controls
(n= 7)

Ryan
et al. (79)

Intracellular
detection of CD154
after 6 h
of stimulation

Randomized
placebo controlled
peanut
OIT (CODIT)

Scalation to a target maintenance
dose of 300 mg peanut protein in
20 weeks

Decreased Th2A frequency correlates with desensitization during
peanut-OIT in the active group (n= 4) compared to placebo (n= 3)

Wambre
et al. (34)

Surface expression
of CD154 after 6 h
of stimulation

Randomized
placebo controlled
peanut cutaneous
IT (CoFAR6)

Viaskin peanut patch of 100 or
250 µg for 52 weeks followed by
250 µg in 130 weeks

Significant reduction in the frequency of peanut-responsive
CD154+IL4+ cells or CD154+IL13+ compared to baseline (n= 74)

Berin
et al. (38)

Surface expression
of CD154 after 6 h
of stimulation

Randomized egg
OIT or backed
egg (CoFAR7)

Scalation to a target maintenance
dose of 2000 mg of egg white
protein in 114 weeks

Baseline type 2 responses are significantly associated with oral
immunotherapy failure (n= 92)

Berin
et al. (38)

Surface expression
of CD154 and
CD137 after 20 h
of stimulation

Randomized
placebo controlled
peanut OIT

Scalation to a target maintenance
dose of 4000 mg of peanut
protein in 44 weeks, a 12-week
maintenance phase, and a 12-
week avoidance phase

OIT decreases the frequency of CD154+ and CD137+ cells in the
active group (n=9) compared to placebo (n= 3)
OIT suppresses Th1 conv and Th2A-like clonotypes
The baseline expression of Th2 signatures is not predictive, but the
gene signatures present in Th1 and Th17 cells are, pointing at
inflammation or altered gastrointestinal permeability

Monian
et al. (20)

Surface expression
of CD154 after 14 h
of stimulation

Randomized
placebo controlled
peanut
OIT (PALISADE)

Scalation to a target maintenance
dose of 300 mg of peanut protein
in 22 weeks and 6 months
of maintenance

OIT decreases the frequency of pathogenic CRTH2+ peanut-specific
cells in the absence of changes in the frequency of the
CCR6+CD27+ subset (see Table 1) in the active group (n= 30)
compared to placebo (n= 12)
CRTH2+ peanut-specific cells at baseline correlate with specific
IgG4
No differences in circulating peanut-specific Treg cells

Bajzik
et al. (35)

Surface expression
of CD154 and
CD137 after 16 h
of stimulation

Randomized
placebo controlled
peanut
OIT (IMPACT)

Scalation to a target maintenance
dose of 2000 mg of peanut
protein in 30 weeks, a 104-week
maintenance phase, and a 26-
week avoidance phase

OIT decreases the frequency of pathogenic CRTH2+ peanut-specific
cells, while CCR6+ cells showed a reciprocal relative increase in the
active group (n= 21) compared to placebo (n= 8)
Participants who experienced desensitization and remission (n= 8)
had less than 20% CRTH2+ cells in total peanut-specific T cells at
baseline
Effector peanut-specific T cells at baseline correlate with specific IgE
No variations in peanut-specific Treg cell frequency

Calise
et al. (53)

Surface expression
of CD154 and
CD137 after 18 h
of stimulation

Randomized
placebo controlled
intradermal IT
with 7 Ara h 1 and
Ara h 2 peptides

6 doses (150 nmol) of peanut
peptides in 16 weeks, with
determinations at week 21 and
month 18

In the active group (n= 10) there was a decrease in the percentage
of CD154+ST2+ Th2A cells and an increase in the percentage of
CD154+CCR6+ Th17 cells expressing regulatory genes and
regulatory markers within the peanut reactive CD4+ T cell
population compared to placebo (n= 5)
No changes in specific IgE or IgG4 levels or in skin prick tests
Oral food challenges were not performed

Voskamp
et al. (80)
IT, immunotherapy; OIT, oral immunotherapy.
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specific, this specificity of action may, at least in part, stem from the

release of IL-2 by specific Th2 cells (27). This raises the question of

whether immune suppression is more effective when regulatory and

effector cells share the same antigen specificity and whether such

specificity could enable more potent and localized control of

inflammation (71). Indeed, a superior suppressive role of specific

Treg cells could explain why continuous allergen exposure is required

to maintain tolerance (27).
6 Future prospects

More studies with larger cohorts are needed to outline the

mechanisms underlying the interplay between specific pathogenic

Th2 and Treg cells in food allergy and natural tolerance, as well as

following OIT-induced desensitization in order to provide long-lasting

benefits. It is envisaged that advances in protocols for T cell activation

and antigen-MHC class II multimer preparation will make it possible

to detect, with higher specificity, pathogenic and regulatory allergen-

specific cells. In the meanwhile, the rapid development of technologies

for analyzing immune responses with single-cell resolution that offer

multiplexed characterization will expand functional and phenotypic

analysis of these rare cells, even providing dynamic data or

information on intercellular communication. Finally, access to the

affected tissues in the gastrointestinal tract will help us understand

more about allergic pathways and their regulatory factors.
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López-Fandiño 10.3389/fimmu.2025.1595696
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