
REVIEW

Th2 responses

Targeting type 2 immunity and the future of food
allergy treatment
M. Cecilia Berin1

IgE-mediated food allergy affects 6–8% of the population in the United States. Type 2 immune responses are central to the
pathogenesis of food allergy, but type 2 CD4+ T cell responses have been found to be heterogeneous in food allergy suggesting
a division of labor between Tfh13 and peTH2 cells in promotion of IgE class switching, modulation of intestinal barrier
function, and regulation of mast cell expansion. Oral immunotherapy for the treatment of food allergy incompletely targets
subsets of type 2 immunity in a transient manner, but new therapeutics targeting different levels of type 2 immunity are in
current or planned trials for food allergy. These new treatments and the basis for their use are the focus of this review.

Introduction
Food allergy refers to reproducible immune-mediated adverse
reactions to foods (Boyce et al., 2010) and includes a range of
disorders including IgE-mediated food allergy, food protein-
induced enterocolitis syndrome, and eosinophilic esophagitis.
This review will focus on IgE-mediated food allergy, which affects
6–8% of the US population (Sampath et al., 2021). Although sen-
sitization to foods often occurs in the first months of life before
introduction of the food into the diet, adult-onset IgE-mediated
food allergy is not uncommon (Gupta et al., 2019; Warren et al.,
2020). The threshold of reactivity varies, with some individuals
reacting to low milligram quantities that can be present as trace
contaminants during food preparation or processing. Severity also
varies, with symptoms ranging frommild itching to vomiting and
diarrhea to life-threatening respiratory compromise. There is only
one FDA-approved treatment for peanut allergy (Palforzia, a
standardized peanut powder used for oral desensitization).
However, there are several clinical trials in various stages of
completion testing novel approaches to immunotherapy, in the
presence or absence of immunomodulatory biologicals (Ramsey
and Berin, 2021). In this review, the immune phenotype of food
allergy and impact of successful oral immunotherapy (OIT)
treatment on the food allergen-specific immune response will be
discussed, with a view to the next generation of food allergy OIT.

Immune profile of food allergy
Immunoglobulin profile
IgE-mediated food allergy is by definition associated with the
presence of specific IgE antibodies against food proteins.

However, the presence of food allergen-specific IgE, referred to
as “sensitization,” is not itself diagnostic for food allergy. Levels
of specific IgE are related to the probability of having food al-
lergy, and for a number of foods 95% predictive values of specific
IgE have been identified (Celik-Bilgili et al., 2005; Sampson,
2001). The relationship of IgE to probability of clinical reactiv-
ity varies by population and by age. For some foods, measure-
ment of IgE against defined allergens (“components”) provides a
greater predictive value than IgE against the whole food extract.
This has been shown for peanut, hazelnut, and soy (Hemmings
et al., 2022; Keet et al., 2021). This is in part due to the cross-
reactivity of IgE to proteins homologous to birch in birch-
allergic individuals that may not trigger allergic reactions
beyond the oral mucosa when ingested (Werfel et al., 2015).
Even greater specificity can be obtained by examining epitope-
specific IgE. This has been demonstrated using linear epitopes
from peanut, egg, and milk (Suárez-Fariñas et al., 2019; Suprun
et al., 2018; Suprun et al., 2022b; Suprun et al., 2020). Not only
clinical reactivity, but threshold of reactivity has been predicted
using such an approach (Suprun et al., 2022a). This suggests that
not all IgE epitopes are clinically meaningful, perhaps due to
gastrointestinal processing and lack of availability of such epit-
opes for IgE binding after digestion and absorption. Phage dis-
play techniques have suggested an important role for
conformational epitopes in peanut allergy that are not repre-
sented by linear epitope arrays (Chen et al., 2016). Beyond IgE,
levels of other isotypes of food-specific antibodies such as
IgG, IgG4, or IgA are not predictive of clinical reactivity at
steady state.
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B cell profile
Allergen-specific B cells have been identified in peripheral blood
by labeling with fluorescent food allergen multimers (Hoh et al.,
2015; Patil et al., 2015). Sorting of such cells has identified
allergen-specific IgG, IgA, and IgM secreting B cells, but IgE
secreting B cells are exceedingly rare (Patil et al., 2015). Croote
et al. (2018) sorted 973 B cells enriched for surface IgE expres-
sion from peanut allergic individuals, and of these 89 were
confirmed by sequencing to be true IgE-producing B cells
(Croote et al., 2018). These were primarily plasmablasts, in
contrast to IgG clones that were memory or naive B cells. These
cells were marked with high levels of CD23 and were Class II
high, indicating a more immature phenotype of plasmablast. In
addition, low levels of Syk suggested a reduced survival ability.
IgE antibodies cloned from B cells expressing common gene
rearrangements across different individuals showed a high af-
finity cross-reactive binding to Ara h 2 and Ara h 3, two clini-
cally important peanut allergens. Jiménez-Saiz et al. (2019)
attempted to identify IgE+ memory B cells from humans through
a first selection of B cells followed by sequential gating out of
IgD, IgM, IgA, and IgG positive cells (Jiménez-Saiz et al., 2019).
Single-sorted cells then underwent nested PCR to confirm IgE
expression. No IgE expressing cells were identified from 10
peanut allergic individuals. Thus, true IgE+ cells can be identi-
fied as plasmablasts but not memory B cells. While food allergy
is often lifelong, the basis of that is not well understood. IgE+

plasma cells are generally thought to be short-lived, but under
conditions of chronic antigen exposure, long-lived plasma cells
have been shown to populate the bone marrow of mice (Asrat
et al., 2020). It remains to be tested in humans if long-lived IgE+

plasma cells specific for food allergens are present in the bone
marrow. It has been shown that IgE-producing clones with
plasma cell markers are present and highly enriched in the
human upper gastrointestinal tract (stomach and duodenum) of
peanut allergic individuals (Hoh et al., 2020), suggesting alter-
native anatomical locations for a reservoir of long-lived
plasma cells.

Studies in mice have provided a mechanistic explanation for
the lack of memory IgE B cells. It has been shown that high-
affinity IgE must undergo sequential class-switch from IgG to
IgE (Erazo et al., 2007; Xiong et al., 2012). The capacity for IgE
memory was shown to be contained within IgG+ memory B cells,
and those cells required STAT6-dependent CD4+ T cell help and
antigen exposure in order to continually class-switch to IgE and
maintain IgE levels over time (He et al., 2017; Jimenez-Saiz et al.,
2017). The IgE found in the human gastrointestinal tract is
clonally related to IgA also found in the same site, demonstrating
potential for local class switch from IgA1 to IgE (Hoh et al.,
2020). Together, these data indicate that T cells are required
not only for initiation of IgE production but also formaintenance
of IgE production by continual renewal from memory B cells of
other isotypes.

T cell profile in food allergy
It has been appreciated for many years that food allergy was
associated with an allergen-specific type 2 cytokine profile, de-
fined by production of IL-4, IL-5, and IL-13 from CD4+ T cells.

Initial studies grew lines from patient-derived PBMCs, and
demonstrated type 2 cytokine production from the lines (de Jong
et al., 1996; Higgins et al., 1995). CFSE-labeling of peanut-
reactive T cells indicated an abundance of IL-4, IL-5, and IL-13
producing T cells from peanut allergic donors compared to do-
nors who had outgrown their peanut allergy (Turcanu et al.,
2003). Growing lines or allowing cells to proliferate in culture
can alter the phenotype of responder cells. Studies using acti-
vation marker-based approaches to identification of allergen-
specific CD4+ T cells that examined the cytokine phenotype
after as little as 4–6 h of stimulation ex vivo showed a robust Th2
skewing of T cells from peanut or egg allergic individuals (Berin
et al., 2018; Chiang et al., 2018; Prussin et al., 2009; Ruiter et al.,
2020; Wambre et al., 2017). Controls who were sensitized but
not reactive, or healthy controls, showed a much reduced fre-
quency of antigen-specific T cells and a lack of type 2 skewing
(Chiang et al., 2018; Prussin et al., 2009). In addition to IL-4, IL-
5, and IL-13, IL-9 has been identified as an important CD4+ T cell
cytokine associated with the peanut-specific immune response
(Brough et al., 2014; Chiang et al., 2018). Type 2 T cells were
shown to be highly differentiated memory T cells, expressing
multiple type 2 cytokines (IL-4, IL-5, IL-13, IL-9) and lacking
expression of CD27 (Chiang et al., 2018; Wambre et al., 2017).
One subset of highly differentiated type 2 cells co-express
CRTH2, CD49d, and CD161 and have been termed Th2A cells
(Wambre et al., 2017). Others have referred to the cells as
pathogenic effector Th2 cells, and variably described CRTH2
expression on the cells (Chiang et al., 2018; Monian et al., 2022;
Prussin et al., 2009; Ruiter et al., 2020). For simplicity, we will
refer to highly differentiated multi-cytokine producing type
2 CD4+ T cells as peTh2. Type 2 cells express CCR4, while CCR6
expression on peanut- or egg-specific T cells negatively corre-
lates with IL-4 and IgE production (Berin et al., 2022).

T cell regulation of IgE
The cytokine IL-4 drives IgE class-switch, and this provides an
explanation of how type 2 T cells contribute to the pathophys-
iology of food allergy. Allergen-specific type 2 T cells correlate
with circulating levels of specific IgE (Berin et al., 2022). How-
ever, much of the focus has historically been on Th2 cells, while
T follicular helper (Tfh) cells are required to initiate class-switch
due to their location in the B cell follicle where they can interact
with naive B cells. Gowthaman et al. (2019) identified a novel
population of Tfh cells that co-expressed IL-4 and IL-13, and also
expressed high levels of IL-5 and low levels of IL-21 (Gowthaman
et al., 2019). These cells co-expressed the transcription factors
GATA3 and BCL6. These cells, termed Tfh13 cells, were neces-
sary for induction of high-affinity IgE that could support the
generation of anaphylaxis in mice. Furthermore, analysis of
T cells from peanut allergic individuals demonstrated that
CXCR5+ T cells co-expressing IL-4 and IL-13 could be detected in
peanut allergic but not control individuals. Dolence et al. (2018)
used a mouse model of peanut allergy initiated by airway sen-
sitization to demonstrate that Tfh cells were necessary for
peanut-induced anaphylaxis (Dolence et al., 2018). Thus, a Tfh
source of type 2 cytokines is necessary for peanut allergy
in mice.

Berin Journal of Experimental Medicine 2 of 10

Type 2 immunity in food allergy https://doi.org/10.1084/jem.20221104

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/220/4/e20221104/1448814/jem
_20221104.pdf by guest on 09 February 2026

https://doi.org/10.1084/jem.20221104


Bruton et al. (2021) studied T cell regulation of IgE production
during a recall response to peanut allergen (Bruton et al., 2021).
They found that blocking IL-4/IL-13 signaling inhibited the
production of allergen-induced specific IgE in a human PBMC
model system ex vivo and a mouse model in vivo. However, the
subset of T cell important for the production of IgE during a
memory response is not yet identified.

Impact of type 2 T cells beyond IgE
The finding that Tfh cell subsets are critical for the induction of
anaphylaxis inmice leads to the question of the role of the peTh2
cell. These cells are found in the periphery, and in eosinophilic
disorders are found to be highly enriched in the gastrointestinal
tract (Mitson-Salazar et al., 2016; Morgan et al., 2021). It is not
known if they are enriched in the gastrointestinal tract in IgE-
mediated food allergy, but that is likely based on their presence
in the periphery. There is evidence for IgE class switch in the
gastrointestinal mucosa in humans (Hoh et al., 2020), and based
on mouse models (He et al., 2017; Jimenez-Saiz et al., 2017), this
would require type 2 cell help. peTh2 cells may provide such a
tissue B cell help function. Gastrointestinal mast cells play a
critical role in food allergy in mice (Osterfeld et al., 2010), and
the burden of gastrointestinal mast cells relates to systemic re-
activity to foods (Ahrens et al., 2012). IL-9 is a key cytokine
promoting mast cell expansion, and has been shown to be de-
rived from peTh2 cells in food allergy (Chiang et al., 2018). IL-9
gene expression is elevated in the intestine of individuals with
food allergy, although this may also be derived from a unique

subset of IL-9-producing mast cells termed MC9 cells (Chen
et al., 2015).

Another major contributing factor to food allergy is the
regulation of epithelial barrier function and uptake of food an-
tigens (Newberry and Hogan, 2021). Goblet cells and other se-
cretory cells have been shown to be involved in the uptake of
dietary antigens through passages that allow rapid penetration
of antigen (Noah et al., 2019). These are called goblet cell asso-
ciated passages, or GAPs. These too are under the regulation of
type 2 cytokines, particularly IL-13. In addition to this trans-
cellular route, there is evidence that type 2 cytokines regulate
the tight junctions of enterocytes allowing for the paracellular
passage of macromolecules (Berin et al., 1999). Fig. 1 highlights
the influence of type 2 cytokines in gastrointestinal tissues and
lymph nodes in food allergy.

Tregs and food allergy
In mouse models of food allergy, a key role for regulatory T cells
has also been demonstrated (Noval Rivas and Chatila, 2016).
Mice with susceptibility to food allergy due to a gain-of-function
IL-4R have an abundance not only of conventional Th2 cells but
also Tregs producing IL-4 (Noval Rivas et al., 2015). Deletion of
IL-4 under the Foxp3 promoter could eliminate susceptibility to
food allergy, despite the fact that the mice still had conventional
CD4+ type 2 T cells. These IL-4 and GATA3 expressing Tregs
were also identified in milk allergic individuals. Others have
used the Treg-specific activation marker CD137 to study peanut-
specific Tregs in humans, and failed to find a difference in

Figure 1. Type 2 cell subsets play diverse roles in the pathogenesis of food allergy. Tfh13 and peTh2 cells have been identified in food allergy. Tfh13 cells
are likely responsible for the initiation of class switch and generation of food-specific IgE. peTh2 cells are found in the periphery, and likely play a tissue helper
role through promotion of mast cell expansion, increased epithelial permeability to food antigens, and support of local IgE class switch from memory IgG cells.
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frequency of these cells in peanut allergic versus healthy con-
trols (Weissler et al., 2018). Natural resolution of food allergy has
been shown to be associated with an expansion of antigen-
specific Tregs (Qamar et al., 2015).

Innate immunity in food allergy
The innate immune system also appears to contribute to the
pathogenesis of food allergy. Zhang et al. (2016) found that in-
fants who went on to develop food allergy at 1 yr of life had
hyper-inflammatory monocytes that could support Th2 skewing
in the absence of IL-2 (Zhang et al., 2016). An altered monocyte
phenotype in the context of established food allergy has also
been described by Neeland et al. (2018, 2020). It is not clear how
monocytes may be contributing to disease as they are not
thought to be dominant antigen presenting cells. However, they
may be representative of the mononuclear phagocyte system,
and changes in monocyte phenotype, i.e., “trained immunity,”
may also be present within tissue dendritic cells (DCs) that
prime T cells to their effector fate, or in tissue macrophages that
set the inflammatory tone of tissues.

Innate cells can also play a key role by either promoting type
2 responses or serving as a source of type 2 cytokines. Innate
lymphoid cells type 2 (ILC2) play a key role in mouse models of
food allergy by amplifying the production of type 2 cytokines
(Lee et al., 2016; Noval Rivas et al., 2016). Innate cytokines that
drive type 2 immunity, namely TSLP, IL-33, and IL-25, have also
been shown to be necessary for the development of food allergy
in mouse models (Han et al., 2018; Khodoun et al., 2018; Lee
et al., 2016). The role of ILC2s and type 2–inducing cytokines
has not been as well examined in humans due to the difficulty
in getting access to relevant tissue specimens such as the
gastrointestinal tract.

Immunotherapy for food allergy
Oral immunotherapy
The first FDA-approved therapy for the treatment of peanut
allergy was recently approved and is a standardized peanut
powder given as oral immunotherapy (Palforzia). This follows
many years of clinical trials for the treatment of peanut and
other food allergies by oral immunotherapy (Burks et al., 2012;
Jones et al., 2009; Skripak et al., 2008; Varshney et al., 2009;
Varshney et al., 2011). The majority of individuals who start on
OIT therapy can become “desensitized,” meaning that they are
protected against allergic reactions to that specific food while
they are maintained on treatment. However, in clinical trials
∼10–20% of individuals discontinue due to persistent side effects
(primarily gastrointestinal side effects) that often resolve on
termination of the treatment (Virkud et al., 2017). While the goal
of commercial OIT treatment is desensitization, a goal of the
field is to get to a state of “remission,”where individuals can stop
daily treatment and maintain the level of clinical protection.
This is also referred to as “sustained unresponsiveness” (SU).
Studies on the maintenance of clinical protection have shown
that the longer the period of avoidance, the fewer individuals
maintain remission (Chinthrajah et al., 2019a). Younger chil-
dren, particularly in the first year of life, appear to have a higher
rate of remission, but it is not yet clear if there is a window of

opportunity to achieve true tolerance in response to OIT (Jones
et al., 2022; Vickery et al., 2017).

Immune response to OIT
The first studies of the immune response to OIT demonstrated
that specific IgG4 levels rise over time, IgE levels may initially
rise but drop over time, Th2 cytokines measured in recall assays
are suppressed over time, and Tregs were noted to increase in
some studies (Burks et al., 2012; Jones et al., 2009; Syed et al.,
2014; Thyagarajan et al., 2012; Varshney et al., 2011; Vickery
et al., 2014). An increase in the mucosal neutralizing antibody
isotype IgA has also been identified in saliva and serum (Kulis
et al., 2012; Wright et al., 2016). Studies that compared SU to
other outcomes demonstrated that a lower IgE level at baseline
was associated with development of SU (Vickery et al., 2014). An
early rise in IgG4 was associated with SU, while at later time-
points IgG4 did not discriminate between those with or without
SU (Burks et al., 2012). Basophil activation test was also an early
predictor of the development of SU (Patil et al., 2019; Tsai et al.,
2020). Neutralization of allergen by IgG4 and IgA likely con-
tribute to protective mechanisms of OIT, and IgG antibodies may
also contribute by activating phosphatases downstream of FcγRII
(Burton et al., 2014; Santos et al., 2015). The use of monoclonal
IgG antibodies to provide protection against peanut reactivity
may be a future therapeutic approach, as has been tested for
birch and cat allergy (de Blay et al., 2022; Gevaert et al., 2022).

Studies examining T cells at the single-cell level, either by
flow cytometry or single cell RNAseq found that there was a
reduction in frequency of type 2 T cells in response to oral im-
munotherapy (Bajzik et al., 2022; Berin et al., 2022; Monian
et al., 2022; Wambre et al., 2017; Wisniewski et al., 2015).
Studies specifically examining Th2A cells found a decreased
frequency after OIT treatment (Bajzik et al., 2022;Wambre et al.,
2017). Monian et al. (2022) used a combination of TCR se-
quencing and transcriptional profiling to track changes in phe-
notype of peanut-specific T cells over time, using cells selected
as CD154+ or CD137+ after stimulation with peanut extract
(Monian et al., 2022). CD154+ cells enrich for activated antigen-
specific T effector cells, while CD137 selects for antigen-specific
regulatory CD4+ T cells (Bacher et al., 2016). Cells of both Th2
and Th1 phenotype were suppressed by OIT, but suppression of
cells specifically belonging to a Th2A-like subset were associated
with a positive clinical outcome (Monian et al., 2022). Inter-
estingly, there was no impact of OIT on Tfh2 cells or Th2-like
Tregs. In the Consortium for Food Allergy Research, we ob-
served by flow cytometry that egg-specific type 2 cells were
suppressed by egg OIT, and were significantly higher at baseline
in those who experienced treatment failure (Berin et al., 2022).
Those of the top tertile by frequency of egg-specific IL-4+ CD4+

T cells experienced a treatment failure rate at twice the level of
those in the low or mid tertiles. Thus, type 2 immunity appears
to be instrumental in treatment success or failure.

Adjunct therapies for food allergy OIT
A number of adjunct therapies are in the pipeline for use with
OIT, with the goal of decreasing side effects or enhancing re-
mission. Omalizumab, or anti-IgE therapy, has been tested
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together with single-food ormulti-food OIT in a number of small
clinical trials (Bégin et al., 2014; MacGinnitie et al., 2017; Nadeau
et al., 2011; Schneider et al., 2013; Wood et al., 2016). Omalizu-
mab increases the safety of OIT by reducing reactions to the
treatment itself, but does not appear to enhance remission
(Wood et al., 2016). A current trial run by the Consortium for
Food Allergy Research is testing the impact of omalizumab alone
or with multi-food OIT (NCT03881696). A theoretical benefit of
omalizumab is its antigen non-specific effect, which would pro-
vide much broader protection than single-food OIT. Omalizumab
could potentially be used on its own to prevent allergic reactions
(Sampson et al., 2011), used with OIT to make OIT safer (Wood
et al., 2016), or potentially be used together with dietary food
introduction (Fiocchi et al., 2019). The latter two would involve
eventual tapering of omalizumab, if found to be safe. A newer
higher-affinity version of anti-IgE, ligelizumab, is currently being
tested as a stand-alone therapy for peanut allergy (NCT04984876).

Removal of IgE does not remove the IgE-producing plasma
cells. If research from mouse models is correct, continual T cell

help by IL-4/IL-13 producing T cells is necessary for mainte-
nance of IgE (Bruton et al., 2021; He et al., 2017; Jimenez-Saiz
et al., 2017). Dupilumab, which binds and neutralizes the IL-4Ra
subunit of both IL-4 and IL-13 receptors, recently completed
trials as both a monotherapy (NCT03793608) and together with
peanut OIT (NCT03682770). As a monotherapy, it was reported
that 2 of 24 participants treated with dupilumab were able to
tolerate a 444 mg cumulative peanut challenge after 24 wk of
treatment, and this was accompanied by an ∼50% reduction in
peanut-specific IgE (NCT03793608). It would be expected that
these modest effects would be amplified by addition of OIT
where presence of antigen in the absence of IL-4/IL-13 signaling
may bemore tolerogenic. Abrocitinib, an inhibitor of JAK1 that is
part of the signaling complex downstream of a number of cy-
tokine receptors including IL-4, IL-13, IL-9, and TSLP, is also in a
phase I trial for the treatment of food allergy (NCT05069831).
This is in part a mechanistic study, examining the impact of
abrocitinib on basophil activation tests in place of oral food
challenges, and on peanut-specific type 2 and Treg cell

Figure 2. Therapeutics targeting type 2 immunity in food allergy. The schematic illustrates type 2 immunity at the center of food allergy pathogenesis
through actions on B cells, mast cells, and epithelium. Shown in pink text are inhibitors currently in trials or proposed as therapies for food allergy. Dupilumab
and JAK1 inhibitors would act to prevent the action of type 2 cytokines, while tezepelumb, amlitelimab, and rocatinlimab prevent the formation of type
2 immunity. Microbial therapeutics and abatacept promote Tregs that suppress type 2 immunity.
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responses. In unpublished pre-clinical studies, abrocitinib was
shown to suppress basophil activation and Th2 cytokine pro-
duction from peanut allergic subjects in vitro. As with dupi-
lumab, it may be more effective to target JAK signaling in
association with OIT than as a monotherapy. If successful,
targeting signaling downstream of IL-4 and IL-13 will starve the
B cells of the help that they need to class switch and maintain
IgE levels. Abrocitinib would also target IL-9 that expands mast
cells, and TSLP, a driver of Th2 responses.

Another therapeutic approach is to interfere with type 2 im-
mune generation. Dendritic cells imprint naive T cells to Th2
cells in part though the expression of the co-stimulatory mole-
cule OX40L. Neutralization of OX40L can prevent type 2 skew-
ing and sensitization in mice (Blázquez and Berin, 2008; Chu
et al., 2012). An anti-OX40L antibody amlitelimab has been
shown to have efficacy in atopic dermatitis (Lé and Torres,
2022). Targeting OX40 on T cells has also shown considerable
promise as a treatment for atopic dermatitis (Guttman-Yassky
et al., 2022), and suppressed type 2 inflammation in the skin
(Guttman-Yassky et al., 2019).

TSLP is one of a trio of cytokines that drive type 2 immunity
(also including IL-33 and IL-25), and these could form targets to
eliminate the source of type 2-driving activity. TSLP upregulates
OX40L on DCs to promote Th2 skewing, as well as activating
basophils. Neutralization of TSLP with tezepelumab has been
used together with cat allergen immunotherapy, with greater
clinical efficacy than immunotherapy alone (Corren et al., 2022).
Gene expression measured from nasal brushings demonstrated
reduced expression of a gene module that was enriched for mast
cell and type 2 cytokine genes. It would be of interest to test this

target in the context of food allergy. Neutralization of the Th2-
inducing cytokine IL-33 with etokimab was previously tested as
a monotherapy in peanut allergy (Chinthrajah et al., 2019b),
with some promising results, but it was not tested together with
OIT and has not been continued. In a mouse model of food al-
lergy, neutralization of all Th2-driving cytokines IL-25, IL-33,
and TSLP was necessary to suppress symptoms, but this was not
performed in the context of OIT (Khodoun et al., 2018). Fig. 2
illustrates the presumedmechanism of action of type 2-targeting
therapies in food allergy.

Microbial therapies are also being developed for treatment of
food allergy, as stand-alone therapies or combined with OIT.
Readers are referred to other publications for a thorough review
of the role of the microbiota in food allergy (Rachid et al., 2021),
but it has been established that the intestinal microbiota is
altered in food allergy, that alterations precede the onset of
disease, and that transfer of allergic vs. healthy microbiota
to germ-free mice can transfer susceptibility to disease. Ap-
proaches tomicrobial treatments include the use of conventional
probiotics together with OIT (Tang et al., 2015), fecal microbial
transplants (FMT; NCT02960074), and the development of
multi-microbe cocktails that have shown efficacy in mouse
models (NCT03936998). Probiotics with OIT failed to show
greater efficacy than OIT alone, although did protect against
gastrointestinal side effects (Loke et al., 2022). FMT and multi-
microbe cocktails have not yet reported results from their
clinical trials. The microbiota are thought to function by nor-
malizing or enhancing the function of gastrointestinal Tregs to
suppress Type 2 responses. One additional approach to pro-
moting Tregs in food allergy is the use of the CTLA-4 agonist

Table 1. Ongoing studies of novel therapeutics in food allergy

Identifier Therapeutic Target n Description

NCT03881696 Omalizumab + multi-
food OIT

IgE 225 RDBPC study examining omalizumab as a monotherapy, and as an adjunct to multi-food
OIT in peanut (+ 2 foods) allergic participants. 1° outcome is the percentage of subjects
who pass a 600 mg DBPCPC at 16–20 wk.

NCT04984876 Ligelizumab IgE 486 52-wk phase 3 study RDBPC trial. 1° outcome is the percentage of subjects who pass a
600 mg DBPCPC challenge at wk 12.

NCT03793608 Dupilumab IL-4/IL-13 receptors 25 24 wk open label study. 1° outcome is the percentage of participants passing a DPBCPC
of 444 mg or greater.

NCT03682770 Dupilumab + AR101 IL-4/IL-13 receptors 149 RDBPC study to evaluate the efficacy of dupilumab as an adjunct therapy to AR101
(peanut OIT). 1° outcome is the percentage of participants who pass a 2044mg DBPCPC.

NCT05069831 Abrocitinib Cytokines signaling
through JAK1

40 A double-blind randomized study testing 100 and 200 mg of abrocitinib for 16 wk.
1° outcome is change in peanut-induced basophil activation from baseline to 16 wk.

NCT02960074 FMT Microbiota 15 1 yr two-arm study of FMT (n = 10, phase I) or antibiotics + FMT (n = 5, phase II).
1° outcome is FMT-related adverse events grade 2 or higher. 2° endpoints include
change in threshold of peanut reactivity during a DBPCPC.

NCT03936998 VE416 + peanut OIT Microbiota 60 RDBPC study to evaluate the impact of a microbial cocktail (VE416) with or without
vancomycin on peanut OIT. 1° outcome (phase 1) is number of participants with
treatment-related adverse events; 1° outcome (phase 2) is maximum tolerated dose of
peanut during a DBPCPC.

NCT04872218 Abatacept + peanut
OIT

CTLA-4 14 RDBPC study comparing 24 wk of abatacept vs. placebo with OIT. 1° outcome is peanut-
specific IgE at wk 24. 2° endpoints include threshold dose, and sustained
unresponsiveness at 36 wk.

RDBPC, randomized double-blind placebo-controlled; DBPCPC, double-blind placebo-controlled peanut challenge.
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abatacept. CTLA-4 has been shown to play a key role in food
tolerance (Krempski et al., 2022; van Wijk et al., 2005), and
abatacept is being used as an adjunct therapy to peanut OIT
(NCT04872218). Table 1 summarizes the trials that are currently
in progress or unpublished that are discussed in thismanuscript.

Future directions
A few years ago, there was intense effort to understand what the
reservoir of IgEmemorywas, with the result that we understand
that the IgEmemory is held within the pool of IgG+memory cells
as precursors. Targeting type 2 immunity should interrupt the
maintenance of allergen-specific IgE, but would likely need to be
a lifelong treatment unless the reservoir of type 2memory is also
targeted. Type 2 responses, including frequency of Th2A cells,
are suppressed by OIT, yet they rebound when treatment stops.
Understanding the factors necessary for generation of type
2 effector cells from central memory cells, and more importantly
for maintenance of type 2 cell memory (particularly within af-
fected tissues such as the gastrointestinal tract), is essential to
developing long-lasting therapeutics. The development of per-
sonalized approaches to treatment is an unmet need. For ex-
ample, the finding that high type 2 cell frequency at baseline is
associated with OIT treatment failure suggests a method to
identify individuals for whom dupilumab or JAK1 inhibitionmay
be a necessary adjunct to OIT. We understand that there is
heterogeneity in the type 2 response (peTh2 vs. Tfh13), and that
type 2 subsets are differentially suppressed by OIT (Monian
et al., 2022), but do not yet understand the implications for
therapy. Although we are beginning to understand phenotypic
variability in food allergy (for example, high vs. low threshold of
reactivity), we do not yet have established endotypes in food
allergy. The clinical trials currently in progress, if appropriately
paired with mechanistic studies, will advance the field of per-
sonalized medicine in food allergy by relating high-resolution
immune phenotype to treatment response.
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