
The Journal of Clinical Investigation   

1 4 3 1jci.org   Volume 129   Number 4   April 2019

R E V I E W  S E R I E S :  A L L E R G Y 

Series Editor: Kari Nadeau

Introduction
Nonallergic individuals maintain healthy immune unrespon-

siveness to commonly encountered food antigens via an active 

process; a breakdown or lack of development of this tolerogenic 

process underlies the pathophysiology of food allergy. The last 

few decades have seen significant increases in the prevalence of 

food allergies, which are currently estimated to affect 6% to 11% 

of the global population; the exact prevalence varies with geogra-

phy, population studied, age, and methodology used (1–8). Rapid 

increases in the incidence of food allergy suggest that lifestyle 

and other environmental alterations, such as increased hygiene, 

consumption of processed foods, use of antibiotics, and exposure 

to environmental pollutants, likely influence its pathogenesis in 

those genetically predisposed to allergy (9).

Peanut is the most common food allergen in infants and children 

under 18 years in the United States, followed by milk, shellfish, tree 

nuts, egg, fin fish, wheat, and soy (9–11). Shellfish is the most com-

mon food allergy among US adults, followed by milk, peanut, tree 

nut, and fin fish (12). Allergies to more than one food are common, 

and approximately 40% of children with food allergy are estimated 

to be allergic to multiple foods (13). Childhood food allergies are also 

commonly associated with comorbid atopic conditions such as atop-

ic dermatitis, asthma, and allergic rhinitis (14). Food allergy impos-

es a substantial burden on patients and their families due to dietary 

restrictions, increased anxiety, and social limitations (15–19).

There are currently no FDA-approved treatments for food 

allergy, and standard of care remains avoidance of allergenic 

foods and acute management of allergic reactions with antihis-

tamines and epinephrine autoinjectors (20). However, acciden-

tal exposures are common (21), and even small doses can cause 

severe systemic reactions and even death; thus, safe and effec-

tive treatments for food allergy are an urgent and unmet need. 

The most promising treatment, allergen immunotherapy (AIT), is 

currently being evaluated in phase III clinical trials. In AIT, incre-

mentally increasing doses of allergen are administered via vari-

ous routes, such as oral, subcutaneous, sublingual, and epicutane-

ous (22); these different forms of AIT are discussed further in the 

section on immunotherapy. AIT has been shown to increase the 

allergen threshold dose (the amount of allergen that can be con-

sumed without onset of allergic reactions). With immunothera-

py, patients can potentially increase their ability to safely tolerate 

gradually increasing quantities of food allergens over a period of 

many months, eventually reaching a predetermined maintenance 

dose. At the end of the maintenance phase, increases in allergen 

threshold dose are assessed using oral food challenges. AIT’s goal 

is to increase the ability to ingest foods at levels that, at a mini-

mum, prevent risk of clinical reaction on accidental ingestion or, 

optimally, to levels that are consumed in normal diets. It is the 

only therapy known to alter the cellular and humoral immune 

response to allergens.

The immunologic mechanisms associated with immunother-

apy are still not completely understood, and there are increased 

research efforts to further understand the mechanisms underlying 

food allergy and tolerance in order to develop safe and effective 

treatments. Natural tolerance is defined as a permanent state of 

clinical unresponsiveness to common innocuous foods. Current 

research indicates that clinical unresponsiveness achieved after 

successful AIT is not as durable as natural tolerance, as patients 

often become clinically resensitized after discontinuing regular 

allergen consumption. Continued ingestion of allergen is often 

required to maintain AIT’s clinically unresponsive state, which 

is termed “desensitization” to distinguish it from the permanent 

unresponsive state of “tolerance.” The clinical differences between 
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cuss the T cell–specific immune monitoring techniques that have 

made these discoveries possible.

T cell immune monitoring in food allergy
Skin prick and specific IgE tests, which are currently used to 

diagnose food allergy, determine reaction severity and prog-

nosis, and monitor immune response to immunotherapy, are 

limited in reliability, sensitivity, and specificity. In recent years, 

a number of high-throughput technologies, in parallel with sta-

tistical and computational techniques, have facilitated systems 

biology approaches and furthered our ability to discern complex 

immune pathways, including those of T cells during AIT (32). 

The goal is to ultimately establish precision medicine that tailors 

treatments to each individual and provide personalized care for 

treating food allergy (Figure 1).

The ability to separate and analyze single cells as with FACS 

has increased our knowledge of immune cell populations (33, 34). 

Although advances in lasers, fluorochromes, and computer pro-

cessing software have improved FACS analysis, it remains limited 

by the number of spectrally resolvable fluorochromes. Cytometry 

by time-of-flight mass spectrometry (CyTOF), a high-dimensional  

single-cell analytical technology, overcomes this limitation. 

CyTOF combines flow cytometry and mass spectrometry and 

can detect more than 40 intracellular and cell-surface targets in 

a single sampling of cells by labeling with metal isotypes rather 

than fluorochromes (35). It can identify all major leukocyte pop-

ulations in human PBMCs from a single sample. A pilot study by 

Chinthrajah et al. evaluated cellular heterogeneity associated with 

participants with asthma alone, those with food allergy and asth-

ma, and those with food allergy alone versus healthy controls and 

found that patients with food allergy (with and without asthma) 

had a lower percentage of memory T cells and Tregs compared 

with healthy controls. They also found significant differences in 

expression in Tregs, effector T cells, and central memory T cells, 

as well as altered ratios of Tregs to γδ T cells, Th17 to γδ T cells, and 

Th17 cells to Tregs between the different groups. Although larger 

studies are needed to confirm these associations, CyTOF can assist 

in identifying biomarkers and in the discovery of pathways and cell 

types that are dysregulated in food-allergic diseases (36). Coupling 

CyTOF with magnetic bead enrichment can detect cell types with 

low abundance. Using this combined technique, the frequency, 

phenotype, and function of antigen-specific T cells alone (based on 

their expression of CD154 [CD40L] and CD69; ref. 37) were deter-

mined in greater detail than was previously possible with CyTOF 

alone (38). This technique appears very promising for shedding fur-

ther light into the mechanisms underlying food allergy.

desensitization with immunotherapy and natural tolerance suggest 

that there are mechanistic differences between these pathways.

Variations in desensitization’s durability among patients are 

now being investigated to enable further understanding of the 

mechanistic differences between these variations and to enable 

more durable desensitization with AIT. As there are no available 

biomarkers to assess tolerance, and long-term data are limited, 

durability of desensitization is often determined by measures of sus-

tained unresponsiveness (SU), defined as unresponsiveness to the 

allergen after a predetermined period of allergen discontinuation 

(generally a few weeks) following successful immunotherapy. SU 

rates from 27.5% to 50% were observed with peanut immunothera-

py 4 to 6 weeks after discontinuation of peanut ingestion following 

successful desensitization (23–27), and preliminary data suggest 

that longer periods of immunotherapy treatment may increase SU 

durability. Additional long-term studies can help determine wheth-

er the observed rates of SU are indicative of tolerance.

In the past few decades, we have made great strides in elu-

cidating some of the pathways involved in food allergy, natural 

tolerance, immunotherapy-induced desensitization, and SU. Ini-

tial research focused on the role of IgE antibodies in food allergy 

disorders. The identification of other downstream antibodies (IgG 

and IgA) and key cytokines (IL-4, IL-5, IL-9, IL-13, IL-10, IFN-γ, 

TGF-β, and others) has increased our understanding of humoral 

and cytokine responses in allergy. Current research is now focused 

on clarifying the role of upstream cellular factors (T cells, B cells, 

type 2 innate lymphoid cells [ILC2s], antigen-presenting cells 

[APCs]) and humoral factors (IL-25, IL-33, thymic stromal lymph-

opoietin [TSLP]). In particular, T cells have garnered attention for 

their central role in mediating tolerance and food allergy as well as 

their potential as cell-based therapies (28–30). With the discovery 

of novel T cell subsets and recognition of T cell plasticity and T 

cell receptor (TCR) heterogeneity, the initial simplistic hypothe-

sis that decreasing Th2 or increasing Th1 and restoring Th1/Th2 

balance (31) would ameliorate food allergy is now being modified 

and refined as we gain further understanding of the complexities 

of T cell subsets. A number of CD4+ T cell subsets originating from 

naive T cells have now been identified (Th1, Th2, Th9, Th17, Th22, 

tissue resident memory [TRM] T cells, Tregs, γδ T cells, follicular 

helper T [Tfh] cells, and invariant natural killer T [iNKT] cells), 

and their role in food allergy is an area of active research. In this 

Review, we focus on recent advances in our comprehension of  

T cell–mediated mechanisms of immunotherapy and its durabili-

ty. We provide examples of human studies conducted in the last 3 

years when available and also review studies using animal models 

of food allergy or other atopic diseases when relevant. We also dis-

Figure 1. Systems biology, precision medicine, 

and personalized medicine. High-throughput 

systems biology technologies and concomitant 

advances in data analytics are enabling precision 

medicine and personalized care in food-allergic 

patients. ATAC-Seq, assay for transposase-acces-

sible chromatin with high-throughput sequencing.
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In recent years, other T cells, such as Tfh and γδ T, have been 

implicated in food allergy pathogenesis. TRM T cells are impli-

cated in allergic asthma, and whether they play a role in food 

allergy is currently unclear (53). Most of these studies are in 

animal models, and further research to understand their role in 

humans is ongoing.

Tfh cells provide an alternate source of IL-4. Th2 and Tfh cells 

appear to have overlapping phenotypical and functional character-

istics. In mice, airway exposure to peanut flour led to anaphylaxis 

and increased levels of cytokines (IL-4 and IL-21) and IgE via a Tfh- 

dependent mechanism; genetic depletion of Tfh cells decreased IgE 

(54). Three subsets of Tfh cells (Tfh1, Tfh2, and Tfh17) have been 

identified. In patients with asthma, increases in the frequency of Tfh2 

cells were observed, and Tfh2/Tfh1 ratios correlated with increases in 

IgE, indicating a potential role for Tfh2 in allergy (55, 56).

γδ T cells are predominantly found in the intestinal epitheli-

um and lamina propria and are therefore thought to contribute to 

immune surveillance and bridge innate and adaptive immunity. 

One study found that γδ T cell activation leads to a breakdown of 

oral tolerance in mice (57). In another mouse study, induction of 

food allergy resulted in a decrease in the percentage of γδ T cells in 

intestinal tissues and Peyer’s patches, but not in mesenteric lymph 

nodes or spleen. Blockade of the γδ TCR resulted in elevated food 

allergic responses, characterized by increased IgE and Th2 cyto-

kines, upon peanut sensitization (58). The majority of γδ T cells are 

activated in an MHC-independent manner, in contrast to conven-

tional MHC-restricted αβ T cells. Human γδ2 T cells were found to 

be a major source of IL-9, a cytokine known to mediate Th2-type 

allergic reaction (59). It is now understood that a number of γδ T 

cell subsets exist, and the role of each of these subtypes in allergic 

disease is being evaluated (60). Continuing research on γδ T cells 

will shed further light on their complexities.

T cell mechanisms underlying tolerance
Tolerance is an active process defined as a permanent state of 

unresponsiveness to commonly encountered antigens, even in 

the absence of regular allergen exposure. A large randomized con-

trolled study of more than 600 infants from the Learning Early 

about Peanut Allergy (LEAP) study found that peanut tolerance 

was increased in infants who regularly consumed peanuts, indi-

cating that consumption trained the immune system to become 

tolerant to peanuts in these children (61).

Tolerogenic responses primarily begin with the uptake of 

antigens at the intestinal epithelium. Allergen uptake and antigen 

presentation by DCs or macrophages to naive T cells direct their 

differentiation toward tolerogenic or allergenic subtypes. Initial 

studies suggested that this immune regulation involved homeo-

stasis between T helper 1 (Th1) and T helper 2 (Th2) cells, with 

a Th2 response (IL-4, IL-5, and IL-13) indicative of an allergic 

response and a Th1-skewed response (IFN-γ and TNF-α) indic-

ative of oral tolerance (31). This simplified theory is now being 

modified and refined as we gain further understanding of the 

complexities of T cell subsets.

Current research now indicates that Tregs play a key role in 

mediating tolerance (Figure 3). In tolerance, antigen-associated 

DCs migrate to the draining lymph nodes, where they induce 

differentiation of naive T cells into Tregs, which are then trans-

Next-generation sequencing (NGS) technologies are revolu-

tionizing our ability to characterize allergy at the genomic, tran-

scriptomic (RNA-Seq), and epigenetic levels (e.g., methylation 

levels of each gene) (39). With NGS, millions of DNA fragments 

are attached to a solid surface or support and simultaneously 

sequenced in parallel. Using NGS, a study found differences in the 

fecal microbiome of food-allergic children, siblings, and healthy 

children that may offer clues to genetic and environmental factors 

that contribute to food allergy (40).

MHC class II (MHC-II) tetramer staining has emerged as an 

invaluable tool to T cell immunologists. It enables direct in vivo 

tracking of epitope-specific CD4+ T cells. MHC tetramers can bind 

up to four TCRs simultaneously, creating a much stronger inter-

action than single MHC:peptide complexes, which bind TCRs 

weakly. These tetramer complexes are now considered the gold 

standard for identifying allergen-specific T cells. Construction 

of these tetramers, however, requires prior knowledge of the spe-

cific peptide-MHC components involved, limiting its routine use  

(41–43). Further improvements to this technology include a 

next-generation peptide-MHC dodecamer, which is able to detect 

2- to 5-fold more antigen-specific T cells than tetramers (44).

T cells and the pathogenesis of food allergy
CD4+ T cells are central mediators of food allergy. In individuals 

predisposed to allergic disease, T cells mediate allergic responses 

through release of Th2-type cytokines and IgE production. Patho-

genic allergic responses by T cells can be mediated by increases in 

allergen permeability caused by disruption of the epithelium at bar-

rier surfaces, such as the skin, gastrointestinal tract, or respiratory 

tract. Loss of epithelial barrier integrity can be caused by injury, 

inflammation, or genetic predisposition (e.g., the presence of loss-

of-function mutations in filaggrin, a key component of skin barri-

er function) (45). Figure 2 depicts the mechanism of food allergy 

sensitization via the gut. The main mechanisms underlying sensi-

tization via the skin and lungs are similar to those of the gut, with 

immune deviations toward a Th2 profile and IgE production. Fur-

ther details can be found in a number of excellent reviews (46–49).

In food allergy, disrupted epithelial cells produce the proin-

flammatory cytokines IL-25, IL-33, and TSLP, collectively called 

alarmins. Alarmins mediate their proinflammatory cascade pri-

marily via APCs and naive T cells, but also via mucosal mast cells 

(50) and ILC2s (51). IL-33 upregulates OX40L (the ligand for 

CD134) on DCs and drives differentiation of naive CD4+ T cells to 

Th2 cells (52). Th2 cells are the major cell type skewing immune 

reactions toward allergy by producing the cytokines IL-4, IL-5, 

IL-9, and IL-13. Mucosal mast cells and ILC2s also produce Th2-

type cytokines: ILC2s produce IL-5 and IL-13, and mucosal mast 

cells produce Th9 (52). Together, these type 2 cytokines promote 

IgE class switching by B cells and the binding of allergen-specific 

IgE antibodies to FcεRI receptors on mast cells or basophils that 

primes the cells for allergic response (i.e., sensitization). When 

primed mast cells and basophils encounter an allergen, the FcεRI-

bound IgE antibodies cross-link, activate degranulation, and 

release allergic mediators such as histamine, leukotrienes, and 

prostaglandins into the surrounding tissue. Symptoms of allergic 

response may include production of mucus, infiltration of eosino-

phils, vasodilation, smooth muscle contraction, and other effects.
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and evasion of different classes of organisms and possibly offering 

clues for interventional strategies (69). A combination of multiplex 

PCR, Illumina sequencing, and IMGT/HighV-QUEST detected 

changes in TCR repertoire diversity following kidney transplanta-

tion that may eventually provide biomarkers to monitor immune 

status of tolerance (70). Based on studies in murine models, Fohse 

et al. concluded that an optimal and maximally broad organ- 

specific Treg TCR repertoire is continuously shaped by inter- and 

intraclonal competition for diverse antigens. The study suggests 

that antigen diversity and high TCR diversity are crucial for opti-

mal Treg expansion, peripheral reshaping of Treg TCR repertoire, 

and in vivo suppressive capacity (71). TCR databases with known 

antigenic specificities (such as VDJdb [https://vdjdb.cdr3.net] and 

GitHub [https://github.com/antigenomics/vdjdb-db]) are now 

enabling screening and analysis of repertoires for the presence 

and abundance of particular antigen-specific T cells.

ported to the gut. This process is facilitated by TGF-β and retinoic 

acid production and the expression of indoleamine 2,3-dioxy-

genase (IDO), C-C chemokine receptor type 9 (CCR9), and α
4
β

7
 

integrin. Several Treg subtypes have been associated with toler-

ance, including Foxp3+ Tregs, IL-10–secreting Foxp3– Tregs (also 

known as Tr1 cells), and TGF-β–secreting T helper 3 (Th3) cells. 

Further details can be found in a number of excellent reviews on 

the topic (46, 48, 62–68).

TCR diversity and multiplicity of effect of epitope repertoire 

diversity. Recent advances in high-throughput technologies have 

enabled our ability to measure TCR repertoire diversity and to 

further our understanding of the role of TCRs in tolerance. Anal-

ysis of proteomes based on the contact patterns of T cell–exposed 

motifs found extensive sharing of T cell epitope repertoires among 

the human proteome, gastrointestinal microbiome, and pathogen-

ic bacteria, thus providing insights into the immune recognition 

Figure 2. Mechanism of allergic reaction in food allergy. Allergic reaction is mediated by upregulation of Th2 cytokines and B cell class switching, which 

leads to production of IgE antibodies and degranulation of mast cells and basophils. Degranulation initiates allergic responses, such as smooth muscle 

contraction, eosinophil infiltration, mucus secretion, and vascular permeability. Other cells such as Tfh cells, γδ T cells, and ILC2s are also thought to play a 

role in allergic reactions. Key cytokines involved are IL-25, IL-33, IL-4, IL-5, IL-13, and IL-9.
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of protein) are delivered epicutaneously through a patch (76). In SLIT, 

doses are limited by the concentration of available extracts and the 

volume of liquid that can be held under the tongue. Thus, typical dos-

es start with microgram levels of the allergenic protein and increase 

to milligram doses by maintenance. They are generally approxi-

mately 1000 times lower than OIT doses, which range from milli-

grams to grams (77). OIT’s efficacy is high, with rates of clinical food 

allergy desensitization ranging from 80% to 90% (78–80) — much 

higher than those seen with SLIT and EPIT; however, OIT is also 

associated with a higher rate of systemic adverse events. OIT can be 

performed safely, but should be performed under clinical supervi-

sion so that adverse reactions can be treated promptly. With success-

ful OIT and SLIT, patients can increase their allergenic threshold 

dose so that previously allergenic foods can be consumed at normal 

dietary amounts. Patients who successfully complete EPIT also have 

increases in allergenic threshold dose, but at lower levels, with the 

primary goal of reducing risk of accidental ingestion.

T cell mechanisms of food allergen 
immunotherapy
AIT protocols currently comprise a number of routes of delivery 

and allergen doses. The most common forms of AIT for foods are 

oral immunotherapy (OIT) and sublingual immunotherapy (SLIT), 

which are currently in phase II/III clinical trials (72, 73). The skin’s 

role as a major immunologic organ that may induce protection, 

sensitization, or tolerance is now recognized, and epicutaneous 

immunotherapy (EPIT) is showing promise in phase III clinical 

trials, although only a limited number of clinical trials using EPIT 

have been conducted to date (74). Subcutaneous immunothera-

py (SCIT) is the predominant form of immunotherapy for aero-

allergens, and initial clinical trials of SCIT for food allergies indi-

cated that it was efficacious. However, because of unacceptably 

high rates of adverse reactions, SCIT was largely abandoned (75).

SLIT, OIT, and EPIT differ in allergen doses, efficacy, and safety. 

In EPIT, doses of allergens in the microgram range (~100–1000 μg 

Figure 3. Mechanism of tolerance in food allergy in the gut. Tolerance is an active process: antigen-associated DCs migrate to the draining lymph nodes, 

where they induce differentiation of naive T cells into Tregs, which are then transported to the gut. This process is facilitated by TGF-β and retinoic acid 

production and the expression of IDO and CCR9 and integrin α
4
β

7
. Several subtypes of Tregs have been associated with tolerance, including Foxp3+ Tregs, 

IL-10–secreting Tr1 cells, and TGF-β–secreting Th3 cells.
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T cell alterations that mediate allergic suppression after AIT 

are thought to be due to deviation of Th2-type responses to a Th1-

type response (immune deviation), induction of Tregs (immune 

regulation), deletion of Th2 cells (apoptosis), or Th2 cell anergy 

(unresponsiveness to antigen). It is currently unclear whether 

treatment strategies should be directed toward eliminating effec-

tor Th2 cells or toward increasing antigen-specific Treg respons-

es. Identification of new subtypes of Th2 cells and Tregs has also 

revealed further complexities in the mechanism of food allergy.

The role of Tregs in desensitization has been observed by 

a number of studies; however, at present, there is no universal 

marker for identification of Tregs, and plasticity and overlapping 

function between Treg subtypes is likely (81). CD25 is currently 

used as a marker for Tregs, although it can be found on other cell 

types. Inducible Tregs, both Foxp3+ Tregs and Tr1 cells, have been 

shown to play key roles in desensitization during immunothera-

py. Foxp3+ Tregs produce TGF-β and inhibit Th2 activity. Tr1 cells 

produce IL-10, which directly suppresses IgE, Th2-type cytokines, 

and associated proinflammatory cytokines (81). Patients success-

fully desensitized by peanut immunotherapy displayed Tregs 

with demethylation of Foxp3, but methylation increased again 

in patients who became resensitized to peanuts after a period of 

allergen discontinuation (25). Tolerogenic DCs were capable of 

inducing Tr1 cells at comparable levels in PBMCs derived from 

peanut-allergic and healthy controls; however, Tr1 cells induced 

in allergic patient PBMCs were functionally defective, as they 

were not anergic and had high Th2 cytokine production upon pea-

nut-specific restimulation (82). Successful SLIT for peach allergy 

was linked to immunosuppression of allergen-specific effector 

T cells, potentially due to an increase of allergen-specific Tregs 

(83). Tregs mediate the shift in allergen-specific antibodies from 

the IgE to the IgG4 isotype and ameliorate IgE-mediated allergic 

reaction (84, 85). IgG4 antibodies may act as blocking antibodies, 

intercepting allergens before they cross-link mast cell FcεRI-asso-

ciated IgE. It has also been suggested that IgG4 costimulates the 

inhibitory IgG receptor FcγRIIb, which can negatively regulate 

FcεRI signaling and in turn inhibit effector cell activation (86).

Ryan et al. used MHC-II tetramers to identify allergen-specific 

CD4+ T cells and single-cell gene expression profiling and found 

that successful immunotherapy was associated with the develop-

ment of an anergic Th2 phenotype, which was not present in either 

the pretreatment participants or healthy controls. No Treg induc-

tion was observed in any group (87). Using ex vivo MHC-II tetram-

er staining technology, a study by Wambre et al. further defined 

the role of Th2 cells by characterizing a population of memory 

Th2 cells (Th2a cells) found in peanut-allergic individuals. Fur-

ther, these proinflammatory Th2a cells decreased in patients who 

benefited from peanut immunotherapy and could potentially be 

used as markers to determine prognosis with immunotherapy and 

for refining immunotherapy protocols (88). Single-cell profiling 

of peanut-responsive T cells obtained from patients with peanut 

allergy using flow cytometry and single-cell RNA sequencing 

revealed heterogeneous effector Th2 subsets but not Treg defi-

cits, suggesting that anergy or deletion of Th2 cells is more likely 

in peanut allergy than upregulation of peanut-specific Tregs (89).

Alterations in iNKT and CD8+ T cells have also been observed 

with immunotherapy. iNKT cells can influence adaptive immune 

responses by producing vast amounts of cytokines. In children 

with cow’s milk allergy, OIT induced a significant increase in 

peripheral blood iNKT cells, as well as induced their switch from 

a Th2 to a Th1 cytokine profile (90). In a mouse model, consump-

tion of Food Allergy Herbal Formula-2, a medication based on 

traditional Chinese medicine, protected against peanut-induced 

anaphylaxis by elevating CD8+ T cell IFN-γ production (91). In 

humans, CD8+ T cells expand in response to wheat ingestion in 

celiac disease (92). Our laboratory has shown that individuals 

with food challenge–proven, IgE-mediated peanut allergy have 

increases in allergen-specific CD8+ T cells, and that CD8+ T cells 

recognize specific peanut-derived peptides (93).

Based on our knowledge of T cells in food allergy, there has 

been tremendous progress in clinical research on next-generation 

treatments for food allergen immunotherapy. Vaccines such as T 

cell–based epitope vaccines and allergen-encoding DNA vaccines 

and adjunctive therapies such as omalizumab and probiotics are 

all currently in clinical trials for food allergy. These innovative 

therapies are described below.

Novel vaccine immunotherapies and adjunctive 
treatments with immunotherapy
Epitope-based synthetic peptide vaccines. With advancing knowl-

edge of dominant T cell epitopes of major allergens, epitope- 

specific T cell responses are now being evaluated. Allergenic epi-

topes are considered safer than introducing native food allergens 

because they do not cross-link cell-bound IgE and thus do not 

trigger degranulation of mast cells and basophils. Epitope therapy 

requires identification of immunodominant CD4+ T cell epitopes 

of allergens and their ability to bind to HLA class II molecules. Use 

of peptide epitopes derived from allergens is a recently developed 

approach, and peptide vaccines are being tested in clinical trials 

(94, 95). In peanut-sensitized patients, differences in magnitude 

of T cell response, epitope specificity, and phenotype of symp-

tomatic versus nonsymptomatic peanut-sensitized patients were 

observed. Reactivity against a pool of 19 immunodominant pep-

tides (obtained from the major peanut allergens Ara h 1, 2, and 3) in 

symptomatic patients was dominated by IL-10, IL-17, and to a less-

er extent IL-5. Tetramer staining in a very small subset of patients 

revealed higher levels of chemoattractant receptor–homologous 

molecule expressed on Th2 cells (CRTh2) expression and β
7
 inte-

grin expression in nonsymptomatic and symptomatic patients, 

respectively. CRTh2 is associated with allergic Th2 responses, and 

β
7
 integrin is a gut-homing factor that plays a role in Treg regulation 

(96). A study investigated Ara h 1, 2, 3, 6, and 8 in eliciting T cell 

responses in peanut-allergic individuals and peanut-sensitized but 

not clinically reactive individuals. Using the CD154 upregulation 

assay and the class II tetramer technology, the study showed that 

Th2-type T cell responses in peanut-allergic individuals are direct-

ed against Ara h 1, 2, 3, and 6 and are dominated by an effector 

Th2 phenotype (97). Phase I clinical trials to assess the safety and 

tolerability of PVX108 (Aravax), a synthetic peptide representing 

T cell epitope sequences from major peanut allergens (Ara h 1 and 

2), are ongoing in peanut-allergic adults (Australian New Zealand 

Clinical Trials Registry ACTRN 12617000692336).

Allergen-encoding DNA vaccines to induce Th1 responses. Lyso-

somal-associated membrane protein 1 (LAMP-1) DNA plasmid 
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vaccines are another novel immunotherapeutic approach for 

treating food allergies. The vaccines incorporate the sequence 

of LAMP-1 into plasmids encoding allergen. Upon immuniza-

tion, APCs take up the plasmid and produce the allergen protein 

sequence as part of a fusion protein with LAMP-1. These fusion 

proteins are then directed into the APC lysosome and then the 

MHC-II pathway, stimulating the immune system via a CD4+ Th 

cell response. As the peptide allergen is not released from the 

APCs, the risk of allergic reaction to the vaccine is thought to be 

decreased (98). In a murine model, DNA-LAMP vaccines encod-

ing the major allergens found in Japanese red cedar induced robust 

Th1-type immune responses (99). In clinical trials, the vaccine 

was found to be safe and effective (100). ASP0892, a DNA-LAMP 

peanut vaccine (Astellas Pharma Inc.), is designed to desensitize 

peanut-allergic individuals to Ara h 1, 2, and 3 via a Th1-mediated 

immune response. It is currently in clinical trials (ClinicalTrials.

gov identifier NCT02851277).

Adjunct biologics affecting T cells  
in immunotherapy
Although immunotherapy has been shown to induce desensiti-

zation, its drawbacks include high rates of adverse reactions and 

the temporary nature of desensitization. Anti-IgE antibodies have 

been used as adjuvants in OIT to address these drawbacks. Omal-

izumab (Genentech/Novartis) is a monoclonal anti-IgE antibody 

that has been used as an adjunct to immunotherapy in a number of 

studies (101). It specifically binds to IgE molecules at the same epi-

tope as FcεRI, thereby reducing free IgE in circulation. Omalizum-

ab increases rate of allergen dose increases and decreases time to 

desensitization (102). In a study of patients with peanut allergy, 

OIT with adjunctive omalizumab promoted allergen desensitiza-

tion through an initial omalizumab-dependent step that acutely 

depleted allergen-reactive T cells. The initial response was fol-

lowed by an increase in allergen-specific activity of Tregs due to 

the reversal of their Th2 cell–like activity (103).

Other biologics that are being tested in clinical trials of food 

allergy are dupilumab (Sanofi and Regeneron Pharmaceuticals) 

and ANB020 (AnaptysBio), which block proinflammatory cyto-

kines that induce Th2-type immune responses. Dupilumab is 

an IL-4Rα antibody that blocks IL-4 and IL-13 signaling, and 

ANB020 blocks IL-33 (104, 105).

Microbiome, probiotics, prebiotics, and T cells  
in immunotherapy
There is evidence that the microbiome plays an important role 

in the development of allergies (106). Epidemiologic studies and 

animal models of food allergy indicate that alterations in the 

microbiome due to modern diets can predispose to food allergy 

(107). Probiotics and prebiotics appear to play a role in allergic 

sensitization and disease by themselves or in combination with 

immunotherapy. Bacterial fermentation products, particularly 

short-chain fatty acids (SCFAs) such as acetate, propionate, and 

butyrate, are known to regulate T cells. SCFAs administered to 

mice either via drinking water, as an enema, or as a dietary pre-

cursor increased Foxp3+ Treg levels (108–110). In a mouse model 

of shrimp allergy, oral administration of the lactic acid bacterium 

Bacillus coagulans 09.712 resulted in strong induction of Foxp3+ 

Tregs, production of IL-10, and amelioration of shrimp tropo-

myosin–induced allergic response via suppression of mTOR sig-

naling (111). Supplementation with nondigestible plant-derived 

fructo-oligosaccharides (FOSs) improved OIT efficacy in a mouse 

model of cow’s milk allergy. FOSs are known to directly modulate 

intestinal epithelial and immune cells in addition to acting as pre-

biotics (nutrients for microbiota). Increased levels of Foxp3+ Tregs 

and LAP+ Th3 cells were observed in the mesenteric lymph nodes 

(112). In another mouse model of OVA-induced allergy, dietary 

intake of FOSs attenuated the induction of intestinal Th2 cyto-

kines (113). In humans, preliminary evidence suggests that probi-

otics increase durability of desensitization. Coadministration of a 

probiotic (Lactobacillus rhamnosus CGMCC 1.3724) with peanut 

OIT in a randomized, double-blind, placebo-controlled trial was 

more effective at inducing SU than cotreatment with placebo 

(114, 115); however, the mechanisms by which they mediate their 

effects need to be further explored. In a study of shellfish allergy, 

oral administration of the probiotic strain Bifidobacterium infantis 

14.518 was found to alter gut microbiota composition, induce Treg 

differentiation, and suppress Th2-biased response (116). In chil-

dren with primary sclerosing cholangitis and inflammatory bowel 

disease, treatment with oral vancomycin, an antibiotic generally 

used to treat Clostridium difficile–associated diarrhea, increased 

peripheral levels of Foxp3+ Tregs (117). Mice deficient in induc-

ible Tregs had altered gut microbiota and spontaneously devel-

oped hallmarks of allergic inflammation and asthma, suggesting 

that inducible Tregs have a function in ameliorating allergic-type 

inflammation at mucosal interfaces (118).

Conclusions
Food allergy is a complex and heterogeneous disease. Food 

allergy differs in offending allergen type, epitope, clinical pre-

sentation, and severity of reaction. The parallel advances of 

high-throughput technologies and big data analytics that are now 

available hold promise for precision medicine and personalized 

care by further elucidating the complex pathways that interact 

in mediating food allergy. T cells play a pivotal role in mediating 

response to allergens, and these technologies are assisting with 

further classification of subtypes and function. With the use of 

CyTOF, NGS, and the development of novel reagents for MHC 

class II tetramer staining, we have made tremendous progress 

in the last few decades in expanding our knowledge of mecha-

nisms underlying food allergy, tolerance, and desensitization 

with immunotherapy. The knowledge gleaned from mechanistic 

studies using mouse models of food allergy are now being trans-

lated into clinical trials. We are also learning from animal studies 

and clinical trials on other atopic diseases such as allergic asth-

ma, atopic dermatitis, and others. Current challenges include 

the limited availability of allergen-specific tetramer reagents, 

the limited number of antibodies for surface markers relevant to 

allergy research, the low frequency of food allergen–specific T 

cells, and the need for prior knowledge of HLA types in patients. 

Immunodominant peptides are currently available mainly for 

peanuts and milk, and research into immunodominant peptides 

for other allergens is under way.

In humans, most studies of food allergy have used PBMCs 

rather than relevant gastrointestinal tissues, and this is a major 
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that approved treatments for food allergy will be a reality within 

the next 5 to 10 years.
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shortcoming. With the use of a novel technique, multiplexed ion 

beam imaging (MIBI), and tissues obtained from gut biopsies, 

we hope that this shortcoming can be addressed in the future. 

With MIBI, antibodies are labeled with metallic elements, 

and tissues can be scanned using an ion beam to reveal more 

than 100 proteins simultaneously in a single cell. In addition 

to measuring protein levels on individual cells, it also provides 

information about cell morphology and localization. This novel 

technique has been used to analyze paraffin-embedded human 

breast cancer sections (119) and holds promise for use in food 

allergy research in identifying distinctive proteins in allergic 

and healthy individuals and assisting with targeted therapies 

and clinical diagnostics.

The future of food allergy research looks bright. Research on 

biologics and probiotics as adjunctive therapies with immunother-

apy and novel vaccines for food allergy are under way. It is likely 
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