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Abstract 

Introduction: Allergic diseases constitute one of the most common causes of chronic 

illness in developed countries. The main mechanism determining allergy is an 

imbalance between Th1 and Th2 response towards Th2.  

Areas covered: This review describes the mechanisms underlying the natural tolerance 

to food components and the development of an allergic response in sensitized 

individuals. Furthermore, therapeutic approaches proposed to manage these abnormal 

immunologic responses food are also presented and discussed. 

Expert opinion: In the past, management of food allergies has consisted of the 

education of patients to avoid the ingestion of the culprit food and to initiate the therapy 

(e.g. self-injectable epinephrine) in case of accidental ingestion. In recent years, 

sublingual/oral immunotherapies based on the continuous administration of small 

amounts of the allergen have been developed. However, the long periods of time needed 

to obtain significant desensitization and the generation of adverse effects, limit their use. 

In order to solve these drawbacks, strategies to induce tolerance are being studied, such 

as the use of either adjuvant immunotherapy in order to facilitate the reversion of the 



 
 

Th2 response towards Th1 or the use of monoclonal antibodies to block the main 

immunogenic elements. 

 

Keywords: food allergy, allergens, immunotherapy, nanoparticles, adjuvants, 

monoclonal antibodies, desensitization, tolerance 

 

 

Article highlights box 

• Food allergies are increasing in prevalence, lack current curative therapies, and 

can be life-threatening. In general, they result from immune deviation toward a 

Th2 response, where IL-4, IL-5 and IL-13 induce IgE antibodies that mediate the 

allergic reaction 

• Traditional management of food allergies is associated with a strict avoidance of 

the culprit food and specific training on the recognition of unexpected reactions 

and their management 

• Allergen immunotherapy aims to stimulate a Th1 immune response or generate 

suppressive (regulatory) T cells, resulting in down-regulation of Th2 responses. 

However, conventional immunotherapy (sublingual, oral or epicutaneous) is 

associated with tedious protocols and daily doses for long periods of time 

• The use of nanoparticles as allergen delivery systems for mucosal 

immunotherapy may be an adequate strategy to develop more effective and safer 

treatments, diminishing the allergen exposure to IgE and promoting Th1 and/or 

T-regulatory responses particularly when related to PAMPs (CpG motifs, LPS) 



 
 

• The therapy based on monoclonal antibodies is designed to target circulating IgE 

or specific cytokines (e.g. IL-5) and hence, block the generation of an allergic 

reaction in the presence of the allergen 

  



 
 

Abbreviations 

EAACI: European Academy of Allergy and Clinical Immunology 

FA: food allergies 

PP: Peyer`s patches 

FAE: follicle-associated epithelium 

GALT: gut-associated lymphoid tissue 

PRR: pattern-recognition receptors 

TLR: Toll-like receptor 

APC: antigen presenting cells 

DC: dendritic cells 

SR: self-report 

SPT: skin prick test 

OFC: oral food challenge 

DBPCFC: double-blind placebo-controlled food challenge 

sIgE: specific IgE 

MA: meta-analysis 

SIT: subcutaneous immunotherapy 

SLIT: sublingual immunotherapy 

OIT: oral immunotherapy 

EPIT: epicutaneous immunotherapy 

PAMPS: pathogen associated molecular pattern 

LPS: lypopolisaccharide 

PLGA: poly(DL-lactide-co-glycolide) 

OVA: ovalbumin  



 
 

1. Introduction  

Adverse reaction to foods is a broad term referred to any abnormal response associated 

with food ingestion. Based on the pathophysiological mechanisms involved, these 

adverse effects may be subdivided into either food intolerance or food allergy [1]. Food 

intolerance refer to a physiologic adverse response due to the presence of toxins and 

pharmacologically active components (e.g. vasoactive amines, caffeine or salicylates), 

idiosyncratic responses (e.g. sulfite-induced asthma) or, most commonly, secondary to 

metabolic disorders (e.g. lactase or fructose deficiencies) [2]. 

Otherwise, food allergy is defined as a reproducible effect mediated by any abnormal 

immunologic response to a food in a susceptible host. The European Academy of 

Allergy and Clinical Immunology (EAACI) has estimated more than 17 million people 

in Europe would be affected by at least one food allergy. Furthermore, 3.5 million of 

these patients (21%) would be younger than 25 years [3]. 

From an immunological point of view, food allergies (FA) are mainly mediated by IgE 

[4]. IgE is a unique class of immunoglobulin involved in an immediate allergic reaction 

(hypersensitivity class I) after allergen exposure. This reaction is implicated in the 

pathogenesis of many cases of asthma, rhinitis, urticaria, atopic dermatitis, anaphylaxis 

and gastrointestinal adverse food reaction [5]. In allergic individuals, IgE-mediated 

episodes are the classic immunological reactions against a food allergen and appear, 

usually, after the exposure to one or more specific foods [4]. In contrast, non-IgE-

mediated reactions, are poorly defined, and are believed to be T-cell-mediated. Their 

onset is delayed (after the ingestion of the offending food) and they may produce 

enterocolitis syndrome, dietary protein enteropathies and dietary induced proctocolitis 

[6, 7]. 



 
 

This review focuses on the approaches proposed to treat IgE-mediated FA. Furthermore, 

an updated overview of the mechanisms underlying the natural tolerance to food 

components and epidemiological data is also provided. 

 

2. Physiological and Immunological considerations 

2.1. The gut mucosa 

The gastrointestinal tract encompasses the largest surface area in the human body. Its 

main function is to process ingested food into a form that can be absorbed and used in 

metabolic pathways, but, at the same, to prevent the penetration of harmful pathogens 

into the body [8]. For this purpose, a single-cell layer of columnar intestinal epithelial 

cells, joined by tight junctions and covered with a thick mucus layer that traps particles 

and microorganisms, conforms the so-called “gastrointestinal mucosal barrier” (Figure 

1). Although the majority of cells bordering the intestinal lumen are absorptive 

enterocytes, which are adapted for metabolic and digestive functions, other specialized 

cells (e.g. enteroendocrine cells, goblet cells and Paneth cells) are also present [9]. 

Under this single layer of cells, there is a stroma of loose connective tissue populated by 

lymphocytes. Besides, in some certain parts of the small intestine there is an increase in 

the amount of mucosal lymphoid tissue, which forms conspicuous clusters of lymph 

nodules called Peyer's patches (PP) that extend through the submucosa. PPs are 

surrounded by the follicle-associated epithelium (FAE) that forms the interface between 

the gut-associated lymphoid tissue (GALT) and the luminal microenvironment. The 

FAE contains specialized cells named M cells (for microfold) that transport luminal 

components (e.g. dietary proteins and antigens) and bacteria toward the underlying 



 
 

immune cells, which inhibit or activate inhibit the immune response leading to either 

tolerance or systemic immune cell responses [10]. 

Gel-forming mucins, the major components of mucus, are continuously secreted by 

globet cells, scattered along the gut epithelium, in order to maintain the properties of the 

mucus gel barrier. In addition, luminal and brush border enzymes and bile salts, as well 

as the changing pH conditions along the gut, serve to digest food, destroy pathogens and 

render antigens and allergens less immunogenic. All of these elements, along with 

peristalsis, belong to the non-immunological mechanisms of innate immunity, whereas 

the immunological components include the complement system, phagocytes and natural 

killer cells, among others [11]. On the other hand, the adaptive immune components 

include intraepithelial and lamina propria lymphocytes, PP as well as antibodies (e.g. 

secretory IgA) and cytokines [12]. At the interface of innate and adaptive immunity 

there are the Pattern-Recognition-Receptors (PRRs) (e.g. Toll-like receptors, 

TLRs),which are proteins expressed on/in cells of the innate immune system and have a 

major role in down-regulating or enhancing immune responses. After recognition of 

microbial pathogens, TLRs trigger induction of inflammatory cytokines and 

chemokines [13]. TLR signaling also up-regulates costimulatory molecules on 

specialized antigen presenting cells (APCs), such as dendritic cells (DCs), essential for 

inducing an specific adaptive immune responses [13].  

 

2.2. Oral Tolerance and Immune response to food 

FA are mainly caused by dietary proteins. Generally, dietary proteins and other food 

components are chemically and enzymatically degraded in the stomach and intestine. 

However, in some cases, some segments or epitopes of these proteins resist the 



 
 

digestive processes within the gut and may induce a hypersensitivity reaction after 

interacting with mucosal immune system. These epitopes (or allergens) share some 

features: they are water-soluble glycoproteins, from 10 to 70 kDa in size, and relatively 

stable to heat, acid, and proteases [4]. The interaction or contact between the allergen 

and the immune system may occur in different ways. Thus, some DCs project 

“dendrites” that penetrate the epithelium to sample luminal antigens/allergens [8]. In a 

similar way, M cells overlying PP can take up particulate allergens and deliver them to 

sub-epithelial DCs [8]. Soluble proteins cross the epithelium through transcellular or 

paracellular routes to encounter T cells or macrophages in the lamina propria [14]. 

Finally, dietary proteins can be also taken up by intestinal epithelial cells that would act 

as non-professional APCs, given that they constitutively express MHC molecules on 

their basolateral membranes [15] and can present antigen to primed T cells (Figure 1). 

 

Oral tolerance, or the state of local and systemic immune unresponsiveness, is produced 

by an active suppression by regulatory T cells and/or a clonal anergy (deletion). 

Regulatory T cells suppress immune responses through soluble or cell surface–

associated down-regulatory cytokines (e.g. IL-10, and TGF-β) [8] (Figure 2). On the 

other hand, anergy can occur through T-cell receptor ligation in the absence of co-

stimulatory signals provided by soluble cytokines (e.g. IL-2) or by interactions between 

receptors on T cells (CD28) and counterreceptors on APCs (CD80 and CD86) [16]. 

Clonal deletion occurs by means of FAS-mediated apoptosis, which can be blocked by 

the proinflammatory cytokine IL-12 [17]. 

When a food allergen (that has survived to digestion) pass through the epithelial barrier, 

it may be presented by APCs. In some individuals, and for reasons still not well 



 
 

understood, the presentation of the antigen to T-cells in presence of IL-4 starts a 

differentiation to Th2. These Th2 cells produce more IL-4, IL-5 and IL-13 that 

encourage the production of IgE. This first contact with the allergen is called 

“sensitization”. Then, and after a new exposure to the antigen (elicitation phase), 

allergen become attached to the FcεRI on the surface of effector cells (mast cells, 

eosinophils and basophils), triggering the rapid release of proinflammatory mediators, 

generally within minutes, including histamine and leukotrienes that cause the symptoms 

of allergy [18] (Figure 2). 

Food allergy likely results from either a failure in establishing oral tolerance or a 

breakdown in existing tolerance. In the former, the maturity of both immunological and 

mechanical barriers is an important factor preventing the development of FA. Therefore, 

in some cases, children between 2-7 years “outgrow” the allergy without any treatment 

due to mucosal maturation [19]. In the later, in a susceptible host, a failure to develop or 

a breakdown in oral tolerance may result in sensitization to food allergens [20]. Thus, 

decreased gastric acidity caused by potent antacids can lead to increased sensitization in 

both children and adults [20]. In a similar way, altered intestinal permeability leading to 

increased exposure to intact proteins might promote sensitization and might enhance the 

severity of food-induced allergic reactions [4].  

 

3. Diagnosis, prevalence and economic burden  

FA may cause from acute and relatively mild symptoms to severe, life-threatening 

reactions (anaphylactic shock), which require immediate medical treatment. FA most 

commonly affects the skin (atopic dermatitis, urticaria, angioedema, eczema and various 

skin rashes) [4]. In parallel, frequent gastrointestinal manifestations are also associated 



 
 

with cutaneous symptoms, including dyspepsia, diarrhea, gastroesophageal reflux, oral 

pruritus and angioedema [4]. In some cases, symptoms may be triggered in the 

respiratory tract (e.g. laryngeal edema, rhinorrhea, bronchospasm, dyspnea and nasal 

congestion), and/or the cardiovascular system (e.g. tachycardia and hypotension) [21]. 

Fortunately, anaphylactic shock is much less frequent than skin rashes or symptoms in 

the gastrointestinal tract.  

The variety, pattern and threshold of these symptoms turn difficult the diagnosis of the 

food allergy. Therefore, the diagnosis has to be based on strict, well-defined food 

elimination and challenge procedures establishing a causal relation between the 

ingestion of a particular food (or food protein) and a subsequent obvious clinical 

reaction [22]. The first step is always the patient’s history aimed at identifying the 

suspected relevant food(s) and the relationship between the ingestion of a specific food 

and the occurrence of symptoms. Then, the dependence of clinical manifestations from 

an immune mediated reaction must be assessed. For this purpose, skin prick test (SPT) 

and specific IgE (sIgE) determinations are usually used [23]. SPT is a well-

standardized, simple, cheap, high negative predictive value (>90%) and low-risk 

diagnostic test. However, the SPT to foods have a low specificity with a low positive 

predictive value [23]. Thus, a positive result cannot be considered as a definitive 

diagnosis [23].  

The quantitative methods used nowadays to determine sIgE show high levels of 

sensitivity (and negative predictive values), with high specificity and positive predictive 

value [24]. Specific IgE (sIgE) levels exceeding a certain value (“diagnostic cut-off”) 

are considered as a predictive value for a symptomatic allergy [25]. Thus, in the 

presence of a compatible clinical history, sIgE can confirm the diagnosis of FA without 



 
 

requiring further challenge tests. Nevertheless, patients with poly-sensitization and 

pollen-food syndromes, frequently require oral provocation tests (OPT) for a correct 

identification of the sensitization profile [26]. These tests consist of gradually increasing 

doses of the appropriately diluted food, starting from the lowest dose and checking the 

presence of relevant symptoms. Ideally these OPT should be double–blind placebo-

controlled food challenge (DBPCFC). Apart these conventional diagnostic tools, other 

complementary tests (i.e, the atopy patch test, the basophil activation test and 

electrodermal tests) have also been proposed [23].  

In spite of the fact that FA can arise to any food, more than 85% of these disorders are 

related to the ingestion of milk, egg, peanut, tree nuts, shellfish, fish, wheat, sesame 

seed and soy [27]. Allergies to milk, egg, soy and wheat, are usually outgrown within 

the first ten years of life [27]. In contrast, allergies to peanut, tree nuts, fish, and 

shellfish are often lifelong disorders. Peanut and tree nuts are responsible for the most 

serious allergic reactions and food-allergy related fatalities [28]. Tables 1-3 summarize 

some studies reporting the prevalence for different FA. For peanut allergy, the 

prevalence is around 2% (Table 1) for general population; although, children with 

atopic disorders would tend to have a higher incidence [29]. Studies have also shown 

that children with atopic dermatitis and food allergy have a higher prevalence of allergic 

rhinitis and asthma [25]. For shellfish (Table 2) and cow’s milk allergy (Table 3), the 

pooled estimate of prevalence is close to 0.5-0.6% when SPT and/or OFC were used to 

calculate these values. In case of tree nut, the prevalence rate would be in the range 

between 0.4 and 1.4% of the overall population [30]. Finally, fruit and vegetables 

allergies would affect to a 0.4-6.6% and 0.5-2.2% of the population, respectively [30]. 



 
 

In spite of the high incidence of FA, few studies describe their economic impact. 

Initially, two types of costs may be considered: the direct medical cost (office visits, 

rescue medication, visits to emergency department, hospitalization, medicines…) and 

the indirect costs such as the need of special foods or the loss of productivity. In case of 

children, these indirect costs might be higher due to the need of caregivers. In 2007, for 

an estimated prevalence in children of 5-6% and 3.7% in adults, the direct medical costs 

due to FA were estimated by Patel and collaborators around $300 million whereas the 

indirect costs accounted for $200 million [44]. Office visits reported for 52.5% of costs, 

and the remainder was split between emergency visits (20%), inpatient hospitalizations 

(11.8%), outpatient visits (3.9%), ambulance runs (3%), and epinephrine devices (8.7%) 

[44]. In a similar way, a European study of 2013 showed that food allergic children 

suffered from four more annual visits to health care professionals than healthy children. 

These annual direct medical cost were estimated to be 1,334$ per child [45]; although 

the indirect costs, especially those borne by families, were not quantified. In a very 

recent study, Gupta and collaborators did a comprehensively quantification of the 

economic impact of childhood food allergy in US (using a prevalence of 8%). Overall, 

the food allergy cost was calculated to be $24.8 billion annually or $4184 per child. The 

cost borne by families was estimated in $20.5 billion [46]. 

 

4. Treatment 

For a long time, the only available management in FA was the strict avoidance of the 

culprit food and its substitution, if possible, by hydrolysed formulas or artificial 

supplements containing the essential nutrients [22]. However this nutritional 

intervention approach is risky and has to be complemented with training on the 



 
 

recognition of unexpected reactions and their management, including (in some cases) 

the administration of self-injectable epinephrine [47]. In spite of this, severe accidental 

reactions are frequent owing to the ubiquitous use of some of these allergens (especially 

peanut, milk and egg). Nevertheless, in the last years, important efforts to develop 

effective methods to protect food allergic individuals from severe reactions and 

potentially cure them are underway. These new approaches include allergen-specific 

therapies and immunomodulatory treatments. The immunomodulatory treatments, also 

known as non-allergen specific therapies include, among others, the use of anti-IgE 

antibodies to interrupt inflammatory signals. The allergen-specific therapies are based 

on the administration of increasing doses of the culprit food (or allergen) or on the 

induction of tolerance by the association of the allergen to specific adjuvants.  

 

4.1. Allergen-specific therapies 

The allergen specific therapies aim to alter the allergic response to the allergen without 

triggering an adverse immune response to the therapy itself. If the therapy is effective, 

ideally, the food can be consumed in normal quantities with no symptoms. In principle 

different approaches may be identified, including the use of immunotherapy with 

standard food allergens, immunotherapy with hypoallergenic mutants and the use of 

adjuvants to facilitate the delivery and presentation of the allergen (proteins or plasmid 

DNA) to APCs in order to induce tolerance. 

 

4.1.1. Allergen immunotherapy 

Allergen immunotherapy is based on the continuous administration of small amounts of 

the allergen in order to provide protection against the allergic symptoms and 



 
 

inflammation associated with the natural exposure to the allergen [48]. In food allergy, 

immunotherapy may result in desensitization or tolerance to the specific allergen. The 

term “desensitization” refers to a temporary and reversible state, in which patients are 

able to eat a higher allergen dose without any symptom during treatment when 

compared with pre-treatment tolerated dose [5]. In contrast, sustained unresponsiveness 

(immunological tolerance) is the ability to ingest the allergen without adverse reaction, 

some weeks after stopping receiving therapy. Different routes of administration have 

been investigated, including subcutaneous, sublingual, oral and epicutaneous routes. In 

all cases, immunotherapy tries to reduce the ratio Th2/Th1 and induce T-regulatory 

effector cells. These changes are reflected by an increased production of IL-10 by APCs 

and other immune cells that, along with TFG-beta (Figure 2) induce a class switching B 

cells to IgG4 and IgA, and a suppression of IgE production [49]. In addition, IgG4 and 

IgA compete with IgE for allergen binding, decreasing the allergen capture by 

basophiles [50]. 

4.1.1.1 Subcutaneous immunotherapy (SIT) 

SIT, as other immunotherapeutic approaches, involves long and tedious protocols such 

as weekly injections during a build-up phase, followed by monthly maintenance 

injections for a period of 3–5 years [51]. Although efficacy of SIT has been 

demonstrated (e.g. hay fever and hymenoptera sensitivity), for FA entails the risk of 

systemic anaphylactic reactions [52]. In fact, different studies have been recorded 

significant adverse events (with, in general, modest clinical improvements), suggesting 

that SIT may be an unsuitable treatment modality for FA [53]. 

4.1.1.2 Sublingual immunotherapy (SLIT) 



 
 

SLIT involves the administration of small drops of an allergen extract (in doses ranging 

from micrograms to milligrams) under the tongue, which is held for 2 minutes and then 

swallowed [54]. SLIT ameliorates clinical symptoms in a variety of IgE-mediated 

respiratory diseases, including asthma and rhinoconjunctivitis [55]. This fact would be 

related with the direct activation of Langerhan's cells in the oral mucosa, which are 

protolerogenic, leading to down-regulation of the allergic response [56]. 

SLIT protocols for the treatment of food allergy typically comprise two phases: a build-

up phase consisting of weekly to biweekly dose escalations administered until a target 

dose is reached followed by a second maintenance phase in which daily home dosing 

over the course of months or years is administered [57]. In the maintenance regimen, the 

daily doses of the allergen are often within the range of 2–7 mg protein [54, 58]. 

In spite that there are few studies of SLIT, hopeful results for the treatment of patients 

with several common FA have been obtained, including peanut [59], milk [60], hazelnut 

[61], and peach [62] allergies. Regarding hazelnut allergy in adults, a randomized 

double-blind placebo-controlled trial showed that, after 5 months of treatment, SLIT 

increased the threshold of patients to this nut from 2.3 g to 11.6 g without allergic 

symptoms after an OFC [63]. In another interesting study with peanut allergic children, 

who underwent 6 months of dose escalation followed by 6 months of maintenance 

dosing, the treatment permitted to safely ingest 20 times more peanut protein compared 

to the placebo group. This fact was correlated with a decrease in skin prick test wheal 

size and decreased basophil responsiveness after stimulation with peanut. However, no 

changes were observed in the percentage of regulatory T cells, or IL-10 and IFN-γ 

production [59]. Moreover, SLIT treatment of peach allergic patients during 6 months 

increased up to 9-fold their tolerability to the fruit [62]. 



 
 

4.1.1.3 Oral immunotherapy (OIT) 

OIT usually involves the daily and gradual administration of small amounts of an 

allergen mixed with a food vehicle over the course of several months to years [54]. 

Unlike other routes of food allergen-specific immunotherapy, OIT utilizes the pathways 

underlying oral tolerance that are the physiologic response to ingested food protein 

antigens [63].  

In general, OIT protocols comprise a first step in which an initial rapid dose escalation 

(e.g. 6-8 doses of the allergen in 1-2 days) followed by a build-up phase of about 6-12 

months till a target dose is reached. Afterwards, a maintenance phase during several 

months or years is conducted at home [58]. Doses of food allergens in OIT are 

significantly higher than those used in SLIT protocols [54]. The permanence of 

protection is usually tested with the intentional interruption of OIT dosing for at least 4–

12 weeks followed by a ‘tolerance’ food challenge [64].  

For cow’s milk allergy, the rates of desensitization after OIT range from 36% to 77% 

with an estimate of tolerance close to 30% [65]. In a MA of studies with milk allergic 

patients, desensitization was 10 times more likely in OIT-treated than in non-OIT-

treated individuals [65]. For egg allergy, the estimated desensitization interval is 

between 75-100% with tolerance rates close to 30% [66, 67]. Regarding peanut allergy, 

results and success rates are highly variable with good figures for desensitization but 

very modest values when tolerance is measured. Thus, in a long-term study of peanut 

OIT, 24 subjects were treated up to 5 years with maintenance daily dose with 4 g of 

peanut protein [68]. One month after stopping OIT, only 50% passed a challenge and 

were considered to have achieved sustained unresponsiveness and added unrestricted 

peanut to their diet. With a shorter duration of peanut OIT, after two years of daily 



 
 

dosing with 4 g of peanut protein, 87% became desensitized [69]. However, after 3 

months of strict peanut elimination, only 30% of patients passed the peanut challenge 

and, following an additional 3 months period of peanut avoidance, only 13% remained 

tolerant during the final peanut challenge. 

Comparing OIT with SLIT, in general, available evidences suggest that SLIT is less 

effective than OIT in inducing desensitization, but provides a better safety profile [60]. 

However, up to date, no adequately controlled and rigorous trials of OIT (or SLIT) have 

demonstrated the development of permanent tolerance (or even long-term 

desensitization) due to therapy as opposed to natural acquisition [70]. 

4.1.1.4 Epicutaneous immunotherapy (EPIT) 

EPIT involves the application of an allergen-containing patch to the skin surface in 

order to activate the skin Langerhans cells [58] and, hence, promote the down-

regulation of effector cell responses. The use of the epicutaneous route for allergen 

immunotherapy has been facilitated by the development of Viaskin® (DBV 

Technologies, France), which allows the allergen to be applied repeatedly onto the 

intact skin at home for a long-lasting contact but without any injection or swallowing of 

the allergen [71]. This device is a polyethylene electrically charged system containing 

the allergen that is slowly released from the patch to the skin allowing reaching 

epidermal immune system without any risk of massive transcutaneous passage [71]. 

A proof-of-principle study for use of EPIT in patients with food allergy was conducted 

in a 3-month pilot in 18 children presenting milk allergy [72]. Treatment consisted of 

three 48-hour patch applications on the back (using skimmed milk powder as active 

substance) per week for 3 months. Adverse events were mostly local erythema/eczema 

occurring at application sites and remaining visible for several days; whereas the 



 
 

cumulative reactive dose of milk increased about 10 times in the treatment group at the 

end of the study. In another study with peanut allergic children who receive a patch for 

18 months, the responder rate (defined as at least a 10-fold increase in cumulative 

reactive dose from baseline) was estimated to be close to 70% [73]. Apparently, EPIT 

presents a safer profile than other current immunotherapies.  

However, EPIT is strongly dependent on skin condition. Thus, in animal studies, it has 

been shown that EPIT in intact skin decreases specific IgE levels and increases specific 

IgG2a antibodies (Th1 response). On the contrary, when EPIT is applied on stripped or 

wounded skin, the specific IgE levels in the plasma of animals significantly increases 

whereas the amount of IgG2a remains constant [74].  

 

4.1.2. New approaches for allergen immunotherapy 

With conventional allergen immunotherapy, the need for daily dosing raises concerns 

regarding patient adherence over long periods of time, as well as unintentional dosing 

interruptions due to illness or travel. Moreover, adverse reactions are frequent during 

the treatment and in some cases are unacceptable for clinical standard practice. 

Considering these concerns, new immunotherapy methods are being considered in order 

to increase the risk-to-benefit ratio and to recuperate the confidence of the patients at the 

beginning and, later to continue with the treatment. In this context, the synthesis of new 

antigens with reduced allergenicity (e.g. mutated recombinant proteins) may be an 

interesting approach. The use of mutated recombinant proteins instead of native food 

allergens may be adequate to avoid the activation of mast cells during specific allergen 

immunotherapy. The objective is to identify IgE binding sites on proteins and modify 

these sites to ablate IgE binding, while preserving their ability to stimulate T cells. This 



 
 

strategy has been successfully used to generate hypoallergenic mutants of peanut [75], 

fish [76] and apple allergens [77].  

Another interesting strategy would be the use of “adjuvanted” immunotherapy. In fact, 

the association of allergens with mucosal adjuvants has been proposed in order to 

develop more effective and safer immunotherapy treatments. In a simplistic approach, 

depending on their mode of action, adjuvants may be classified into two different 

groups; although, some compounds can act by both mechanisms simultaneously. The 

former would include those adjuvants that act as delivery systems facilitating the uptake 

and presentation of the antigen/allergen by the APCs [78]. The latter would include the 

immunomodulatory agents that specifically bind to the PRRs on the host cells (e.g. 

TLRs), triggering their activation [50]. Among others, this group of immunopotentiators 

includes the so-called “pathogen associated molecular patterns” (PAMPs) such as the 

lipopolysaccharide (LPS) from Gram-negative bacteria and their derivatives (e.g. 

monophosphoryl lipid A), flagellin and CpG motifs. 

Regarding the use of adjuvants in food SLIT and OIT, these compounds should be 

adapted to the anatomic and physiological characteristics of the gut. Thus, these 

adjuvants should avoid the mucosal physiological barriers and gain access to the 

epithelium through the intricate network of glycoproteins covering their targets [50]. 

Once there, these mucosal adjuvants should facilitate the antigen uptake by APCs and, 

ideally, stimulate and/or promote a Th1 immune response without inducing 

autoimmunity [78]. For these purposes, particulate delivery systems based on polymers 

and macromolecules may be a good strategy. In fact, these devices constitute a group of 

delivery systems with interesting abilities as adjuvants for both conventional and 

mucosal vaccination, since they can enhance the delivery of the loaded antigen to the 



 
 

gut lymphoid cells, due to their ability to be captured and internalized by cells of the 

GALT [50]. Furthermore, nanoparticles may be used to load the biologically active 

material (e.g. allergens) offering the following advantages: (i) protection from 

hydrolysis and/or enzymatic degradation, (ii) controlled and sustained release properties 

of its cargo, and (iii) co-encapsulation of the allergen and co-immunostimulatory 

molecules (e.g. CpG motifs or LPS). In addition, these polymer nanoparticles may be, 

in general, easily tailored in order to improve their mucus-penetrating properties and/or 

targeting abilities. Among others, nanoparticles based on poly(DL-lactide-co-glycolide) 

(PLGA), chitosan or poly(anhydrides) have given encouraging results for mucosal 

allergen delivery. 

Therefore, Pecquet and collaborators were the first to propose the use of PLGA 

microparticles to elicit oral tolerance against an allergen [79]. In their work, they 

demonstrated that the oral administration of β-lactoglobulin encapsulated in PLGA 

particles elicited a greater oral tolerance than the free protein. In fact, the tolerogenic 

efficient dose was reduced 10,000 times, compared to oral administration of soluble 

lactoglobulin [79]. In another interesting work, the possibility of increasing the 

capability of PLGA nanoparticles to promote Th1 responses was evaluated by their 

combination with CpG sequences [80]. CpG motifs provide steric hindrance to reduce 

IgE binding and enhance Th1 responses by stimulation of TLR9, APCs and NK cells to 

secrete gamma-interferon (IFN-ɣ) and IL-12 [81]. Thus, the oral administration of 

PLGA-CpG nanoparticles containing a peanut extract during 4 weeks to laboratory 

animals provided a long-lasted protection from anaphylaxis to repeated challenge. 

During this period, animals treated with the nanoparticles displayed lower levels of 



 
 

specific IgE, IgG1 (Th2 marker) and pro-Th2 cytokines (IL-4, IL-5 and IL-13) than 

controls [80]. 

Another interesting class of nanocarriers for allergen oral delivery are those based on 

the copolymer of methyl vinyl ether and maleic anhydride (Gantrez AN®). 

Interestingly, these poly(anhydride) nanoparticles induced innate immune responses 

mediated by TLR-2 and TLR-4 dependent manner and maturation of DCs with a 

significant up-regulation of CD40, CD80, and CD86 and a biased Th1 present response 

in animal models [82]. This is an important finding since it has been recently shown that 

the use of multiple TLR-agonists influence the induction of long-term memory cells 

[83]. 

One single dose of these nanoparticles, using ovalbumin (OVA) as a food allergen 

model and orally administered to mice, induced high serum levels of both OVA-specific 

IgG2a (Th1 marker) and IgG1 (Th2 marker) levels as well as high levels of IgA and IL-

10 [84, 85]. Moreover, these nanoparticles were able to decrease the anaphylactic 

symptoms of sensitized animals and to protect them from death after a challenge with 

OVA administered intraperitoneally, in contrast to the control group [84]. Interestingly, 

the co-encapsulation of LPS in these OVA-loaded poly(anhydride) nanoparticles, but 

not its binding to the nanoparticle surface, also protected sensitized mice from the 

challenge [84].  

In another work using a peanut protein extract, similar poly(anhydride) nanoparticles 

were prepared and orally administered to laboratory animals. After one single dose, 

nanoparticles induced a balanced Th1 and Th2 antibody response, accompanied by a 

low specific IgE induction. Furthermore, the levels of pro-Th2 cytokines (IL-4, IL-5, 



 
 

IL-6) were lower compared to control, whereas mice treated with the nanoparticles 

containing the peanut extract displayed high levels of IFN-ɣ and IL-10 [86].  

Another interesting material for the preparation of nanoparticulate adjuvants is the 

cationic polysaccharide chitosan. Firstly, chitosan is capable of driving potent cell-

mediated immunity, promoting DC maturation by inducing type I interferons and 

enhancing antigen-specific T helper 1 (Th1) responses in a type I IFN receptor-

dependent manner [87]. Secondly, nanoparticles based on chitosan possess bioadhesive 

properties prolonging their residence within the mucosal surface. Thirdly, its cationic 

character is ideal to design devices for the delivery of polyanions, such as DNA or RNA 

[88]. In this context chitosan nanoparticles were proposed for the oral delivery of a 

pDNA encoding for Arah2, a dominant peanut allergen. Compared with non-immunized 

mice or mice treated with 'naked' DNA, animals immunized with nanoparticles showed 

a substantial reduction in allergen-induced anaphylaxis associated with reduced levels 

of IgE, plasma histamine and vascular leakage [88].  

 

4.2. Non-allergen specific therapies 

In this group a variety of different procedures have been proposed including the use of 

Chinese herbal therapies [89], engineering lactic acid bacteria [90], and helminthic 

therapies [91]. However, the more interesting approaches would be those based on the 

use of monoclonal antibodies and probiotics. In principle, their main advantage is that 

they would allow for the treatment of multiple FA in a single patient with one therapy. 

 

4.2.1 Monoclonal antibodies 



 
 

In the last years different monoclonal antibodies have been proposed as therapeutic 

tools to specifically target and block the main actors involved in the generation of an 

allergic reaction. Table 4 summarizes some of those monoclonal antibodies that would 

be of interest for treating FA. Two of these monoclonal antibodies (omalizumab and 

talizumab) present a similar mechanism of action. Omalizumab, a humanized 

recombinant IgG1 antibody, binds Fc portions of circulating IgE and reduce cell surface 

levels of IgE due to the binding to FcεRI on cell surface [92, 93]. Given its mechanism 

of action, recent reports have suggested its potential clinical use for the effective 

treatment of food allergy and some forms of anaphylaxis [94] as well as to reduce side 

effects of some OIT [93]. 

In another interesting study, talizumab (TNX-901) was evaluated in peanut allergic 

patients. TNX-901 induced an important increase in the threshold dose on peanut 

challenge eliciting allergic reactions from a mean of 90 mg to 1,400 mg of peanut 

protein [95]. Another interesting biological that may block the generation of an allergic 

reaction is mepolizumab that specifically binds IL-5 [96]. This monoclonal antibody has 

been recently approved for the treatment of patients presenting severe asthma with an 

eosinophilic phenotype [97]. Finally, lumiliximab, a primatized macaque/human anti-

CD23 monoclonal antibody is capable of reducing the IL-5 allergen-mediated secretion 

by Th2 cells and mast cells [98]. Figure 3 shows the mechanism of these monoclonal 

antibodies in the allergic reaction induced by a food allergen.  

 

4.2.2. Probiotics 

Several studies have shown the immunomodulatory effects of probiotic bacteria. Thus, 

certain strains of lactobacilli and bifidobacteria would inhibit the synthesis of Th2 



 
 

cytokines and would act as potent inducers of IL-10 production in different peripheral 

blood mononuclear cell cultures [90]. In vivo, the oral administration of a probiotic 

mixture containing 8 different probiotic strains displayed beneficial effects in OVA-

sensitized mice, with a reduction in symptoms severity and a down-regulation of Th2 

cytokine mRNA expression, in particular IL-13, IL-4 and IL-5 [101]. In another study, 

the oral administration of Bifidobacterium lactis and Lactobacillus acidophilus to OVA 

sensitized mice decreased the serum levels of OVA-specific IgE, IgG1 and IgA. 

Additionally, the level of IL-4 was significantly lower, and the levels of IFN-γ and IL-

10 were significantly higher in the sensitized mice treated with probiotics than those 

observed in controls [102]. Other authors showed that the oral administration of 

Lactobacillus rhamnosus GG in atopic children resulted in elevated IL-10 

concentrations, indicating that specific probiotics may have anti-inflammatory effects 

and, possibly, they would also enhance regulatory or tolerance-inducing mechanisms 

[103]. In peanut allergic patients, the co-administration of Lactobacillus rhamnosus as 

adjuvant improved the efficacy of the OIT treatment [104]. 

 

5. Conclusions 

In summary, FA, defined as an adverse immune response to food proteins, affect to an 

increased percentage of population. Currently, management of FA consists of educating 

the patient to avoid ingesting the responsible allergen and initiating therapy if 

accidentally this ingestion occurs. In the last years novel therapeutic approaches have 

been proposed including allergen-specific immunotherapies (oral, sublingual or 

cutaneous administration) and immunomodulatory treatments (e.g. monoclonal 

antibodies, probiotics, etc.). Allergen immunotherapy involves the administration of 



 
 

daily small amounts of an allergen over long periods of time (up to some years), that 

compromise the adherence of patients to the treatments. In addition, these 

immunotherapy treatments would not offer adequate tolerogenic immune responses. In 

order to solve these drawbacks, the association of allergens with nanoparticulate 

adjuvants would be an adequate approach to develop more effective and safer 

treatments. Thus, nanoparticles can be designed to reach the gut epithelium and, taken 

into account their inherent inclination to be naturally captured by APCs, facilitate the 

development of tolerance by promoting strong and lasted Th1 responses. On the other 

hand, immunomodulatory treatments based on monoclonal antibodies have been 

proposed in order to block the allergic response. Nevertheless, in spite of the significant 

progress developed in the last years, there is still much to be done to offer these new 

approaches to food allergy patients. 

 

6. Expert Opinion 

Food allergy is an immune-based disease that has become a serious health concern that 

affects children and adults and seems be increasing in prevalence. As the most common 

food allergens are highly prevalent in the diet, patients and their families must stay alert. 

Surprisingly, despite the risk of severe allergic reactions (e.g. anaphylaxis) and even 

death, the disease was only managed by dietary modifications, education, and 

behavioral approaches to avoid allergens as well as pharmacological management of the 

symptoms in urgent cases. This absence of adequate treatments contrast with the 

success of therapies for other allergic diseases such as asthma, allergic rhinitis and 

insect-venom anaphylaxis, for which different types of drugs (e.g. steroids, 

bronchodilators or vasoconstrictors) and immunotherapy are highly effective.  



 
 

In the last years, allergic-specific therapies have been proposed for desensitization and, 

eventually, induce tolerance by sublingual, oral or epicutaneous routes of 

administration. All of these immunotherapeutic treatments are based on the 

administration of increasing doses of the allergen in order to reach a target dose. Then 

the allergic patient receives daily the maintenance dose for long periods of time (from 

months to years). As a consequence, the antibody isotype would change from IgE to 

IgG4 inducing desensitization. However, this conventional allergen immunotherapy is 

completely dependent on the patient motivation and her/his adherence over long periods 

of time without interruptions. In addition, patient compliance may be affected by 

adverse reactions during treatment. Last but not least, in accordance with literature data, 

conventional immunotherapy would yield interesting desensitization figures but, on the 

contrary, the tolerance rates would be very discrete. As a consequence, the guidelines 

for the treatment of FA do not still recommend this kind of therapy. 

In order to solve these drawbacks, the use of adjuvants to facilitate the induction of 

“protective” tolerogenic immune responses may be an interesting approach. Thus, for 

sublingual and oral immunotherapies, nanoparticles may act as mucosal adjuvants due 

to their inherent capability to carry the loaded allergen towards the surface of the 

epithelium and, then, facilitate its uptake and presentation by the APCs. In addition, 

some kinds of nanoparticles, such as those based on the use of the copolymer of methyl 

vinyl ether and maleic anhydride would induce innate immune responses (mediated by 

TLR-2 and TLR-4 as well as maturation of DCs and a biased Th1 response). In any 

case, nanoparticles may be used to co-encapsulate the allergen with an 

immunopotentiator (e.g. CpG motifs, LPS). All of these strategies are devoted to 

promote an intense and lasting “protective” Th1 response whilst avoiding systemic side 



 
 

effects associated with cross-linking of IgE on mast cells and basophils, which implies 

the risk related to conventional whole allergen extracts. On the other hand, the use of 

nanoparticles may be also a good strategy to deliver orally plasmid DNA encoding for 

dominant allergens that may be transduced in the intestinal epithelium. This expression 

of the protein encoded by the pDNA would induce tolerance. Although further studies 

are necessary to really verify the potential of this approach in clinical management, all 

of these capabilities of nanoparticles open new possibilities for the treatment of FA. 

Finally, during the last years, another interesting strategy to treat FA based on 

monoclonal antibodies has been proposed. In this case, the specific design of antibodies 

against circulating IgE or specific cytokines (IL-5) may block the generation of an 

allergic reaction. This approach shows an important advantage over allergen 

immunotherapies. Monoclonal antibodies are not designed to treat just one specific food 

allergy but, on the other hand, they provide neither a desensitization effect nor a 

tolerogenic status to the patient. However, one aspect to be explored would be the 

potential improvement on the immunotherapy effects associated with these monoclonal 

antibodies. In summary, more proactive treatment for food allergy is urgently needed to 

address the associated health risk and social burden. 
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Table 1. Estimated prevalence for peanut allergy in different countries. OFC: oral food 

challenge; SR: self-report; SPT: skin prick test; sIgE: food-specific IgE determinations; 

DBPCFC: double-blind, placebo-controlled food challenges; MA: meta-analysis. 

 

Area Age 

(years) 

Sample 

size 

Method Prevalence Ref 

USA 7-10 616 SR, sIgE 2% [31]

Canada 8-9 5161 SR, SPT, sIgE 

DBPCFC 

1.6% [32]

Australia 1 5276 SR, SPT, OFC 3% [33]

Denmark 

 

12-14 237 SR, DBPCFC 5.3% SR [34]

OFC, DBPCFC 0.6% OFC [34]

Singapore 4-6 4390 SR 3.6% [35]

Singapore 14-16 6450 SR 1.2% [35]

Philippines 14-16 11322 SR 1.3% [35]

 

 

  



 
 

Table 2. Estimated prevalence for shellfish allergy in different countries. OFC: oral food 

challenge; SR: self-report; Q: questionnaire; SPT: skin prick test; sIgE: food-specific 

IgE determinations; DBPCFC: double-blind, placebo-controlled food challenges; MA: 

meta-analysis. 

 

Area Age 

(years) 

Sample 

size 

Method Prevalence Ref 

USA General 8203 SIgE 1.0 [36] 

Canada 

 

General 9667 

 

SR (perceived), SR+ 

Q (Probable); 

SPT/sIgE (Confirmed)

Perceived: 1.6% 

Probable: 1.4% 

Confirmed: 0.7% 

[37] 

Children SR (perceived), SR+ 

Q (Probable); 

SPT/sIgE (Confirmed)

Perceived: 0.6% 

Probable: 0.5% 

Confirmed: 0.1% 

[37] 

Adult SR (perceived), SR+ 

Q (Probable); 

SPT/sIgE (Confirmed)

Perceived: 1.9% 

Probable: 1.7% 

Confirmed: 0.7% 

[37] 

Singapore 4-6 4115 SR 1.2% [35] 

Singapore 14-16 6342 SR 5.2% [35] 

Philippines 14-16 11158 SR 5.1% [35] 

 

 

  



 
 

Table 3. Estimated prevalence for milk and egg allergy in different world regions. OFC: 

oral food challenge; SR: self-report; SPT: skin prick test; sIgE: food-specific IgE 

determinations; DBPCFC: double-blind, placebo-controlled food challenges; MA: 

meta-analysis. 

 

Area Age 

(years) 

Sample 

size 

Method Prevalence Ref 

MILK 

USA General 8203 SR, sIgE 0.4% [36] 

USA 1 9667 SR 0.4% [38] 

Portugal > 39 659 SR 3.8% [39] 

Israel 1 13019 SR, SPT, OFC 0.5% [40] 

UK 3 642 SPT, OFC 0.5% [41] 

Europe 2 9336 SR, SPT, sIgE, DBPCFC 0.5% [42] 

EGG 

USA General 8203 SR, sIgE 0.2% [36] 

Portugal >39 659 SR 7.7% [39] 

UK 3 642 SPT, OFC 1.4% [41] 

Australia 1 5276 SR, SPT, OFC 9% [33] 

Europe 2 9336 SR, SPT, sIgE, DBPCFC 0.8% [43] 

 

 

  



 
 

 

Table 4. Monoclonal antibodies with potential application in food allergy. 

Monoclonal 

antibody 

Company Activity Application Ref 

Lumiliximab 

 

Biogen Idec 

Limited  

Anti-

CD23 

 

Binds to CD23 that regulates IgE 

production and allergy-induced 

immune and inflammatory 

responses, reducing Th2-type 

immune responses 

[98] 

Mepolizumab 

(Nucala®) 

GSK Anti-IL5 Binds to human interleukin 

5 (IL-5), the key Th2 cytokine 

responsible for regulation of blood 

and tissue eosinophils  

[99] 

Omalizumab  

(Xolair ®) 

Genentec Anti-IgE Binds to circulating IgE, reducing 

IgE receptor expression, and 

decreasing mediator release from 

mast cells and basophils  

[94] 

TNX-901/ 

Talizumab 

Tanox 

Genentec 

Novartis  

Anti-IgE Binds to circulating IgE and 

specifically target IgE-expressing 

B lymphocytes, without triggering 

the activation of mast cells and 

basophils 

[100]

 

  



 
 

Figure 1. Schematic representation of the “gastrointestinal mucosal barrier”. Depicted 

are the pathways used for food allergens to reach and penetrate the mucosal: through 

DCs able to project “dendrites”, through specialized M cells or by transcellular and 

paracellular routes. In same circumstances, dietary proteins can be also taken up by 

intestinal epithelial cells. 

 

  



 
 

 

Figure 2. Mechanisms of allergic reactions. After an initial exposure, allergens are taken 

up by professional APCs that present peptides on MHC II (CD80+) to naive Tcells 

(CD4+), which activate a cellular immune response and IgE production. Thereafter, high 

amounts of specific IgE antibodies are produced and bind to high affinity IgE receptor 

(FcεRI) in membranes of circulating basophils and mast cells. This signal stimulates the 

release of proinflammatory substances such as histamine, serine proteases, platelet 

activating factor, cytokines, leukotrienes and prostaglandins, which are responsible for 

the symptoms and signs of allergic diseases. 

 

  



 
 

 

Figure 3. Effect of monoclonal antibodies in the reaction induced by a food allergen. 

 

 




