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ABSTRACT 

 

Food allergy (FA), as having drastically increased and considerably affected the quality of life 

(QoL) of patients in recent decades, has positioned itself as a global health and socio-economic 

issue. IgE-mediated FAs are characterised by a great variability of clinical features with systemic 

affection, caused by the disruption of the oral tolerance and the induction of Type 2 immune 

responses against certain food allergens. No cure has been elucidated, what justifies the 

increasing emphasis that has been placed on building a better management that could improve 

patients´ QoL and finding actual causative therapies. Thus, allergen-specific immunotherapies 

(AITs) have been proposed as the most promising strategies. Although all their different 

modalities are known to have disadvantages related to safety and efficacy, molecular allergology 

has emerged with different approaches and adjuvants that could surmount these constraints. 

Among these approaches, virus-like particles (VLPs) have shown immunomodulator 

characteristics when applied along with the food allergens. They could be used to rewrite the 

allergic immune response towards a long-term regulatory type 1 response, also ensuring an 

adequate safety profile and improving AITs efficacy. Despite that, few studies concerning this 

application have been conducted, being absolutely necessary to suggest and try different 

approaches in preclinical trials to bring conclusions. Norovirus-like particles (NoVLPs) have 

ended up as excellent vaccine platforms with potential characteristics to drive immunological 

changes that could result in a successful AIT. Hence, here it is proposed a promising AIT approach 

using rPru p 3, the recombinant version of the major allergen of peach, conjugated with NoVLPs 

to treat peach allergy, the most common FA in the adult population of southern Europe. This 

allergenic vaccine, PruNoVacc, will be applied orally and subcutaneously, as being the most 

efficacious route and the only route assayed with VLPs, respectively. In theory, the limitations 

about safety and efficacy should be overcome thanks to the characteristic of allergen-

conjugated VLPs of not eliciting allergic reactions and the incredible immunomodulatory 

properties of NoVLPs. Also, although it is most likely that foreseen and unforeseen limitations 

will appear after first trials, the wide variability of approaches and the new to come will surely 

be able to surmount any constraint. This is only the beginning of a project which, on account of 

all the research and new approaches that are being continuously proposed, will have great 

possibilities of overcoming all the emerging problems, succeeding and reaching firmly and 

strongly clinical trials in the near future. 
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ABSTRACT (SPANISH) 

 

La alergia alimentaria (AA), afectando considerablemente la calidad de vida de las personas que 

la padecen, ha aumentado drásticamente en las últimas décadas, lo que la ha llevado a 

posicionarse como un problema sanitario y socioeconómico global. Las AAs mediadas por IgE 

incluyen una combinación compleja de factores genéticos y ambientales, que desembocan en 

una gran variabilidad de características clínicas con afección sistémica. No se establece 

adecuadamente la tolerancia oral hacia ciertos alérgenos alimentarios y se producen respuestas 

inmunológicas de tipo 2 contra ellos. Junto a esta preocupación, el hecho de que no se haya 

elucidado todavía una cura, es motivo de que se estén realizando gran cantidad de estudios para 

mejorar la calidad de vida de los pacientes y para encontrar una terapia que sea capaz de 

erradicar la enfermedad. Entre estas terapias, las inmunoterapias específicas de alérgeno (ITAs) 

han sido las más prometedoras desde que se propusieron.  Aunque sus modalidades no han 

demostrado una eficacia y seguridad adecuadas en ningún caso, los grandes avances de la 

alergología molecular han permitido desarrollar diversas estrategias que podrían mejorar los 

valores de estos parámetros. El uso de partículas similares a virus (VLPs, por sus iniciales en 

inglés) ha sobresalido como una gran estrategia inmunomoduladora y de distribución de los 

alérgenos. De hecho, podrían ser utilizados para redirigir la respuesta inmune alérgica hacia una 

respuesta inmunológica tipo 1, reguladora y que se mantuviese a largo plazo, además de 

asegurar en todo momento la seguridad y mejorar la eficacia de la inmunoterapia. A pesar de 

ello, todavía pocos estudios han tenido en cuenta su aplicación, por lo que se necesita plantear 

y ensayar todas las estrategias posibles en ensayos preclínicos para extraer conclusiones 

prácticas. Dentro de los diferentes tipos de VLPs, han destacado últimamente las partículas 

similares a norovirus (NoVLPs). Estas pueden ejercer como una excelente plataforma de 

presentación de antígenos y con propiedades inmunomoduladoras capaces de solventar las 

limitaciones de las diferentes modalidades de las ITAs. Por lo tanto, con toda esta información, 

se propone en este proyecto la creación de una vacuna alergénica (PruNoVacc) contra la alergia 

al melocotón, la AA más común en el sureste de Europa. PruNoVacc estaría formada por NoVLPs 

conjugados a rPru p 3, el alérgeno mayoritario del melocotón recombinante. Además, se plantea 

el uso de la inmunoterapia oral por ser la modalidad más eficaz, considerando también la 

subcutánea, tras haber dado buenos resultados en otros estudios con VLPs. Con esta estrategia, 

debería ser posible obtener una seguridad y eficacia adecuadas. Esto es así, debido, por un lado, 

al hecho de que los VLPs conjugados con alérgenos no generan respuestas alérgicas y, por otro 



xi 

lado, a las increíbles características inmunomoduladoras de los NoVLPs. Además, aunque es 

evidente que tras poner en práctica esta estrategia podrían surgir nuevas limitaciones, la gran 

variabilidad de propuestas y adyuvantes existentes, y los que están por llegar, podrán, sin duda 

alguna, hacerles frente. Este es solo el comienzo de un proyecto que, gracias a todos los estudios 

y trabajos propuestos y a los que se siguen proponiendo, tendrá grandes posibilidades de tener 

éxito en el futuro, lo que permitirá llevar esta increíble estrategia a ensayos clínicos. 
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CHAPTER 1: FOOD ALLERGY. INTRODUCTION 
 

 

1.1.    STATE OF ART 

 

Food allergy (FA) has turned into one important medical issue to take into consideration, 

justified by its prevalence, that has drastically increased in recent decades and also, by its clinical 

manifestations, which in worst cases include severe reactions that can cause death and always 

symptoms that could notably alter patients’ quality of life (QoL).  In addition, no cure has been 

elucidated, making clear the need of a better understanding of this pathology (1).  

 

The most explicative and simple definition of FA is: an immunological reaction against a food 

allergen that gives rise to specific allergic symptoms. It is possible to identify three types of FA 

based on the immunopathogenic mechanism: IgE-mediated (immediate hypersensitivity), non-

IgE-mediated and mixed reactions. Regardless of the process involved or more important, the 

food involved, it could result in multiorgan affection: skin damage, respiratory affections, 

gastrointestinal disturbances… Not only talking about mild manifestations, as in oral allergy 

syndrome (OAS), but also, severe reactions, as in anaphylaxis (1,2). Specifically, this project is 

focused on IgE-mediated FAs due to the fact that this field has been extensively studied and 

more advances have been achieved in order to propose future therapies. 

 

FA affects people of all ages, races/ethnicities and socioeconomic classes, but not in the same 

way. Additionally, even though it is estimated that over 220 million people worldwide suffer 

from FA, precise epidemiological data is difficult to obtain due to the great number of factors 

involved (2). Only in the USA (2018), over 10% of the population was likely to suffer from IgE-

mediated FA. Furthermore, as mentioned, FA affects differently all kinds of people. Also in the 

USA, it has been well described the existence of racial, socioeconomic and psychosocial 

differences, among others (3,4,5,6) (FIGURE 1). I.e., it has been confirmed that Black, Hispanic and 

other races have higher rates of FA and more variability than non-Hispanic white people (4) 

(FIGURE 1A).  Also, children in the lowest-income stratum spend more than twice on food 

allergy-related emergencies than those in higher ones (5) (FIGURE 1B). And moreover, the 

greater number of food allergies people have, the greater psychosocial impact is reported; 

depending also on which foods are the drivers (6) (FIGURE 1C). Finally, higher prevalence rates 

of FA were reported in urban areas than rural areas and the cause is attributed to different 

environmental conditions, something that will come back later in this first chapter (3). 
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Allergies, including FAs, are immunologically classified as type I hypersensitivity responses (1). 

The development of these diseases is very complex and multifactorial, what justifies the large 

number of studies that have attempted to uncover immunological mechanisms underlying these 

diseases. Indeed, several physiological and immunological processes are implicated with 

multiple genes and proteins. And hence, any of them could have been altered, helping to trigger 

this pathology. Furthermore, it is totally necessary to take into account environmental stresses 

and even our microbiome, have an important role in activating and altering certain pathways, 

even by introducing epigenetic changes in our desoxyribonucleic acid (DNA) (1,2,7). 

 

Management of FA patients should be personalized because of this great variability of habits 

and genetic alterations implicated, which originates different clinical features. Thus, a precise 

and accurate diagnosis for detecting each possibility is fundamental. Clinical history, prick tests, 

specific serum IgE detection and oral food challenges (OFCs) are common diagnostic tools used 

*

*

* *

** 
** 
*** 

*** 

FIGURE 1. Racial, socioeconomic and psychosocial differences among food allergy-affected people. A. Main 
Differences and variability in prevalence among races, based on the data from Gupta S. R. et al. (2019)4. B. 
Differences in Emergency department expenditures according to household’s income (P≤.05), based on the data 
from Bilaver A. L. et al. (2016)5. C. Reduction of quality of life caused by food allergy. Differences in single or 
multiple food allergy-affected ones and according to some primary drivers, based on the data from Howe L. et al. 
(2014)6. 1QoL score: the higher the score, the worse the quality of life (QoL). Parameter calculated with a summated 
rating scale using the Food Allergy Quality of Life-Parental Burden (FAQL-PB) form of 17 scoring questions 6. 2SFA: 
Single Food Allergy. 3MFA: Multiple Food Allergy. *P<.05. **P<.001. ***P<.0001. 
 

*

** 

** 

2 3 

1 

A B 
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by clinicians. Indeed, the latter is considered the diagnostic gold standard for FA, mostly done 

as a double-blind placebo-controlled challenge (2). Recently, component resolved diagnosis 

(CRD) and different versions of basophil activation tests (BATs) have emerged as resourceful 

techniques used in vitro. Using these techniques could help to diagnose effectively, avoiding 

adverse reactions related to OFCs. Lastly, molecular diagnostics is continuously improving and 

providing new methodologies using recombinant allergens and novel biomarkers (8). 

 

Finally, and most importantly, there is not an effective and causative treatment for FA. Strict 

avoidance and treatment of reactions remain as the mainstay of management. Nowadays, 

emerging therapies, such as immunotherapies, are being developed. Even though they are very 

promising, it is still necessary more research for increasing its molecular comprehension and 

reducing adverse effects (9). Thus, having been briefly introduced in the present-day of food 

allergies, it is possible to delve further into the three objectives of this project: 
 

• To delve into the molecular foundations of food allergy and the functioning of the immune 

system. 

• Understanding of the application of immunotherapies and its possible adjuvants, especially 

virus-like particles, for altering the course of this disease. 

• To integrate all this knowledge for the development of an effective therapy that could be 

experimentally studied in the future. 

 

1.2.   PATHOPHYSIOLOGY OF IgE-MEDIATED FOOD ALLERGY 

 

Before getting through the current management of FA, it is necessary to understand thoroughly 

the immunopathologic mechanisms involved in IgE-mediated FA. This condition has been 

classically described as a CD4+ T cell Th2 response. Nowadays, as will be described, it is also 

valued the role of the innate immune system as a very important trigger in these new called 

type 2 (T2) responses. This pathology basically consists of three phases: Tolerance disruption, 

sensitization and elicitation. Once the tolerance breakdown occurs and sensitization to the food 

allergens is achieved, specific-IgE (sIgE) are generated to them. Then, a reexposure of the 

allergen could trigger a fast-physiological response that could be fatal. The elicitation of this 

response is caused by the allergen-mediated cross-linking of allergen-specific IgE bound to the 

high affinity IgE receptor (FcRI) on mast cells and basophiles, which activates the release of 

cytoplasmic mediators, such as histamine and leukotrienes, out from these cells. The result is 

the typical symptomatology of FA, ranging from mild symptoms to severe ones (10). 
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1Dedicatory of cytokinesis 8. 2Inmune dysregulation, poliendocrinopathy, enteropathy, X-linked. 3Severe dermatitis, 
multiple allergies and metabolic wasting. 4Transforming growth factor beta. 5Serine Protease Inhibitor Karzal type 5. 5NLR 
Family Pyrin Domain Containing 3. 6Signal Transducer and Activator of Transcription 6. 

TABLE 1. Pathogenic pathways in genetic disorders involving food allergies (FAs) and other possible genes implicated 
in the development of FA. 

1.2.1. Genetics of food allergy. 

 

First of all, it is necessary to understand how deeply our genetics are involved in the process of 

tolerance disruption and the development of FA. Several studies have reported promising data 

to support associations of genetic variants with FA. Among these studies, it is important to 

highlight those related to heritability estimations in particular food allergies. For example, in 

peanut allergy, it could be around 80% amid monozygotic twins (11,12). Furthermore, several 

monogenic disorders, like Netherton and Locys-Dietz syndromes, course with FAs and some 

pathways have been discovered that could be related to atopy and allergy. Also, genome 

associations have contributed with more genes implicated in FA (13,14), with some of them and 

the aforementioned pathways summarized in TABLE 1. As shown, the pathogenic changes and 

gene variants implicated in FA are mostly related to a CD4+ T cell Th2 bias and a reduction of T 

regulatory cells (Tregs). Finally, it is worth mentioning the role of human leukocyte antigen (HLA) 

alleles in contributing to the immunogenicity of certain epitopes and sensitization to the food 

allergens. For instance, HLA class II haplotypes DR and DQ have been proposed to have an 

important impact on the development of food allergies as peanut allergy (15).  Also, a recent 

genome-wide association study (GWAS) have reported the existence of shrimp and peach 

allergy-specific loci in the HLA DR/DQ region (16). 
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1.2.2. Environmental effects on food allergy 

 

In addition to genetics, it is important to study how the environment and people habits can lead 

to the development of FA. For example, it has been reported that many twin pairs were 

discordant for sensitization to a specific allergen (25), alluding to an important environmental 

effect. Several hypotheses have been suggested to cover this topic. Firstly, there is the hygiene 

hypothesis, in which it is proposed that children undergoing extreme cleaning and total 

avoidance of pathogens are more prone to allergies (1). Related to this, it has been confirmed 

that urban children and those who more often avoid microbial exposure have higher rates of FA 

than, for example, children whose parents practice traditional pharming (1,3,26). Along with, our 

diet is another notable external factor which could determine relevant vitamin levels or the 

composition of our microbiome (27). Specifically, vitamin D deficiency has been studied as an 

important determinant, being the core of the vitamin D hypothesis (1,28). Finally, also commensal 

microbiota could determine which types of antigen-presenting cells (APCs) are predominant in 

our intestine, being decisive in defining the oral tolerance and a possible Th2 bias (1).  

 

1.2.3. Oral tolerance 

 

Recapitulating, having understood these uncertain contributions, it is possible to delve into the 

development of this condition and its three phases. In general, oral tolerance is induced as the 

default pathway for food proteins that are transported across the gut epithelium (1) (FIGURE 2A). 

It is achieved by the interaction among numerous cells and their molecular products. For 

example, M cells contribute with an active uptake of food proteins through the epithelial barrier. 

Also, there are specialized cells producing certain cytokines (CKs) and other molecules, which 

promote Tregs differentiation and activation. For Instance, specialized macrophages produce 

regulatory CKs, such as IL-10 or TGF-. Also, and most importantly, CD103+ dendritic cells (DCs) 

are capable to migrate to mesenteric lymph nodes and express relevant molecules, such as the 

integrin α4β7 or an aldehyde dehydrogenase. The latter is responsible for metabolizing retinoic 

acid, which is determinant for inducing FOXP3 in T cells and allowing their differentiation into 

Tregs at the expense of other subtypes. These Tregs are acclaimed to be the regulator cells per 

excellence since, without any pathological disturbance present, they are capable to ensure a 

regulatory ambient in mucosa and the oral tolerance of food proteins (1,2,29). Besides, several 

subtypes of Tregs and various mechanisms of immunoregulation have been described, including 

the induction of regulatory IgA-producing B cells (29,30).  
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FIGURE 2. Oral tolerance and tolerance disruption to ingested food proteins. A. Allergens can be uptaken by the epithelial 
barrier through M cells, among other mechanisms. CD103+ Dendritic cells (DCs) and tolerogenic macrophages ensure a 

regulatory environment by producing cytokines (CKs) as IL-10 and TGF-. Besides, these cells action is supported by the 
commensal microbiota and, especially, by the regulatory T cells (Tregs), which also produce IL-10 and induce regulatory 
plasma cells. Tregs induction is favoured by this environment and CD103+ DCs antigen-presentation, which also helps to 
induce the expression in Tregs, via retinoic acid, of gut-homing molecules as α4β7 integrins. B. Tolerance disruption and food 
allergens sensitization may occur after the arousal of danger signals. In this situation, epithelial cells release IL-25, IL-33 and 
thymic stromal lymphopoietin (TSLP). Under these conditions, mucosal DCs acquire a proallergic phenotype and innate 
lymphoid cells type 2 (ILC2) expand and produce IL-4, among other CKs. This environment change favours the induction of 
allergen-specific Th2 cells and the suppression of Tregs. Th2 cells promote the final induction of IgE-producing plasma cells. 
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1.2.4. Tolerance breakdown and sensitization in the gut 

 

Otherwise, all these tolerogenic processes might be pathologically altered in what is called the 

tolerance breakdown, also illustrated in FIGURE 2B. As mentioned before in genetics, a CD4+ T 

cell Th2 bias and a suppression of Tregs activity are very related to this pathology.  In fact, the 

number of proallergic cells increases, including Th2 cells with the production of sIgE. This 

aberrance, along with the loss of Tregs or other immunoregulatory mechanisms, gives rise to 

the sensitization to determined allergens and, consequently, possible food allergies. Among the 

triggers of this event are included: bacteria and virus infections, injuries, microbiota disbalance… 

On the whole, all of them can practically contribute to a destabilization of CKs balance, 

promoting the phenotypic change of the tolerogenic APCs and the formation of a local reservoir 

of IL-4, both determinant in Th2 cells induction and expansion (1). Lastly, other triggered events 

need to be mentioned. Particularly, epithelial cells have been extensively studied because of 

their production of thymic stromal lymphopoietin (TSLP), IL-25 and IL-33 during this process, CKs 

known as alarmins and for being very implicated in T2 responses (1,3). Indeed, it has been 

reported that once an allergy is established, the innate immune cells such as epitheliocytes are 
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reprogrammed epigenetically in a pathogenic way (26,31). In addition, alarmins favoured the 

expansion of type 2 innate lymphoid cells (ILC2s) and their production of T2 CKs: IL4, 5 and 13 

(32). Also, for a greater comprehension, it is necessary to mention that the process of sensitization 

can occur due to an exposure through other pathways or epithelia. Even though this is a recent 

and counterintuitive fact, it is suggested that food allergen exposure could happen through 

other vias, like through damaged skin or the respiratory tract, and trigger the breakdown of 

tolerance (33,34). Finally, it should be noted that, despite the fact that knowledge about this 

subject is hugely expanding, its origins and how exactly evolves still remain uncertain (1,2). 

 

1.2.5. Elicitation 

 

After sensitization is achieved, new food allergen exposures could trigger allergic reactions. 

However, it is important to differentiate a sensitization status from a clinical reactivity one. This 

because, apart from the presence in serum of sIgE, there are other relevant factors that 

conditionate clinical reactivity to a certain allergen: mastocytes and basophiles thresholds for 

activation, the presence of specific regulatory immunoglobulins… (35,36). Hence, considering a 

subject with clinical reactivity, after a reexposure of the food allergen, the elicitation process 

begins. This means that the allergen-antibody cross-linking ends in the release of cytoplasmic 

factors, such as histamine, tryptase or leukotrienes, in mast cells and circulating basophiles. This 

pathway brings about local and systemic manifestations ranging from local pruritus to an 

anaphylactic shock, which is characterised by a high drop in body temperature (1,37). 

 

1.2.6. Novel biomarkers and prospects for the future 

 

The pathophysiology of FA is immensely complicated and its utter understanding is still remote. 

Even so, research is non-stopping and providing continuously more clues. Recently, it has been 

reported the existence of novel biomarkers that could help with the comprehension of these 

diseases. It is worth mentioning the discovery of new cells subtypes, such as regulatory ILCs 

(ILCregs) or Th2a cells, which could be implicated in the acquisition of tolerance or the process 

of sensitization, respectively (38). Furthermore, it has been described in a recent review that 

numerous studies are suggesting the importance of non-coding ribonucleic acids (ncRNAs) in T2 

responses and the aim of targeting them with new therapeutical agents (39).  New contributions 

like these are continuously being reported and possibly new approaches will be proposed in a 

not too distant future. Having understood the first pillar of this project, it is possible to begin 

with a deep comprehension of its management and future therapies. 
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FIGURE 3. Most common drugs used in the symptomatic treatment of allergies. A. Antihistamines are the first-
line agents for treating milder allergic reactions. They functioned as histamine antagonists and prevent them 
from triggering cell responses that end in allergic symptoms as itch or edema. B. Epinephrine is prescribed as 
the first-line therapy for severe food allergic reactions. It is capable of binding various cell receptors and 
preventing edema and the release of more mediators, restoring the circulation and the airway functioning and, 
consequently, reducing the severity of allergic reactions. 

CHAPTER 2: FOOD ALLERGY MANAGEMENT. 

 

2.1. CURRENT MANAGEMENT OF FOOD ALLERGY. 

 

The variety and complexity of clinical profiles with FA creates the need to find and build a 

personalized treatment for food allergy patients. Unluckily, nowadays there is a great disparity 

of diagnostic pathways and the lack of an adequate approach that connects the health care and 

the community. Nevertheless, increasing emphasis is placed on building a proper management 

and researchers are providing new insights into possible causative therapies (40). 

 

Strict allergen avoidance still remains as the mainstay of management, which occasionally might 

be challenging, as proved by many cases of accidental ingestions. Hence, correct food labelling 

is crucial. Normally, the most common allergens are listed on product labels, but there are cases 

in which FA is caused by uncommon allergens or listing is not certain. Furthermore, cross-contact 

(indicated in labels with “may contain (allergen name)”) might occasion certain anxiety and 

some people ignore this possible cause of reactions (41,42). In addition, food avoidance might 

derive in the need of nutritional supplementation (i.e. cow´s milk allergy) (41). Nevertheless, 

recently it is being evaluated the possibility of introducing tolerogenic forms of food allergens. 

They are proposed as beneficial and safe meals and also, as possible immunomodulators 

functioning in a similar way to some approaches considered in immunotherapies (43). 

 

As explained, accidental allergen ingestion is cause of substantial morbidity and death.  There 

are current strategies to treat the symptoms (not the disease), depending on the degree of 

severity (42). Antihistamines and epinephrine are the most common drugs used (FIGURE 3).  
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Even though symptomatic treatment is effective, it is necessary to avert any possibility of severe 

damage to these patients. That is why all FA patients should have a written emergency 

treatment plan. In addition, medical alert jewellery should be recommended to those who are 

at risk for severe allergic reactions or people unable to communicate about their condition. Also, 

carrying self-injectable epinephrine in these cases is a must (41). 

 

One point is clear as far as food allergies are concerned- these pathologies, although not very 

severe, affect considerably patients’ QoL. For this reason and awaiting definitive therapies, the 

final establishment of a coordinated approach and management must be the first priority. 

Fortunately, the advances in immunotherapy are creating hope and it is believed that a 

definitive cure might be possible in the near future (42). This justifies why this methodology 

constitutes the second pillar of this project, being fully explained and described below. 

 

2.2.    FUTURE PERSPECTIVES. EMERGING IMMUNOTHERAPIES. 

 

Allergen-specific immunotherapy (AIT) itself is not a new milestone, as it was first proposed in 

clinical practice by Leonard Noon at the beginning of the last century (44). Even so, this therapy 

remain as the unique medical alternative capable of altering the natural course of allergy. AIT 

induces a protective immunity against allergens that consists of the production of allergen-

specific IgG blocking antibodies and favourable changes, not yet fully understood, on the cells 

of the innate and adaptive immune system (45). These immunological changes have been 

demonstrated as the responsible factors for stopping the severe allergic reactions from 

occurring, with excellent results in Hymenoptera venom allergy and allergic rhinitis (45,46).  

 

Despite all that, AIT is not yet applicable to most allergies, including practically all FAs. Indeed, 

it was not until the 1990s when fear of possible severe reactions was diminished and FA was 

really considered as a possible target for AIT (45). Since then, although it has been confirmed 

certain efficacy for these therapeutics, it has not been possible to improve their actual safety 

and effectiveness (47). Thus, in order to overcome these hurdles, diverse routes of administration 

and novel adjuvants have been proposed. For example, oral and epicutaneous AIT have been 

suggested as the most promising modalities for FA treatment. Also, various studies suggest that 

biologic therapies, as monoclonal antibodies, can be useful to reduce side effects during AIT 

application. Finally, it is interesting that new molecular approaches are emerging. They include 

diverse adjuvants that could lead to improvements in AIT application (45,47). 
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Table 2. Comparison of efficacy, safety and patient compliance parameters among all the different modalities of  
allergen-specific immunotherapies (AITs), regarding to food allergy (without adjuvants). 

1Subcutaneous immunotherapy. 2Oral immunotherapy. 3Sublingual immunotherapy. 4Epicutaneous immunotherapy. 
5Intralymphatic immunotherapy. 6The US Food and Drug Administrations. 7Multiple food allergies. PalforziaTM and 

ViaskinTM are two allergenic vaccines for peanut allergy used in OIT and EPIT, respectively. : Low but sufficient.  

: Moderate. : High. : Very low or insufficient. ?: Not reported or validated.  —: Not tested. 

2.2.1. AIT modalities. Routes of administration 

 

As mentioned, several modalities of AIT have been proposed and investigated. Each of them has 

particularities in their approach and vary in what route of administration is applied, but the 

overall design is similar. This design consists of administering small but increasing doses of an 

allergenic vaccine (allergenic pharmaceutical product that is derived from natural allergenic 

sources in this case) over several months until a maintenance dose is achieved, being an 

exception the epicutaneous modality, as will be explained. The maintenance dose has to be 

continued endlessly until a desensitized state is accomplished (3-5 years), which is characterized 

by a sustained unresponsiveness (SU) to the food allergen. OFCs are normally needed at the 

beginning to guarantee clinical reactivity in patients and also, at the end, when doctors need to 

corroborate their desensitization status (48). Additionally, it should be noted that patient 

compliance usually is poor due to the fact that this treatment could be very long-lasting (49). 

 

Thus, there are various modalities based on the route of administration: Subcutaneous, oral, 

sublingual, epicutaneous and intralymphatic, mainly. They all have advantages and 

disadvantages that need to be fully understood in order to decide which one is the best option 

for FA patients. It is shown a brief and visual comparison among all of them in TABLE 2 (47,50,51,52). 

 

  

 

 
AITs 

 
EFFICACY 

 
SAFETY 

 

PATIENT 
COMPLIANCE 

 

FOOD ALLERGIES 
TESTED 

 

 

COMMENTS 

 
SCIT1 

     
   

 
Peanut 

Extensively studied for 
more than a century. 
Possible future with 

adjuvants. 

 

 
OIT2    

 
 

Peanut, egg, milk, 
wheat and multi-

food 

FDA6 approval for 
PalforziaTM (53). 

Possible solution for 
MFA7. 

Combination with SLIT 
pre-treatment improves 

safety? 
 

SLIT3    

 

Peanut, hazelnut, 
milk and peach 

Combination with OIT 
posttreatment improves 

efficacy?  
 

 

EPIT4    

 

 
Peanut and milk 

 

Phase III clinical trial for 
ViaskinTM (54) completed. 
Not approved by FDA 

yet. 
 

 
ILIT5 

 
? 

 
?  

 
— 

A clinical trial for peanut 
allergy is already 

published, still not 
recruiting. 
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Subcutaneous IT (SCIT) 

This route of administration was the first in being implemented, and therefore, the underlying 

mechanisms are better known than the rest. The allergenic vaccine is administered by 

subcutaneous injections and systemic adverse reactions justify poor patient compliance to this 

modality (46). 

 

While it has been useful for venom and environmental allergens, studies related to FAs, as 

peanut allergy, have ended unsatisfactorily due to a high rate of systemic allergic 

manifestations, leaving this route as a less plausible way of treatment (55,56). Nevertheless, new 

approaches, like using recombinant hypoallergens, and adjuvants, like virus-like particles, have 

been taking into consideration to enhance its safety (57,58). 

 

Oral IT (OIT) 

In this case, the oral administration of the allergenic vaccine requires an initial dose escalation 

(IDE). This consists of a scalation process of little doses under clinical supervision to determine 

which is the highest tolerated dose needed for the next phase. After this, a typical dose-scalation 

phase is initiated with that mentioned dose. Only this time, for each dose, firstly it is taken in 

clinic under observation and then, at home during 1-2 weeks. Only if it is well-tolerated, the 

protocol is repeated with the higher next dose until a maintenance dose is achieved. This dose 

is steadily and daily applied over time at home, with clinical follow-up to ensure safety (50). 

 

OIT application has been described as a plausible way to treat FA since the end of the last century 

(50). Many studies regarding to OIT and FA have been conducted, including the success of 

PalforziaTM (AR101) in a phase III clinical trial for the treatment of peanut allergy in 2018 (53). 

From these studies, it can be concluded that OIT treatment gives rise to a very strong 

desensitization (47).  Besides, it is possible to use multiple allergens at the same therapy, being 

important due to there are many people affected by multiple FAs, with a low quality of life (59). 

On the other hand, OIT application entails an increased risk of severe reactions. It has been even 

suggested that this risk is higher than with peanut avoidance. This conclusion and other 

unreliable results explain why The US Food and Drug Administrations (FDA) delayed AR101 

approval until 2020 and the European Medicine Agency (EMA) has not approved AR101 yet (60).  

 

Sublingual IT (SLIT) 

SLIT was also suggested as a good alternative. It only requires a food allergen solution that needs 

to be hold sublingually for 2 minutes, followed by swallowing the solution. The process itself is 
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2 

3 

4 

very similar to OIT, but with smaller doses. The rest of the process remains practically the same 

with similar phases (47,48). 

 

SLIT has gained certain attention in the last decades (61). I.e., being widely used as a treatment 

for allergic rhinitis in Europe or the FDA approvals for other allergy treatments in the last decade 

(62). The most notable result is its proven safety, having been only reported lesser adverse effects. 

It also deserves our attention that these minor adverse effects represent a greater patient 

compliance than, for example, in OIT (63). Furthermore, it is believed that a more complete 

immune response could be facilitated, as the administered allergens remain intact until they are 

absorbed (62). Nevertheless, desensitization results do not agree with this. Indeed, it has been 

reported only a modest desensitization and SU after SLIT application, possibly due to the small 

doses that can only be provided, among other hypotheses (52).   

 

Epicutaneous IT (EPIT) 

This via is also characterized by ease of administration and small doses. In this case, the food 

allergens are electrosprayed onto a patch which will be applied on the upper arm or the 

interscapular space. In EPIT, there is not a typical dose scalation phase, but instead, the duration 

of applying these patches varies. First, it is needed 2 hours of patch application in clinic to ensure 

safety and then, at home. The duration per day is continually increased until the maintenance 

phase, in which a new patch is applied all day for at least 1 year (50,51). Finally, a juxtaposition of 

the protocols used in the main AIT modalities can be shown (FIGURE 4). 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 4. Treatment protocols for the four main modalities in allergen-specific immunotherapies. 1OIT: oral 
immunotherapy. 2SLIT: Sublingual immunotherapy. 3SCIT: Subcutaneous immunotherapy. 4EPIT: Epicutaneous 
immunotherapy. 5OFC: Oral food challenge for screening patients and corroborate desensitization status after 
treatment and sustained unresponsiveness after no treatment period. 6IDE: initial dose scalation used in OIT 
and SCIT for determining which is the most appropriate dose to use in the dose-scalation phase.  

5 

6 



13 

EPIT was already suggested as a possible way to treat allergy in the last century, but it was not 

until the first decade of 2000s when it gained popularity among researchers, especially for the 

treatment of FA (62). Particularly, there have been studies concerning milk and peanut allergies. 

Indeed, recently a phase III clinical trial has been carried out in order to determine the efficacy 

and safety of a peanut patch called ViaskinTM (54). EPIT provides an easy administration of the 

food allergens, with minimal lifestyle restrictions due to its application and, consequently, with 

a little number of withdrawals, in comparation to the other AITs. The rate of reactions is higher 

than in SLIT but has lesser impact than in OIT, being practically only necessary topical treatment. 

However, this favourable safety profile come at the expense of a clear desensitization effect, 

which appears to be moderate and similar to that of the SLIT (50,52). In fact, similarly to AR101, 

ViaskinTM situation remains uncertain as not even FDA has approved its market entry yet (64).  

 

Other modalities 

Intralymphatic immunotherapy (ILIT) has emerged as another alternative in which the 

administration of the food allergens is led directly to the lymph nodes. It is believed that a direct 

allergen exposure in these nodes will induce a faster immunomodulation than other AITs. 

Nevertheless, no studies have been conducted in order to corroborate this assumption (45). 

Neither has been it taken into consideration as an efficacious option in the treatment of FA. 

Even so, a clinical trial involving an ILIT treatment for peanut allergy and planned for this year 

has been already published (NCT04200989).  

 

Furthermore, it has been suggested a possible approach using the combination of OIT and SLIT. 

Even though this assumption is based on one study with a small group of patients involved, it is 

thought to be reasonable that adding OIT to SLIT will increase the desensitization effect to the 

food allergens, while a SLIT pre-treatment will create a sufficient tolerogenic status to protect 

against adverse reactions. This suggestion possibly will open the doors to a future bridging 

technique that could ameliorate the disadvantages of these both AITs (47). 

 

2.2.2. Immunological changes and biomarkers of a successful AIT 

 

As it has been explained, AIT final aim is a SU to the applied food allergens. Unfortunately, it is 

still notable the lack of biomarkers that would allow us to confirm which subjects have really 

achieved desensitization and SU. Despite that, several immunological changes occurring during 

AIT application have been described with potential to be used as biomarkers (48). 
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I.e., changes related to T cell modulation, generation of blocking antibodies and mast cell and 

basophil activation, as it is illustrated in FIGURE 5 (48). First, being aware of the pathophysiology 

of IgE-mediated FA, it is reasonable to think that a benefit from AIT application will be a decrease 

in T2 CKs and induction of Tregs. Indeed, it has been described how OIT and SLIT can lead to a 

decrease of IL5 and IL13, or how OIT can reduce methylated sites at FOXP3 gene, and therefore, 

increase the number of Tregs (48). Additionally, it has been concluded that the induction of a type 

1 (T1) environment along with this regulatory response is favourable due to their antagonism 

with T2 responses (65). Second, taking into consideration the importance of sIgE in maintaining a 

proallergic state, it is also reasonable to imagine a decrease in their functional number. It 

happens together with an increase in the number of Allergen-specific IgG blocking antibodies 

and regulator IgAs. In fact, the induction of blocking antibodies has been suggested as a universal 

fact after AIT application, regardless of allergen (48,66). Finally, it is evident that mast cell and 

basophil activation should absolutely decrease if a SU state is achieved. Some studies related to 

skin prick tests have confirmed the presence of less reactive mastocytes in skin, while other 

studies have also suggested a possible internalization of IgE on sensitized mast cells in the 

desensitization process. Additionally, OIT and SLIT application has shown the induction of a 

hyporesponsive state in basophils that could be associated with blocking effects of IgG (48,66). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5. Immunological adjustments in food allergic patients associated with allergen-specific 
immunotherapy (AIT) application. The Th2 unbalance in proallergic patients results in allergen-specific IgE 
(sIgE) production and, therefore, mast cells and basophiles with the capacity of responding to food allergen 
reexposures. Once AIT protocol is successfully performed, food tolerance returns to normal with the 
induction of regulatory T/Th1 cells, regulatory blocking antibodies and, consequently, a hyporesponsive 
state of basophiles and mast cells. 1CKs: cytokines. 2sIgE: specific IgE 
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2.2.3. AIT limitations and adjunctive therapies 

 

Despite this actual lack of effective biomarkers, AITs remain as promising therapies to treat FA. 

Their clinical implementation depends mostly on overcoming disadvantages related to efficacy 

and safety.  As shown, OIT stands out as the most efficacious modality, and also, as the one with 

the most adverse effects. Only considering the first fact, it is still needed a superior efficacy 

because only low rates of SU to the allergen are achieved, and consequently, patients will need 

these treatments for life. Furthermore, the routes of administration which apparently show 

minimal adverse effects, appear to be even less efficacious. For these reasons, research is 

focused on finding alternatives or adjuvants that could improve safety, efficacy, or both (67). 

 

Thus, multiple approaches have been proposed, which can be divided into two categories: 

biologic adjuvants and molecular approaches and adjuvants. The first class refers to biologic 

drugs that could be used as single treatments or as adjunctive therapies to AITs. Among them, 

it is worth mentioning the role of monoclonal antibodies, which are being investigated to 

specifically target certain cytokines and other mediators in allergic response (47). I.e., 

Omalizumab, a biologic that consists of a monoclonal antibody that targets the constant fraction 

of IgE. It has been successfully approved for allergic asthma and has shown promise in the 

treatment of FA. Indeed, studies concerning its applicability in OIT have been conducted, 

suggesting that this antibody could allow a safer and more rapid desensitization. Despite that, 

SU is not really improved and does not remedy some adverse effects. Other examples to take 

into account, as future biologic adjuvants, are Dupilumab or probiotics, like Lactobacillus 

rhamnosus, but further studies are needed (47,67). 

 

On the other hand, molecular allergology is starting to pay off with new approaches being 

considered in preclinical and clinical trials. As we have seen, AITs only have some little 

disadvantages which could be satisfactorily remedied with the proper approaches and 

adjuvants. Undoubtedly, the wide range of molecular strategies proposed will make it easier for 

us to find the best combination to be applied in these therapies.  Amid these molecular 

adjuvants are included the virus-like particles (VLPs), which could be associated with major 

allergens and overcome some of the disadvantages of traditional AITs (45). These molecular 

approaches and, specifically, VLPs, constitute the third pillar of this project and are going to be 

fully described in the next chapter. 
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FIGURE 6. Main advantages and disadvantages of the molecular approaches of allergen-specific immunotherapies 
(AITs) and its possible adjuvants. The new era of Molecular Allergology has arrived with potential approaches to be 
applied in AIT platforms, including recombinant allergens, other recombinant modified variants and allergen-
encoding nucleic acids. These strategies can be also used in combination with adjuvants and delivery systems in 
order to achieve better results in patients. Alum, calcium phosphate, microcrystalline tyrosine and monophosphoryl 
lipid A are adjuvants already offered on the market for AIT. Virus-Like Particles, liposomes and polymer nanoparticles 
are examples of new delivery systems with adjunctive properties which are being investigated in Nanomedicine. All 
of them have advantages and disadvantages and further research is needed to find the most propitious strategy in 
the treatment of food allergies. 1GE: Genetic engineering. 2CM: Chemical coupling. 

CHAPTER 3: MOLECULAR AIT APPROACH WITH VLPs. 

 

3.1.   STATE OF ART OF MOLECULAR AIT APPROACHES AND ADJUVANTS 

 

The limitations of AIT modalities in efficacy and safety and the development of molecular allergy 

diagnosis have determined the emergence of new molecular procedures (49). In addition, 

conventional strategies use allergenic extracts obtained from natural variable sources, which 

gives rise to unreliable results that also affect the efficacy and safety parameters. Thus, 

molecular AIT approaches and new adjuvants emerge to overcome these limitations in order to 

finally find an overall efficacious, safe and long-term treatment for allergy (68). 

 

These approaches involving recombinant allergens or diverse variants, along with 

immunomodulators and/or nanomedicine-based adjuvants are described in FIGURE 6 (45,68,69).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For a greater comprehension, it is necessary to delve into the adjuvant concept. These are 

pharmaceutical aids used for improving the desired immune response in a therapy and thereby, 



17 

achieving better results in patients (68).  Some of these aids, such as alum, calcium phosphate, 

microcrystalline tyrosine (MCT) or monophosphoryl lipid A (MPLA), are already in clinical 

practice as AIT adjuvants for the treatment of certain allergies (70,71,72). The first three are known 

as depot adjuvants, which guarantee a controlled released of the allergens, improving their 

tolerability. The latter is a second-generation adjuvant, an immunomodulator that can 

potentiate the desired immune response after making contact with immune cells, improving 

efficacy in this case (73). In FA context, a phase I clinical trial involving SCIT for peanut allergy and 

aluminium hydroxide as an adjuvant has been completed lately (NCT02991885), with the results 

still to be published. Importantly, its former first-in-human trial was successful (74). Also, 

preclinical studies regarding to glucopyranosyl lipid A (a synthetic variant of MPLA) have 

suggested its possible applicability in peanut allergy immunotherapy (75). 

 

Despite these well-known adjuvants have shown promise and we cannot discard their future 

involvement in AIT platforms, they still have disadvantages and further research is needed (68). 

Additionally, as shown, molecular allergology has emerged with the recombinant technology of 

allergens and nanomedicine-based delivery system adjuvants. Even though there is still little 

evidence for their potentiality in the treatment of FA, it is true that it does neither exist a 

universally validated approach or a real causative therapy to lean on, what it means that it is 

clearly necessary to research and develop all the possible tools in-hand. For this reason and the 

favourable characteristics of these new strategies, investigators are now also considering the 

nanoparticle and recombinant technology for developing promising AIT platforms (73). 

 

These strategies include the use of polymers, liposomes, VLPs or other nanoparticles, which 

could be applied in combination with the more traditional adjuvants mentioned and/or 

recombinant allergens (69,76). They can be used as delivery systems, providing protection to the 

allergens and increasing their concentration, and also, as adjuvants, due to their intrinsic 

immunomodulator characteristics (46). In FA context, it has been reported hopeful results of 

clinical and preclinical trials concerning to these approaches. I.e., a favourable safety profile for 

a peanut allergenic vaccine based on synthetic peptides (77), or the efficacy of protamine 

nanoparticles complexed with immunomodulators and peanut allergens in murine models (78). 

Finally, VLPs give rise to another extraordinary strategy to be placed in future AIT platforms. This 

can be learnt in a recent preclinical study for peanut allergy, in which their favourable safety and 

efficacy profiles are proved (58). These molecule assemblies show an encouraging future in the 

treatment of FA and constitute the core of this chapter, being fully described below. 
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3.2.  VLPs.  

 

3.2.1.  Definition, types and properties. 

 

Virus-like particles (VLPs) have emerged as useful tools in nanomedicine-based molecular 

approaches and are increasingly taken into consideration, not only in allergy, but also, in other 

medical areas. VLPs are basically defined as particles composed of multimeric protein complexes 

that resemble a virus lacking genetic material, which are produced by templated self-assembly 

in living cells (79). Analyses by Zeltins et al. (80) in 2013 revealed that at least 110 VLPs have been 

constructed from viruses belonging to 35 different families, a number which will probably have 

increased in last years. Most importantly, they are unable to replicate and cause the disease, 

but retain their immunogenic activity and their ability to encapsulate molecules, being excellent 

immunomodulators and delivery systems (81). Finally, their scaffold can be modified by chemical 

and genetic techniques, being possible to expose different molecules, including allergens (82). 

 

VLPs range from 20 to 200 nm in size and can be either spherical or filamentous, enveloped 

(eVLPs), or non-enveloped (neVLPs) (83). On one hand, neVLPs are composed of one or more 

structural components of a virus with the ability to self-assemble into particles, but excluding 

any host components. Their mechanisms of action in our body are better understood, and 

therefore, this kind of VLPs are more suggested in medical applications. For instance, VLPs from 

noroviruses are included in this category (84,85). On the other hand, eVLPs are relatively more 

complicated than neVLPs.  Although the presence of a host cell-derived membrane provides 

more possibilities of integration of new antigens and adjuvants, their budding mechanisms are 

still being investigated and their production is more complex (86). For instance, VLPs from 

retroviruses are included in this category (84).  

 

Biocompatibility, biodegradability or their ability to cross biological barriers are only some of the 

beneficial properties of VLPs (87), which are summarized in FIGURE 7. They also offer the 

possibility of targeted delivery, allowing drugs to reach specific sites in the body and primarily 

act at the desired site-of-action, and therefore, allowing a higher local concentration. It is a fact 

that there are other molecular approaches showing these properties, but their limitations 

regarding to particle instability or difficult surface functionalization, make this approach more 

auspicious and further studies are definitely coming (88). Additionally, VLPs are characterized by 

a repetitive surface structure which favours their high immunogenicity (89). This rigid and 

repetitive structure is a potent geometric pathogen associated structural pattern (PASP) which  
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A 

FIGURE 7. Main properties of Virus-Like Particles (VLPs) in medical applications. A. Application of drug or antigen-
conjugated VLPs allows to deliver the molecules of interest more efficiently since, for example, they are capable to 
recognize certain cell receptors and cross cell barriers to reach specific sites. This brings about directly an increased 
local concentration of the drug and more therapeutic effect. B. The repetitive pathogen associated structural 
patterns (PASPs) in VLPs contribute to its high immunogenicity. Firstly, it permits an effective opsonization by the 
complement, antibodies and other components of innate immunity, what facilitates the uptake of the conjugated 
VLPs by antigen-presenting cells (APCs) and finally, the stimulation of adaptive immunity. Secondly, it also facilitates 
cross-linking of B cell receptors (BCRs) and their activation. Being exposed the molecules of interest, the generation 
of antibodies to them is practically assured. C. This third box includes other relevant properties of VLPs to take into 
consideration for their introduction in our body and for making different approaches.  
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facilitates cross-linking of B cell receptors (BCRs) (90,91). In fact, epitopes exhibited in a rigid 

fashion on a nanoparticle are clearly more immunogenic than the same epitopes displayed 

repetitively on a flexible polymer. Furthermore, many components of the innate humoral 

immune system are multimeric, which greatly facilitate binding repetitive structures with high 

avidity. This generates an effective opsonization, and therefore, simplifies the uptake process 

by APCs which subsequently stimulates the adaptive response of the immune system (92). Finally, 

it is also of our particular interest how some of them have particular mechanical properties to 

resist different environments, including the gastrointestinal tract (93). 

 

3.2.2.  Surface functionalization and modification of VLPs 

 

These functional modifications are basic for their implementation in AITs, as in many approaches 

they need to be conjugated with an allergen (94), and also, allow us to provide VLPs new 

adjunctive properties. The application of chemical coupling and genetic engineering to VLPs 

gives rise to chimeric VLPs (chiVLPs) (95). For chemical coupling, most approaches require 

covalent modifications, which are mainly based on altering one chemical group on the surface 

of VLPs to make it reactive, so as to bind different ligands (96). Nevertheless, these techniques do 

not always result in full modification of all monomers building up the VLPs, being genetic 
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Table 3. Main strategies of chemical coupling and genetic engineering for the modification of virus-like particles (VLPs). 

 

1 Cysteine. 2 Modifications.  3 Lysine. 4 Glutamate/Aspartate. 5 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide 
hydrochloride. 6 Non-natural amino acids 

engineering a powerful tool to use to surmount this constraint (97). The different strategies 

employed in these two techniques and their limitations are summarized in TABLE 3 (96,98). 

     

 

 

 3.2.3.  VLPs in AIT platforms 

 

As shown, all the properties that VLPs share and the modifications that we can promote in order 

to improve their attributes suggest their utility in medicine. This is reflected in the VLPs that are 

already in the market, those who have entered in clinical trials or all of them that are still in 

research (83). The first case approved by the FDA was a VLP-based vaccine preventing hepatitis B 

in 1986 (112). After that, other seven VLPs related to vaccines have been licensed for human usage 

(83). Indeed, even VLPs from SARS-CoV-2 are investigated as a vaccine in the present (NCT04450004). 

Despite that, regarding to allergy, none has been approved and only a few human studies 

involving VLPs have been published, while much more remain in preclinical development (83,113).  

 

Vaccination and AIT have been compared in several times since their implementation. They both 

search for inducing a long-lasting immune response through exposing antigens to the immune 

system. In fact, the World Human Organization (WHO) refers to AIT as “allergy vaccination” (114). 

This justifies why many approaches and adjuvants, like VLPs, that are already used in 

vaccination, are being proposed and investigated also for AITs. The comparative lack of clinical 

trials and approvals is only due to the complexity of allergies (more complicated results and 

discussions) (1), the more notable morbidity and burden of infectious diseases (less investment 

dedicated for allergy) (115) and the fact that the usage of VLPs in AIT is much more recent than in 

 

Chemical 
coupling 

 

Comments 
 

Ref. 
 

 

Genetic 
engineering 

 

 

Comments 
 

Ref. 
 

 

Cys1-based 
MO2 

 

Most common used reactions 
Not ideal. Alternatively, 

maleimide-> thioether linkages 

 
99,100 

 
 

N/C-ter 
adjunction 

Introduction of foreign 
peptides to the N-terminus/C-
terminus (N/C-ter) of the viral 

subunits 

 
107,108 

 

 

 

 

Lys3-based 
 MO 

 

Primary amine necessary. N-
hydroxysuccinimide ester 
reactions-> amide bonds 

 
101,102 

 
 

Surface-
exposed loops 

insertion 

Insertion of foreign epitopes 
into the surface-exposed loops 
of the viral subunits-> B cell 
recognition. 

 
109 

 

Glu/Asp4-
based MO 

Multiple steps with EDC5. 
Finally 

-> amide bond 

 
103 

 
 

TM grafting 
Insertion of foreign proteins in 
transmembrane domains (TM) 

in viral envelopes 

 
110 

 

Non-nat-aa6 
based MO 

Non-natural amino acids-> 
site-specific protein 

conjugation reactions 

 
104,105 

 
 

Domain switch 
Switching domains among the 
same viral proteins of different 

genotypes. 

 
111 

 
 

Non-covalent 
MO 

Specific of P22 VLPs. 
Decoration protein is used for 

fusing ligands. It has high 
affinity for P22 surface 

 
106 

 

LIMITATIONS: Chemical coupling may not fully modify all 
monomers building up the VLPs. Genetic engineering may have 

an adverse impact on protein folding and affects VLPs assembly 
and stability. 
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FIGURE 8. Experimental strategies using Virus-Like Particles (VLPs) for the treatment of allergic diseases. These 
approaches can be further complicated with combinations amid them and the addition of other adjuvants. 

vaccination (112,116). These deeds only show that VLPs could be also adopted and approved in the 

treatment of allergy, including FA, with further studies in the near future.  

 

The analogy with vaccination is not the only reason for the use of VLPs in AIT platforms. As noted, 

they are potent immunogens because of their repetitive structure, mimicking actual viruses (90). 

The combination of these adjuvants with allergens could ensure a potent T1 environment, and 

therefore, lead towards a protective immunity (65). Furthermore, VLPs size allow to a direct 

drainage into the lymph nodes, which permits optimal B cell activation (65). These facts could 

contribute to the lack of efficacy and long-term SU reported in AIT approaches. Also, it has been 

deduced and evidenced in preclinical trials that allergens displayed on VLPs fail to cause local 

and systemic allergic reactions in vivo and also, fail to activate basophil and mastocytes 

activation in vitro (113, 117). This is another fact to note, as safety remains one important 

disadvantage of traditional AITs.  

 

3.2.3.1.  VLPs approaches in preclinical and clinical trials 

 

 These VLPs attributes have been proved in various preclinical and clinical trials, in which there 

has been proposed several approaches for allergen-VLP combination, as shown in FIGURE 8 (83).  

 

 

 

 

 

 

 

 

 

VLP antigen-independent immunomodulation 

VLPs with encapsulated CpG deoxynucleotides (CpG-ODN), without any allergen, could be the 

most noticeable strategy. These unmethylated single-stranded oligonucleotides are very rare in 

the human genome, with the capacity of inducing strong T1 responses through the activation of 

the innate immune system (73,83). This strategy has been practically the only one considered in 

clinical trials after showing certain efficacy. Specifically, it was proposed for the treatment of 

rhinoconjunctivitis and asthma with Qβ particles, consisting in the bacteriophage Qβ virus coat 

and encapsulated CpG-ODN (118,119). Nevertheless, its immunological mechanisms are not well 
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understood and it has been only obtained satisfactory results in selected groups, indicating that 

further studies are needed (120). 

 

Allergen-conjugated VLPs approaches 

Not unexpectedly, although most allergen-conjugated VLPs have not progressed to clinical trials 

yet (120), they remain as the most promising strategy. Several studies have reported the 

conjugation of different allergens to VLPs and a not-unexpected safety profile. Among full-length 

allergens being investigated, especially in mice, there are mite allergens as Der p 1 (121) or 

mugwort allergens as Art v 1 (122), having conjugated them to VLPs like Qβ particles or those from 

cucumber mosaic viruses (CMV). Also, small epitopes from these respiratory allergens have also 

been evaluated along with other VLPs (123,124). Finally, it should be also mentioned the progress 

related to FA. First, ovalbumin allergen has been conjugated to different VLPs in several studies 

(125,126,127), even adding other adjuvants (128). They have shown IgG production and positive 

responses from APCs (83). And last but not least, there is an exemplary preclinical study, in which 

the peanut allergens Ara h 1 and Ara h 2 were attached to modified CMV particles, and which 

has recently shown a promising safety and efficacy profile in mice (58). Hence, the overall 

conclusion after analyzing all the results is that this auspicious application of conjugated-VLPs is 

safe, whereas further studies should be done in order to ensure more its efficacy (83,120).     

 

Other approaches 

In addition, it is being investigated the packaging of allergens into VLPs (122) or mixing them 

instead of conjugating (129). Also, there are other approaches for inducing blocking antibodies 

against Th2 CKs or IgE through allergen exposal in VLP surfaces (120). 

 

3.2.3.2. Future directions and new VLPs for AIT platforms. 

 

As explained, a lot of strategies for the implementation of VLPs in AITs have been already studied 

with promising results. Nevertheless, as most of them have not progressed to clinical trials, 

neither optimal treatment dosages, application routes or actual therapeutic and adverse effects 

have been elucidated (83). Undoubtedly, more studies are coming in the next years to 

corroborate their usefulness. Also, new VLP platforms are starting to pay off due to their 

magnificent properties and could accelerate these studies. That is the case of norovirus-like 

Particles (NoVLPs), which have ensured their potential use as platforms for antigen 

presentation, being also able to display allergens and resist different routes (130). Their properties 

will be described in the next and last chapter along with our final treatment proposal. 
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CHAPTER 4. NoVLPs-BASED AIT AS TREATMENT FOR PEACH ALLERGY 

 
4.1.  PEACH ALLERGY AS A MODEL OF FOOD ALLERGY 

 

As we have learnt, FA has become a public health issue of global importance (2). Particularly, fruit 

allergies have been recognised as important drivers of this burden (131,132), enlisting 12-15 fruits 

to be commonly associated (131). Specifically, peach allergy is the most frequent type of food 

allergy in the adult population of southern Europe (133). Furthermore, although most fruit 

allergies are known to cause OAS symptoms, persistent and severe FA can be caused by some 

plant-food allergens, being again peach the most prevalent in Mediterranean areas (134). The 

major peach allergen is Pru p 3, a lipid transfer protein (LTP) (135). These proteins are highly 

distributed among all plant-food species and are capable of inducing a serious allergic 

manifestation known as LTP-syndrome, which is increasing in prevalence (136,137). Additionally, it 

should be noted that Pru p 3 usually carries a special lipid ligand, a derivative of the alkaloid 

camptothecin bound to phytosphingosine (138). It has an important adjuvant capacity that could 

promote sensitization to Pru p 3 (139).  Also, and of our particular interest, the recombinant 

production of Pru p 3 (rPru p 3) is well-stablished and preserves its immunological reactivity, 

allowing us to use it in the different approaches of diagnostics and treatment instead of natural 

variable extracts (140).  

 

Unfortunately, as actually safe and efficacious AITs are still being investigated, the current 

treatment of peach and LTP allergy remains as a complete avoidance of the respective foods 

and the symptomatic treatment of accidental reactions, similarly to the other FAs (141). That is 

why the development of new AIT approaches for this condition has also gained certain 

popularity in recent years, especially being noticed with publications concerning to SLIT 

application (142,143). Along with these studies and earlier ones, it has been determined that SLIT 

with Pru p 3 gives rise to beneficial clinical effects, even in patients with severe reactions (144,145). 

Despite that, these favourable effects are not enough yet to ensure a clinically efficacious 

approach to finally cure this pathology and studies still remain at preclinical level (146), being 

possible drastic unfavourable changes in their results while progressing. For these reasons, it is 

absolutely necessary to propose and study other alternative approaches to find an actual cure 

soon. Here, to fulfil the final objective of this project, we are going to propose and explain an 

alternative AIT based on the application of rPru p 3-conjugated NoVLPs, as an allergenic vaccine 

(PruNoVacc), for the treatment of peach allergy. 
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FIGURE 9.  Attributes of Norovirus-Like Particles (NoVLPs) vaccine platform for its use in allergen-specific 
immunotherapies (AITs). NoVLPs share the ideal properties to be applied in AITs platforms. Their versatility for 
modifications allows them to be conjugated with a huge variety of allergens and epitopes. Their impressive 
immunological properties give us hope to finally rewrite patient´s immune system memory towards a protective 
immune response. And also, the fact that their production is easy and affordable, will be positive for drug scalability 
once their efficacy and safety is proved. 1BCRs: B cell receptors. 2T1 response: Type 1 immunological response. 

4.2.  NoVLPs AS MAIN ADJUVANT AND DELIVERY SYSTEM. 

 

Noroviruses are well known human viruses as they are the most relevant viral pathogens causing 

acute gastroenteritis, affecting 685 million people worldwide (147). It has been corroborated that 

the heterologous expression of VP1, the major structural protein of the noroviral capsid, is 

capable of self-assembling and forming VLPs (130). VP1 is divided into two domains: S, forming 

the virus shell and P, the protruding domain. The latter is responsible for the interaction with 

viral glycan receptors in host cells, known as histo-blood group antigens (HBGA) (148), and also, 

for sheltering three mutable loops on their outermost surface (149). 

 

NoVLPs have been extensively studied, especially, due to the fact that no vaccine to prevent 

norovirus infection has been developed by traditional methods (130). From these studies, it has 

been concluded that these VLPs are versatile vaccine candidates and platforms to display 

antigens (130), which is ideal for their application in AITs (FIGURE 9).  First, this is justified with 

the fact that NoVLPs are easily modifiable and can withstand large insertions in their three 

external loops (149), being able to increase notably the antigenicity and immunogenicity of 

allergens. This has been demonstrated for viral inserts with the insertion of small epitopes,as 

the T cell epitope of murine cytomegalovirus (150), and larger polypeptides, as the rotavirus VP8 

antigen (149). Also, in Tomé-Amat et al. (151) two multicloning sites were inserted into two of the 

external loops to make cloning even easier through the use of restriction enzymes. 

 

 

 

 

 

 

 

 

 

 

 

Second, they are highly immunogenic and have the capacity of eliciting strong humoral and 

cellular immune responses. This is justified by some properties, such as an optimal propensity 

for dendritic cells uptake or their repetitive structure, that is capable of cross-linking BCRs and 

1 

2 
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activating B cells (151). Furthermore, the fact that the norovirus infection causes a potent T1 

response (152), linked to that almost all people have suffered it at least once in life and have 

created immune memory to it (153,154), is advantageous for their application in AITs. Indeed, this 

is because allergens being exposed on NoVLPs surface would be recognised in a T1 environment 

originated by the simultaneous recognition of these VLPs. And, in theory, this new recognition 

would be able to rewrite patient´s immune system memory, and redirect the allergenic response 

towards a protective T1 response in practically all people (65). Third, their ease of production and 

purification in cost-affordable Pichia pastoris-based systems makes this VLPs more noticeable in 

terms of drug scalability (151). And finally, it is also worth mentioning that NoVLPs high stability 

and resistance to different environments (130) should be proper for taking into consideration 

every AIT modality, even oral administration. 

 

4.3.  PruNoVacc-BASED AIT: PROPOSAL AND STRATEGY 

 

First, it is necessary to insist on the fact that these approaches are very new and there are only 

few studies available. This is the main reason to propose more theoretical and practical 

approaches based on what we know, with the aim to transferring them to in vitro and preclinical 

studies and finally reach clinical trials. At this point, it has been already described completely 

the three pillars of this project which support the application of these therapies: The pathology, 

the method and the drug. Hereinafter, with all of this information, it is proposed the application 

of  PruNoVacc as an allergenic vaccine to treat peach allergy. 

 

The staggering characteristics of NoVLPs as adjuvant for these therapies, along with the major 

allergen of peach, seem very encouraging to obtain promising results. This conjugation will be 

appropriate by genetic engineering thanks to the external loops exposed in these VLPs (149). Once 

they are produced and it is confirmed the exposal of Pru p 3 in their surface, it will be interesting 

starting to investigate the behaviour of our immune system against these particles by in vitro 

studies. After corroborating the results with previous studies, we would be definitely able to 

start preclinical studies in mice to examine the experimental safety and efficacy of this approach. 

At this moment, as described in chapter two, it is important to decide which AIT modality will 

be used. This decision is risky as all approved routes of administration have shown advantages 

and disadvantages (47). Despite that, the only way to finally find the most adequate modality and 

in what conditions applying it, is with further studies and research. Thus, analysing TABLE 2 and 

the limitations of AITs again, it is clear that SLIT, EPIT and, especially, OIT, stand out as future 
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useful routes. Since the main concerns are about safety and efficacy and, allergens displayed on 

VLPs are proven for not eliciting important allergic reactions (117), it is obvious that the actual 

main limitation is efficacy and achieving long-term SU. Hence, plus the fact that the tolerance 

centres are located in the gastrointestinal tract (155) and NoVLPs can resist this environment (130), 

we propose an oral administration for being the most efficacious modality. Even so, considering 

that experiments comparing different routes scarce (47) and no AIT studies have evaluated the 

oral administration yet, we also propose subcutaneous injections as an alternative 

administration, due to the positive results in a recent preclinical study for peanut allergy (58). 

 

4.3.1.  PruNoVacc:  Conjugation and production 

 

First of all, it is necessary to obtain our allergenic vaccine. Genetic engineering is the most 

appropriate strategy to attach rPru p 3 proteins to all monomers building up NoVLPs surface, 

without interfering with its properties. There are several methodologies for this approach. 

Returning to Chapter 3 and TABLE 3, it is concluded, based on what we have learnt about 

NoVLPs, that this is a clear case of surface-exposed loops insertion (98). Indeed, in Tan et al. (149) 

it was carried out satisfactorily a large insertion of a sequence corresponding to 159 amino acids 

in one of the three loops exposed in NoVLPs subunits. As rPru p 3 is about 90 amino acids (156), a 

similar approach, which consisted simply of the introduction of cloning cassettes via site-

directed mutagenesis, could be taken into consideration.  

 

Regarding to the production and purification process, it is an important fact that both rPru p 3 

and NoVLPs have been suitably produced in Pichia pastoris (151,157). This suggests that their 

conjugation will be produced and purified easily with similar protocols. Tomé-Amat et al. (151) 

proposed an effective and scalable method of production, which permits to obtain fully 

assembled NoVLPs directly from the culture medium and purify them with ion-exchange 

chromatography. Undoubtedly, it could be adapted for our purpose and allow us to produce 

great quantities of PruNoVacc. 

 

4.3.2.  PruNoVacc: In vitro studies 

 

Once the production process is completed and enough quantity of the allergenic vaccine has 

been obtained, it is necessary to test it both, in vitro and in vivo, to analyse and corroborate its 

properties, favourable effects and possible adverse effects before reaching clinical trials (158). 

Among possible in vitro studies to take into account, it could be worthwhile organizing BATs and 

uptake and presentation assays by Bone Marrow-derived dendritic cells (BMDCs). 
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Basophil activation tests (BATs) 

BATs are flow cytometry-based assays where it is measured the expression of activation markers 

on the surface of basophils after stimulating with an allergen or an allergenic product (159). A 

positive BAT consists of the upregulation of cluster of differentiation 63 (CD63) and CD203c, 

which implies basophils activation and degranulation (159). This test could represent an in vitro 

surrogate of an acute allergic reaction in vivo (159), and therefore, provide safety data before or 

at the same time as conducting preclinical studies (58). As it has been indicated in Storni et al. (58) 

for peanut allergy, PruNoVacc would be tested as an allergenic product to observe basophils 

response in whole blood of peach allergic patients, using as a positive control free rPru p 3. Thus, 

this test would allow to predict safety for allergen-conjugated VLPs. 
 

Uptake and presentation assays by BMDCs 

Mouse BMDCs have been studied as a resourceful tool for investigating antigen uptake, 

processing and presentation in vitro, specifically in the case of VLPs (160,161). Additionally, it is 

possible to monitor their production of cytokines after coming into contact with the allergens, 

and antibody production by activated B lymphocytes (162). This assay could be useful in order to 

observe how PruNoVacc is received by APCs and even how T and B lymphocytes react with their 

action, in contrast to free rPru p 3, free VLPs and using lipopolysaccharide (LPS) as positive 

control, especially for cytokine release assays (162). 

 

4.3.3.  PruNoVacc: Mice experiments 

 

The aim of this final section is to organize the in vivo experiments, making all the potential 

comparisons to extract as much information as possible. BALB/c mice (female, 4-5 weeks) would 

be elected as preclinical model for our purpose (58,143,163). They would be divided in 12 different 

groups (N= 5 per group) (TABLE 4). The timeline of these experiments is shown in FIGURE 10. 

Mice from groups 2-12 would be subjected to a Pru p 3 sensitization process similar to Rodríguez 

et al. (143), with LPS as adjuvant and intranasally during 5 weeks. Instead, mice from group 1 

would be subjected to the same schedule but with phosphate buffer saline (PBS) as non-

sensitized negative controls. As explained before, two modalities of AIT will be investigated: OIT 

and SCIT, 1 week after sensitization. Firstly, as no studies involving OIT and VLPs have been 

conducted, it is appropriate to investigate two different and successful dosing processes already 

proposed. Thus, mice from groups 2-8 would be treated orally with PBS, free Pru p 3, free 

NoVLPs and PruNoVacc, respectively. The first four groups will be treated with one unique big 

dose in a day as in a VLPs-SCIT approach in Storni et al. (58) and the other three with escalated- 
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FIGURE 10. Timeline of PruNoVacc mice experiments. Sensitization process will be performed with recombinant Pru 
p 3 (rPru p 3) + lipopolysaccharide (LPS) during 5 weeks. Non-sensitized negative controls will take phosphate buffer 
saline (PBS) in the same procedure. The oral immunotherapy (OIT) approach will consist of two dosing processes: 1) 
1 unique dose at the beginning of week 6. 2) Escalated doses during 3 weeks starting at week 6. The subcutaneous 
immunotherapy (SCIT) approach will consist of 1 unique dose at the beginning of week 6. Mice will be challenged 2 
and 4 weeks after the end of respective immunotherapies with rPru p 3, with the exception of non-sensitized 
negative controls, which will be challenged 3 and 6 weeks after sensitization to corroborate their allergic status.  

Table 4. Mice experiments to examine the effect of rPru p 31-conjugated NoVLPs2 allergenic vaccine (PruNoVacc): 
mice groups, treatment and protocol proposed. 

1Recombinant Pru p 3, the major allergen of peach. 2Norovirus-Like Particles. 3Oral immunotherapy. 4Subcutaneous 
immunotherapy. 5Phosphate buffer saline.  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

doses in 3 weeks as in an OIT approach without VLPs in Lozano-Ojalvo et al. (163).  Instead, as it 

does exist a successful preclinical study for peanut allergy involving VLPs and SCIT (58), the dosing-

process could be very similar. Thus, mice from groups 9-12 would be injected subcutaneously 

with one unique dose of PBS, free Pru p 3, free NoVLPs and PruNoVacc. Finally, to assess the 

effect on desensitization by this therapy, challenges would be performed intravenously, via skin 

prick test or gavage (58). As an indicative parameter of anaphylaxis, rectal temperature would be 

measured before challenge and monitored for 50 minutes after challenge (58). 
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Expected results  

The first group, as not having been sensitized, will pass the oral food challenges without being 

damaged. Mice from groups 2 and 9 are allergic and the application of PBS as negative control 

will not cause any damage, but instead, challenges will probably result in temperature drop 

indicating anaphylaxis, as no treatment was applied. In the case of free rPru p 3 application, 

these mice will probably suffer strong allergic reactions in both SCIT and OIT, as representing a 

traditional AIT approach (see TABLE 2). Also, if not euthanized, challenges in these groups will 

reflect certain desensitization, for the same reason, but probably much less than in those in 

which the proposed therapy was applied. Mice subjected to free NoVLPs, will not suffer any 

allergic reaction independently of the modality, but probably will show improved desensitization 

as reflecting an antigen-independent immunomodulation approach (explained in chapter 3) 

(118,119). Finally, we have PruNoVacc subjects from groups 5, 8 and 12. In relation to the mice 

subjected to SCIT, favourable results similar to those from Storni et al. (58) could be obtained, as 

being a very similar strategy. Actually, what will happen to the mice subjected to OIT is much 

more uncertain. In theory, a safety profile should be guaranteed by the strategy itself, as 

mentioned before (117), and this would have been surely proved in BATs. Also, in terms of 

efficacy, as being OIT the most efficacious modality, is probable that these approaches will show 

favourable results, better or worse, depending on the success of the dosing process proposed. 

 

4.3.4. PruNoVacc: Possible limitations and other options 

 

As this approach is entirely theoretical, it is logical that limitations and problems will appear 

after putting it into practice. Thus, trying to get ahead of these possible limitations and think 

about solutions is our purpose. For instance, despite that NoVLPs are supposed to be stable in 

the gastrointestinal tract, we do not know how exactly PruNoVacc behaviour will be in it. Or, for 

example, maybe the mouse model used for these experiments is not the most suitable. Thanks 

to that a lot of research is currently focused in AITs, many different approaches are being 

suggested and could be exploited to surmount these limitations. I.e., it has been reported 

surface proteins of Giardia lamblia that could be attached to VLPs and generate efficient oral 

vaccines (164). Or even different mouse models are being suggested to be more suitable than 

others depending on the variables studied in OIT (165). Thus, taking all this new knowledge into 

account and the next to come with further studies, no limitation should prevent this project 

from finally having favourable results and being considered in clinical trials in the near future. 
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CONCLUSIONS 

 

The complex combination of genetic factors and environmental effects involved in IgE-mediated 

FA, justifies the difficulty of its utter understanding. Even though this comprehension is 

incredibly increasing with all the research that it is focused on FA in recent decades, their origin 

and how exactly evolves and develops, still remain uncertain. Undoubtedly, as knowledge about 

this pathology continues to expand, new insights will be placed on finding better ways of 

management and therapeutical approaches to elucidate a safe and efficacious treatment. 

 

AIT remain as the most promising strategy to finally find a cure. The better understanding of its 

mechanism of action and trying new approaches should be our first priority to learn how its 

limitations of efficacy and safety could be surmounted. In addition, it is absolutely necessary to 

determine relevant biomarkers which are capable of distinguishing long-term desensitized 

patients from short-term ones.  

 

The wide variability of approaches that have emerged with the development of molecular 

allergology and vaccination, has given hope to find strategies that could actually overcome the 

main AIT disadvantages. Among these strategies, the staggering characteristics of VLPs makes 

them excellent immunomodulators, safe delivery systems and allergen-presentation platforms 

to be applied in AITs. Also, promising results have been obtained in the little number of studies 

done. NoVLPs are a good example of new antigen-presentation platforms with potential 

characteristics to succeed in AIT approaches, but further studies are needed to corroborate it. 

 

The allergenic vaccine proposed as PruNoVacc and composed of rPru p 3-conjugated NoVLPs 

should be able to show favourable results in both, in vitro and in vivo studies. OIT has been 

suggested as the most adequate AIT modality to bring about this approach because of being the 

most efficacious route of administration. Also, SCIT, which has been already studied with VLPs 

as adjuvants for treating peanut allergy and, with very favourable results, is another option. 

Additionally, although it is most likely that foreseen and unforeseen limitations will appear after 

first trials, the wide variability of approaches and the new to come will surely be able to 

surmount any constraint. This is only the beginning of a project which, on account of all the 

research and new approaches that are being continuously proposed, will have great possibilities 

of overcoming all the emerging problems, succeeding and reaching firmly and strongly clinical 

trials in the near future. 
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