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Noves aproximacions en el diagnostic in
vitro de la Sindrome LTP

I. INTRODUCCIO

Les LTPs (proteines de transferéncia de lipids) sén al-lergens rellevants principalment a
la conca mediterrania, d’amplia distribuci6 en aliments vegetals, pollens i latex
(panal-lergens). La reactivitat creuada entre LTPs de fonts allergéniques diferents és
molt elevada de manera que és freqlient que els pacients presentin perfils de
sensibilitzacié complexes a LTPs de mdltiples fonts diverses, ’expressié clinica de la
qual pot ser molt variable (Sindrome LTP). El tractament es basa fonamentalment en la
dieta d’exclusié. Pel diagnostic in vitro s’avalua 1'IgE-especifica serica (sIgE) mitjancant
diversos immunoassaigs. El diagnostic basat en components permet obtenir un perfil de
sensibilitzacié més precis del pacient, aixi com una millor caracteritzaci6 clinica, obrint

la possibilitat d’una intervencié terapeutica més individualitzada.

II. HIPOTESIS | OBJECTIUS

Hipotesis:

Les eines de diagnostic basades en components sén ttils per establir perfils moleculars
en la Sindrome LTP. Un coneixement més profund i I'optimitzacié dels immunoassajos

in vitro permetria la identificacié de perfils fenotipics diversos en la Sindrome LTP

oferint un diagnostic i intervenci6 terapeutica personalitzada.

Objectius:

L'objectiu principal és millorar la utilitat de les eines in vitro utilitzades pel diagnostic de

l'allergia a la LTP aixi com el maneig clinic dels pacients.

1. Millorar la utilitat de les eines in vitro actuals pel diagnostic i maneig clinic dels

pacients amb Sindrome LTP.

2. Desenvolupar noves eines in vitro basades en diagnostic molecular per millorar el

diagnostic i maneig terapeutic dels pacients amb Sindrome LTP.

Xl
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IIl. MATERIAL | METODES

Estudi de cohort retrospectiu nacional unicentric (Hospital Clinic Barcelona) amb
pacients adults del Servei d'Allergia (2012-2019), sensibilitzats a almenys una LTP
analitzats amb tests cutanis i/ o in vitro segons practica habitual al Servei d' Immunologia.
L'estudi ha estat aprovat pel Comite Etic (HCB/2016/0361, HCB/2020/0373). Les dades
cliniques es van obtenir de 'anamnesi i a través de qiiestionaris especifics. Es van
realitzar proves cutanies amb extractes comercialitzats (SPT) i aliments naturals (Prick-
by-Prick). La sIgE serica es va mesurar per InmunoCAP® (ThermoFisherScientific). Un
nou immunoblot (Euroimmun,AG) es va desenvolupar per la detecci6 de sIgE a 28 LTPs
de 18 fonts al-lergeniques diferents. Es van realitzar Tests d’activacié de basofils (TAB)
a LTPs (Flow2CAST™, Bithlmann Laboratories AG).

IV. RESULTATS
4.1 Rellevancia de nivells baixos d'IgE especificaa Prup 3

Es van registrar sIgE Pru p 3 de 496 pacients, 114 (23,0%) amb valors 0,1-0,34 kUA/L
(grLOW), la resta =0,35 kUa/L (grB). El 44,7% del grLOW i el 59,9% del grB eren
al-lergics. La urticaria va ser estadisticament més freqiient al grLOW. En aquest grup els
nivells sIgE Pru p 3 van ser significativament més alts en pacients amb simptomes locals
versus sistemics. El TAB amb nPru p 3 es va realitzar a 12 pacients/grup, amb reactivitat
similar entre grups. Al grLOW, la reactivitat va ser superior en al-lergics i en simptomes

sistemics (p=0,0286).

4.2 Detecci6 de perfils de sensibilitzacié molecular en pacients sensibilitzats a LTP

Es van incloure 307 pacients amb sIgE a totes les LTPs disponibles comercialment (Pru
p3 Mald3, Arah9, Jugr3, Tria 14, Cor a 8). Reconeixien 4,8 LTP/persona de
mitjana. Tots els multireactius eren positius a Pru p 3/ Mal d 3/Jug r 3. Tri a 14 mostra
una associacié feble amb la resta de LTPs. Els simptomes sistemics estaven associats a
sensibilitzacié a fruits secs (p<0,05). Es van detectar 17 clisters de sensibilitzaci6
diferents: 46,2% amb 6 LTPs+ (majoritari). Pru p 3 apareix en 14/17 clasters obtinguts.
Els simptomes locals eren superiors en el grup <4 LTP mentre que els sistémics en grups
>4 LTP (p=0,0253).
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4.3 Millora de la deteccid in vitro de la sensibilitzacio a les proteines de transferéncia de lipids: un

nou assaig d'IgE multiplex molecular

38 pacients amb sindrome LTP es van utilitzar per validar el rendiment diagnostic de les
noves tires-LTP (versus Prick-by-prick). La concordanca era >70% per a la majoria de
LTPs. El TAB va demostrar la funcionalitat i la rellevancia allergenica de nou LTPs
recombinants (Pru p 3; Pru du 3; Pru du 3.0101; Pha v 3.0101; Pha v 3.0201; Lac s 1-1;
Lac s 1-2; Cuc m LTP; Act d 10).

4.4 Caracteritzacié d'una cohort amb Sindrome LTP amb les tires LTP

Es van analitzar 202 pacients amb les tires-LTP, reconeixent una mediana de 8,5[1-11]
families taxonomiques. La sensibilitzacié a les rosacies estava associada a nivells de sIgE
elevats (p<0,0001) i era la majoritaria: només 2,5% no estaven sensibilitzats a cap d'elles.
Dotze pacients (6%) van ser Pru p 3- .Es va observar polisensibilitzacié en 98,5% dels
casos, dels quals 92,0% van reconeixer =5 LTP. Hi va haver 3 pacients positius a totes 28
LTPs incloses a les tires. Mitjana de reconeixement: 16,6 LTPs. Tres pacients

monosensibilitzats.

CONCLUSIONS

Les eines in vitro disponibles actualment per al diagnostic de la Sindrome LTP es poden
millorar. Els nivells baixos d’sIgE a Pru p 3 (i.e., per sota del punt de tall tradicionalment
considerat) poden ser clinicament rellevants, amb fins a un 20% de reaccions
sistemiques, aspecte rellevant per la practica clinica habitual. La meitat dels pacients
analitzats estan sensibilitzats a totes les LTPs disponibles comercialment per
ImmunoCAP®. El segon perfil de sensibilitzacié més freqiient és sense Tri a 14. La
gravetat dels simptomes augmenta en concordanca amb la immunoreactivitat.
L’abséncia de sensibilitzacié a Pru p 3 és rara en la nostra poblacié d’estudi (1,9%), en
aquests casos els pacients estan sensibilitzats a Tri a 14. Aixi doncs, la sensibilitzacié a
aquest ultim s’ha d’estudiar independentment de la sensibilitzaci6é a Pru p 3 en l'estudi
allergologic de rutina. El nou immunoassaig desenvolupat que conté 28 LTPs de 18 fonts
al-lergeniques variades (LTP-strip) es pot utilitzar amb exit per a I’estudi al-lergologic in
vitro dels pacients amb sospita d’al-lergia a LTP de la nostra area, ampliant I’espectre de
proteines per les quals es pot analitzar la sensibilitzacié permetent no només un millor

diagnostic del pacient, siné també un millor maneig terapeutic del mateix.
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New approaches for in vitro diagnosis of LTP Syndrome

1.1 Allergy

1.1.1 Hypersensitivity disorders

The immune system plays an essential role in host defence against pathogenic agents
and also providing protection for future contacts (1,2). When these reactions are not
properly controlled, the immunity response stops being a benefit and illness appears,
known as Hypersensitivity Disorders (3,4). Classically, they are classified according to
the type of immune response and the effector mechanisms that produce tissue and cell
damage (Gell & Coombs, 1963), Table 1.

Table 1. Hypersensitivity disorders classification.

Immune complex-
mediated diseases

antigens and IgM or IgG antibodies
deposited in vascular basement
membrane

Typel: Tu2 cells, IgE antibody, mast cells, | Mast cells, eosinophils and their
Immediate . . mediators (vasoactive amines, lipid
L eosinophils . :
hypersensitivity mediators, cytokines)
= Cell opsonization and phagocytosis
= Complement and receptor mediated
Type Il: IgG and IgM antibodies against cell recruitment for Fc anq activation of
: ; ) leukocytes (neutrophils,
Antibody-mediated surface or extracellular matrix
diseases antigens macrophages)
= Alterations in cell functions
(hormone receptor signals, blockade
of receptors for neurotransmitters)
Type Il Immune complexes of circulating Complement and Fc-receptor

mediated recruitment and leukocyte
activation

Type IV:
T-cell mediated
diseases

CD4+ T cells (Th1 and Ty17
Lymphocytes)

1. Cytokine - mediated inflammation
and macrophage activation

CD8+ CTL (T-cell mediated
cytolysis)

2. Direct target cell death, cytokine-
mediated inflammation

Adapted from Abbas et al. (1).

Immediate hypersensitivity reactions (Type 1) start a few minutes after antigen
provocation on sensitized patients and are known as Allergy (2). The EAACI (European
Academy of Allergy and Clinical Immunology) defines Allergy as an “immunological
hypersensitivity that can lead to a variety of different diseases via different

pathomechanisms. It is not a disease itself, but a mechanism leading to disease. In clinical
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practice, allergy manifests in form of various different conditions such as anaphylaxis,
urticaria, angioedema, allergic rhino conjunctivitis, allergic asthma, serum sickness,
allergic vasculitis, hypersensitivity pneumonitis, atopic dermatitis (eczema), contact
dermatitis and granulomatous reactions, as well as the colourful spectrum of food- or
drug- induced hypersensitivity reactions”. Allergy reactions can appear in almost all

organs but especially skin and mucosal membranes (5).

1.1.2 Antigen

An antigen (antibody generator) is a substance with the ability of binding specifically to
an antibody or a T cell receptor. When these molecules can stimulate an immune
response are called immunogenic (1). The antigens triggering immediate
hypersensitivity reactions are called allergens. Allergens have different sources including

foods, drugs, animals, pollens, dust mite products and fungal spores.

These molecules are proteins or substances binding proteins with the ability of activating
CD4+ Cells which produce IL-4 (Interleukin-4) and IgE (1,2). Intrinsic and extrinsic
factors have been described to induce allergenicity, converting non-allergenic molecules
to allergens, such as glycosylation, lipidic bindings and conjugate glycans and also
protease proteins (2,6,7). Nevertheless, some non-protein allergens such as drugs
(penicillin, chlorhexidine) (8) and galactose-a-1,3-galactose, have also been reported to

be responsible of allergic reactions (9).

An “initiator” allergen with the capacity of binding a specific IgE (sIgE) will become a
primary sensitizer (10). The term “major” allergen is referred to that allergen recognised
by more than 50% of the patients sensitized to the particular allergenic source. A major
allergen is not necessarily associated to a more severe clinical reaction. Not all major

allergens are initiators (8).

An epitope or antigenic determinant is the part of the antigenic molecule recognised by
the immune system and to which an antibody binds. In some cases, epitopes depend on
their proteinic primary structure (adjacent aminoacids), known as lineal epitopes. In some
others, the tertiary structure is necessary to bind the antibody and are called
conformational epitopes. Food processing affects allergenicity by altering the structure and
physicochemical properties of antigens/ allergens, e.g., heat can produce the destruction
of conformational epitopes as well as gastroduodenal digestion may alter specific
conformation arrangements of epitope aminoacids influencing on their sIgE bindings
(2,11,12).
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The World Health Organization/International Union of Immunological Societies
(WHO/ 1IUIS) Allergen Nomenclature Database stablishes an official, standard
nomenclature system for allergens. It is based on the Linnaean binominal classification,
typifying the genus and species of the allergenic source. The names of the allergens
contain the first 3 or 4 letters of the genus, a space, the first 1 or 2 of the specie, a space
and a number that reflects the order of identification in the source. In some cases, also
includes a dot and a 4-digit number to identify isoallergens (when more than 67%
sequence identity, referred as the percentage of identical residues, occurs) and variants
(when among isoallergens, sequence identity is more than 90%) (13-15). For example,
the LTP allergen from Peach (Prunus persica) is Pru p 3 and Pru p 3.0101, Pru p 3.0102 are
its isoallergens (14,15). In September 2023, the WHO/IUIS allergen Nomenclature
Database included a total of 1094 allergens (16). Allergen data banks contain information
of identified allergens available for the scientific community, i.e, www.allergen.org,

www.allergome.org.

1.1.3 Physiopathology

In normal conditions on a healthy subject, when allergen exposition occurs, antigen
presenting cells (APCs), mostly dendritic cells (DC), recognise and internalise the
antigen migrating it to a lymphatic nodule (4,17). Antigens are presented to naive T
helper cells (Tx0) promoting their differentiation into antigen specific Foxp3+ regulatory
T cells (Treg) (18). Treg cells, as well as regulatory B cells (Breg), produce
immunoregulatory cytokines (mostly IL-10, TGF-{) resulting on tolerance induction (19—
22). Moreover, production of allergen specific Inmunoglobulin G subclass 4 (IgG4) is
activated (23,24). Allergy seems to be a loose of this tolerance or a failure into tolerance
induction. Recovering the immunity tolerance has become one of the main objectives in

allergic disease investigation, specially a long-term tolerance (18,21).

Briefly, in atopic individuals, allergens (see Figure 1) are captured and processed by DCs
(25,26). The entrance of the antigen/allergen activates the innate immunity system by
IL-25, IL-31, IL-33 and TSLP (Thymic stromal lymphopoietin) secretion and innate
lymphoid cells (ILC, ILC-2 in particular ) response (13,16,22,23). ILC-2 will generate an
innate response producing T type 2 cytokines (as IL-5, IL-9 and IL-13) which can activate
eosinophils, mast cells, B and T cells as well as mucus production, smooth muscle
contraction and alveolar macrophage activation (18,21,25-30). TSLP also stimulates
immature DC to proinflammatory DCs that can bring the allergens to lymph nodes,
process them and present to CD4+ naive T cells. These, in presence of IL-4 differentiate

to CD4+ Tw2 initiating an adaptative immunity response (18,21,27,28). Tu2 produce
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cytokines IL-4, IL-5 and IL-13 (2,31,32). These cytokines produced by T follicular helper
(TFH) as well as CD40 binding, induce in B cells differentiated to plasmatic cells the

change on the immunoglobulin heavy chain class (also known as class switch, mediated

by IL-4 mostly and IL-13) to € isotype and the synthesis of IgE.

IgE in human bodies is approximately 50% found as free in vascular bed (with a few
days half-life), and 50% bound to effector cells receptors, specially the high affinity FceRI
(100.000 - 250.000 FceRI/basophil) during about 2 months.

As said, IgE (bivalent) will bind on high-affinity receptor for the Fc region of IgE (FceRI)
on the surface of major effector cells, mast cells and basophils, status known as allergen
sensitization (32-35). On new encounter with the allergen, these cells can be immediately
activated upon cross-linking IgE-allergen. sIgE are cross-linked in pairs or larger
aggregates, and about 2000 cross-linkings are necessary to induce a half-maximal
response on effector cells (36). Cell activation leads to mediator release leading to allergic
symptoms (effector phase of the allergic reaction). A wide range of mediators are newly
released and synthesized, as in example histamine, lipidic mediators or cytokines
(1,2,32-35,37).

Figure 1. Allergic response physiopathology.

of allergy

Allergens . Damaged Epithelia
Epithelial Cells :° : Mucus Production Barrier Leakiness
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M?’P effector cells
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? (" ) | IE class switch
/ D % X // IgE production

IL-4

Figure extracted from Kucuksezer et al. (21).
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1.2 Food allergy

Food allergy (FA) was defined in 2003 (38) by the World Allergy Organisation (WAO)
as an adverse health effect to food in which have been demonstrated immunologic
mechanisms, including both Ig-E and non-IgE mediated FA. Thus, FA is classified
according to the immunological mechanisms: IgE-mediated (immediate) and non-IgE-
mediated. Hereby this thesis is focused on IgE-mediated type of FA, which occur within

minutes to a few hours after the exposure (39-41).

Frequently, other diseases with similar gastrointestinal symptoms which improve with
food avoidance are confused with FA (42). Nevertheless, while other food-related
illnesses have localized symptoms in gastrointestinal tract, allergic reactions to food may
affect multiple organs which could produce life-threatening reactions (section 1.2.3) (39—
41).

1.2.1 Epidemiology

The “Allergic Epidemy” concept has appeared over the last decades with a worldwide
increase of allergic rhinitis, asthma and atopic dermatitis prevalence. However, also
Food Allergies are becoming more prevalent on population groups with an occidental
lifestyle, related with an increase of fatal anaphylaxis over child and adolescents
(5,/43,44). The frequency of allergic reactions to foods is higher in infants compared to
adults (43,45). Over infantile population, allergic diseases are more frequent in boys than
girls while in adults, allergy in women tends to be more frequent. This fact could be

explained by genetic, endocrinologic and ambiental factors (46).

The EuroPrevall project, developed in Europe during the last decade including various
countries in which standardized diagnostic protocols were used, aimed at obtaining
food allergies prevalence and distribution among children, adolescents and adults in
Europe obtained under uniform conditions (47,48). In adults, FA reaches a 6%

prevalence in some places in Europe (48).

In 2018, an actualization of the Spanish multicentric study Alergélogica 2015 on
prevalence allergy was published (49), reporting an increase on food allergy prevalence
from 3.6% in 1992 to 7.4% in 2005 and 11.4% in 2015. The most frequent offending foods
in adults were fruits (44.7%, specially Rosaceae), tree nuts (28.4%) and shellfish (14.8%,

mainly crustaceans).

Finally, in our region, Catalonia, the Cibus project was created (50) to register the most

prevalent allergenic foods sources as well as their clinical manifestations. Fruits and tree

6
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nuts were more frequent on adults: peach was the most prevalent food producing
allergic reaction (10%). In the Mediterranean area, sensitization to Pru p 3, the peach

Lipid Transfer Protein (LTP), is the most important cause of plant food allergy (51).

Prevalence of FA may vary against different geographical locations and may be
influenced by multiple factors as dietary habits (52), the cooking method used (11), the
age of food weaning (18,27,53), genetic factors (54,55) or the main aeroallergens on each
area for which appear diverse molecular sensitization patterns from the same food
sources (52,56). Also, societies tending to adopt occidental lifestyles seem to develop
more allergic diseases supporting the contribution of environmental risk factors
(18,27,42). Besides, antibiotic use altering microbiome, breastfeeding, nutritional factors
(vitamin D and w-3 polyunsaturated fatty acids deficiency) or allergen exposure during

lactation and pregnancy seem to have a role on the development of allergy (18,27).

1.2.2 Sensitization routes

The first contact with food allergens is usually oral, although other sensitization ways
are possible. Three main sensitization routes have been proposed as relevant exposition
sites: gastrointestinal tract, respiratory tract, and skin (epicutaneous). Distinguishing the

origin of the allergic sensitization may predict how is the clinical relevance going to be

5).

When primary sensitization is produced in digestive tract (gastrointestinal sensitization
route), it is known as Class I Food Allergy. In this case, antigens in food (for example,
egg, milk, fish, and LTPs (57)) are presented to cells in GI tract and depend on multiple
intrinsic factors which could alter the gastrointestinal mucosal barrier epithelium:
permeability of the epithelial barrier (tight junctions), stability and ingested quantity of
allergen, alteration of gastric pH or microbiome, or developmental immaturity of
immune system and GI barrier during infancy (Class I FA is more frequent in paediatric
population) (41,58,59).

Primary sensitization can also occur in respiratory tract. It is known as Class II Food
Allergy, produced by food allergen aerosol inhalation but also for inhaled pollen
allergens which will cross-react with food allergens. This phenomenon is called “pollen
food syndrome”. Symptoms can appear years after primary sensitization and are
characterised for being mild and restricted in the oral cavity (OAS). Systemic reactions

are less frequently seen (41,57) and more likely developed during adulthood (60).

Recently, skin barrier has been proposed as a third sensitization route. A loss of integrity

of the skin barrier (i.e., in atopic dermatitis) might participate in food sensitization (61),
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known as the “dual allergen exposure hypothesis” proposed by Lack (62). It is evidenced
that skin Tu2 inflammation down-regulates filaggrin gene expression leading to a loss-
of-function of the epidermal barrier (63) and it is known that a mutation or a lack of its
expression produces pro-inflammatory cytokines presence in skin (64). Moreover, it has
been reported the predominance of Cutaneous lymphocyte-associated antigen (CLA)
plus skin-homing response to peanut in peanut-allergic patients but not in gut-homing
(integrin B7+)(65).

1.2.3 Clinical Manifestations

The GI mucosa has the role of host defence against harmful microbes, toxins or
damaging nutrients. For this reason, the digestive barrier is arranged with the innate
immune system and complementary defence systems as gastric acid, bicarbonate
secretion, mucus, digestive enzymes, tight junctions forming an intact epithelium,
antimicrobial peptides, peristaltic movements, and phagocytes (2). Sometimes, food
proteins are improperly recognised as harmful antigens by the immune system leading
to gastrointestinal food allergy symptoms. Waltzer et al. (66) proved in 1928 that food
antigens could cross over the GI barrier and distribute through the body. Consequently,
food allergens could produce an immune response in different tissues generating extra-
gastrointestinal symptoms (2). Allergy symptoms are classified as local or systemic

symptoms.

1.2.3.1 Local symptoms

FA symptoms exposed on GI are non-specific and can vary depending on the place of
mucosal reaction. Are classified as clinical manifestation on the oral mucosa or in the
remaining digestive tube mucosa. Oral allergy syndrome (OAS) is produced by lip and
oral pruritus, lip and tongue swelling but also pharyngeal pruritus and oedema
(sometimes itchy ears are reported). Gastrointestinal tract symptoms (GI) can be
localised in the stomach (Reflux disease, Nausea, Vomiting); in the small intestine
(Crampy abdominal pain, Malabsorption, Vitamin deficiency) or in the large intestine
(Diarrhoea, Constipation, Faecal blood loss). Generally, early reactions appearing few
minutes after ingestion, involve oral cavity and stomach while late reactions appearing
hours to days later involve small or large intestine (2). In some cases, Contact urticaria
(CU) can also occur, a wheal which appears within minutes at the place of contact with

the offending food and resolves after 24 hours (67).
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1.2.3.2 Systemic symptoms

URTICARIA AND ANGIOEDEMA (U and AE)

The EAACI/GAZLEN (global asthma and allergy European network)/EDF (European
dermatology forum)/WAO Guidelines for urticaria (68,69), define Urticaria as “a
condition characterized by the development of wheals (hives), angioedema or both”.
Acute urticaria is one of the most frequent food-induced clinical manifestations. In a
subset of allergic patients, cofactors (non-steroidal anti-inflammatory drugs -NSAIDs-,
exercise or alcohol) presence combined with food ingestion are necessary to produce
urticaria (2). Angioedema in urticaria consists of an abrupt erythematous or rouged skin
swelling into lower dermis and subcutis but also in mucous membranes. Can be painful

and resolves slower compared to wheals, in some cases about 72 hours (68).

ANAPHYLAXIS (AN)

The EAACI describes Anaphylaxis as “a life- threatening reaction characterized by acute
onset of symptoms involving different organ systems and requiring immediate medical
intervention”(70). The WAO Anaphylaxis committee proposed a definition for
anaphylaxis: “Anaphylaxis is a serious systemic hypersensitivity reaction that is usually
rapid in onset and may cause death. Severe anaphylaxis is characterized by potentially
life-threatening compromise in airway, breathing and / or the circulation, and may occur
without typical skin features or circulatory shock being present” (71). Anaphylactic

shock (SH) will implicate shock or circulatory collapse.

Co-factors may be symptom aggravating factors in some patients with food allergy,
common reported ones are exercise, stress, infection, non-steroidal anti-inflammatory
drugs (NSAIDs), menstrual cycle, fasting and alcohol (72-74). This concept is known as
co-factor-enhanced food allergy (CEFA)(74).

Exercise induced anaphylaxis consists of a severe- potentially fatal anaphylaxis which
converges with physical activity (Food dependent exercise induced anaphylaxis,
FDEIA). Requires the presence of exercise before or after food allergen ingestion (75).
Wheat-dependent exercise-induced anaphylaxis (WDEIA) is the most characterized of
them. Physiopathology mechanisms on FDEIA are not well understood. It is suggested
the theory that acidic state promoted by muscular works could induce mast cell
degranulation (76). Also, a genetical background could be influent on this type of
reactions (75). Alcoholic beverages and non-steroidal anti-inflammatory drugs might
influence on the severity of the clinical reactions by accelerating the intestinal allergen
absorption (74). On Food-dependent NSAID-induced anaphylaxis (FDNIA) it has been
suggested that NSAIDs could rise the intestinal barrier permeability altering the

9
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absorption but also mast cells could play a complementary role (77). Moreover, it has
been reported that NSAIDs could have an effect directly on basophils and mast cells
response amplification. Aspirin modulates cysteinyl leukotrienes LTC4 in mast cells, by

dihydropyridine-sensitive L-type Ca?* channels (LTCCs) (78).

Recently, a mutation in the KARS gene, implicated in antigen dependent-FceRI
activation from mast cells, has been characterised. This mutation would alter important
mast cells functions as granules biogenesis and their mediators synthesis conducing to

severe anaphylaxis (79).

1.2.4 Food Allergens

Any antigen could potentially produce an allergic response and an increasing number
of proteins have been detected as potential allergens, although a restricted number of
allergens and proteins families are responsible of most of the FA reactions. Allergic
reactions to foods are based on the allergen characteristics which on their turn
characterise the alternative sensitization routes. For this reason, many investigation
groups are focused on the identification and molecular characterisation of the most
important allergens as well as comparing sensitization profiles against different

population groups (5,80,81).

TYPE 1 FOOD ALLERGENS

Are water-soluble glycoproteins from 10 to 70 kDa, characterized for being resistant
to heat, digestion and degradation conditions as gastric acid pH, proteolytic enzymes
and bile salts. Its sensitization is produced by the way of gastrointestinal tract
inducing Class I Food Allergy. Known as “Complete Antigens” and related with

severe clinical manifestations. Seed storage proteins and LTPs belong to this group
(5,41,80,81).

TYPE 2 FOOD ALLERGENS

Most of them are conformational epitopes and so are thermolabile, which can be
degraded by enzymes and digestion. Their sensitization is produced through
respiratory tract by cross-reactions with homologous allergens from pollens and
reactions appear after food ingestion. This would explain that many patients only
experience symptoms on the pharyngeal mucosa and oral cavity. Generally, induce
mild symptoms on the oral cavity. Are known as “Incomplete allergens” and induce
Class II Food Allergy (5,41,80,81). These allergens are difficult to extract (from their
sources) and be isolated. For this reason, using diagnostic equipment results

unsatisfactory when natural extracts are used in vivo or in vitro (58).

10
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THAUMATIN
LIKE PROTEINS
(TLP)

Resistance to high
temperatures, pH
changes or
protease
degradation @2

Growing fruits,
pollens,
vegetables, nuts
and cereals 3

Mild to severe
symptoms,
associated to
systemic (2

Moderate-low

Vegetal foods,

Cross-reactivity:

SUPERFAMILIY

(CSBP) Subfamily

Pathogenesis-Related
Protein Subfamily 10
(PR-10)

stability against latex, pollens @485 | pollen
PROFILINS heat @81 sensitization,
pollen-food
syndromes, OAS
(84-86)
Vicilins Resistance to Legumes (sss9) Cutaneous
protease reactions,
CUPINS degradation. systemic
Legumins Certain thermal symptoms in 20%
stability @) of the patients (o)
Ripening-Related Labile under high | Green kiwi (Actinia -
Proteins (RRP)/Major | temperatures and | deliciosa) (95) Qrgss-reactwﬁy
Latex Proteins (MLP) | extreme pH Indicator s
Subfamily conditions @) pIant-fooq allergy
8609293). Mild
Betv 1 LIKE Cytokinin-Specific Mung bean (Vigna | SYmptoms (OAS)
PROTEINS Binding Proteins oo

radiata) os)

Fagales plants,
fruits, vegetables,

nuts and legumes
®

PROLAMINS

2S-Albumins Seed
Storage Protein

Resistant to heat,
gastric pH and
proteolytic
enzymes (oe)

Nuts, legumes, oil
seeds, cereals
and spices (s

Severe reactions.
Mild reactions
over raw and

processed foods
(6)

Cereal Prolamin Seed
Storage Proteins:
Gliadins and Glutenins

High heat stability
®

Grass cereal
grains (s,97.98)

Mild and systemic
symptoms, WDEIA

(897,98)

a-amylase and
protease bifunctional
inhibitors

High heat stability
®

Cereal grains
(8,99,100)

Baker’'s asthma
(8,99,100).

Non-specific lipid
transfer proteins
(nsLTP) (41,81,101)

Resistance to high
temperatures, low
pH changes or
protease
degradation @102

Grains, nuts,
vegetables,
pollens or natural
rubber latex (o)

Mild to severe
symptoms @02)

The main plant-food allergen families are summarized in Table 2, which includes

Prolamins and, in concrete, Lipid Transfer Proteins, the allergen family to which this

thesis is focused.
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1.2.4.1 Cross-reactivity

Not all the allergens have the property of inducing allergen specific IgE antibodies
(sensitization), some are non-sensitizing (known as secondary or cross-reactive) and will
only produce allergic symptoms if another related allergen has caused a previous
sensitization (8). Cross-reactivity in allergy refers to the capacity of a secondary allergen
to induce an immuno-allergic response (clinically relevant or not) after exposure in an
organism previously sensitized to a primary allergen, with which shares 1 or more
epitopes (known as cross-reactive epitopes) (103). Allergenic molecules are distributed
among different protein families which share common epitopes (81), conserved
aminoacid sequences to which the antibodies can bind, either linear epitopes or
conformational epitopes (derived from the three-dimensional folding of the protein)
(81). Cross-reactivity most likely occurs in allergens sharing >70% aminoacid sequence
identity (104) although it has been described that IgE relevant epitopes frequently share
less than 20 aminoacids in length (105). Extreme conditions over labile molecules could
alter the three-dimensional structure reducing the cross-reactivity reaction by loss of

conformational epitopes (104).

IQE (B-cell) cross-reactivity. A primary allergen induces sensitization via Th2 response,

activating the synthesis of sIgE antibodies towards a few conformational and/or linear

epitopes of its sequence/structure (106,107). Afterwards, when patients are exposed to
allergenic-food sources containing homologous allergens, the primary-allergen sIgE
antibodies will recognise the secondary allergens through cross-reactive epitopes
leading to an immune response (cross-linking, mast cell activation and mediator release).
Secondary allergens can be complete or incomplete when they are not able of producing

primary allergic sensitization alone (co-sensitization) (106-109).

The affinity between secondary allergens and sIgE can be weaker compared to primary
ones. Multiple factors as the number of cross-reactive epitopes, the binding affinity,
physicochemical stability and the homology of aminoacid sequence and/or structure

play a role on the relevance of the cross-reactivity (103).

T-cell cross reactivity. It consists on the response of T cells to one or more peptide-MHC
ligands of allergens (110). After primary allergen exposure, the allergen is presented by
dendritic cells through MHC to naive T cells, leading to Tu2 cells expansion and
differentiation. After the exposure of secondary allergens containing homologous T-cell
epitopes, cross-reactivity is produced and primary allergen specific T cells induced and
also secondary allergen sIgE is generated (108). Usually, it is produced by sequence

homology between cross-reactive sequence residues and related allergen sources. A
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cross-reactive T-cell epitope is able to stimulate memory T cells and induce subsequent

IgE production (111).

1.2.4.2 Panallergens

Panallergens are proteins which intervene on key biological processes from organisms
which contain conserved structures and sequences (84,112). They are constituted by
different protein families from animal and plant sources of phylogenetic related or
unrelated allergens, which widely cross-react with allergens from other allergenic
sources. Thus, cross-reactions (i.e., cross reactivity) can occur between multiple pollen
sources (113), between plant foods and pollens (114) or between animal foods and
invertebrate inhalants, among others (115). The most relevant panallergens from vegetal
sources are profilins, polcalcins, non-specific lipid transfer proteins and pathogenesis-
related type 10 proteins (PR-10) (41,81).

In daily medical practice, a significant number of patients are sensitized to multiple
foods, pollens or sea-foods, not necessary being part of the same taxonomic family.
Panallegen sensitization has epidemiologic particularities (112) and yields complexity
on the allergenic profile of the patients (116). Cross-reactivity to panallergens can
produce variate sIgE responses to different allergenic sources leading to positive
allergological tests (either in vitro tests or skin prick tests) without clinical relevance

(117). Furthermore, it has been reported that a high degree of panallergen sensitization

is associated with the severity of allergic symptoms (118).

1.2.4.3 Pathogenesis Related Proteins (PR)

Many proteins that are produced by the plant as a defence response against pathogens
or environmental stress are allergens (41,81) and they are expressed in multiple organs
and tissues (60). In 1994 their nomenclatures were unified based on
biological /enzymatic activity, serological relationship or aminoacid residues sequences
(119) and grouped into 17 families (Pathogenesis Related Proteins, PR-17). Some
examples are: [-1,3-glucanases, chitinases, thaumatin-like proteins, proteinase
inhibitors, peroxidases, Bet v 1 homologs (also known as PR-10), lipid transfer proteins

(LTPs, PR-14), defensins, thionins or oxalate oxidases (58).

13
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1.2.4.4 Cross-Reactive Carbohydrate Determinants (CCDs)

As said before, type I Hypersensitivity reactions mediated by IgE are mainly caused by
proteins. However, it is known that IgE antibodies can also react to carbohydrates

binding to carrier proteins (120).

In eukaryotic glycoproteins, the main IgE binding oligosaccharides are complex N-
glycans, known as “cross-reactive carbohydrate determinants” (or CCDs)(120). They are
composed by two molecules of N-acetylglucosamine and one distal mannose with the
attachment of carbohydrate residues. Structural modifications on them, not found on
human tissues but in plants, insects, helminths and molluscs, represent an immunogenic
target for sIgE. sIgE against CCDs in patients allergic to pollen can induce cross-
reactivity with food or inhaled allergens, insect venoms and latex (121,122). Inversely,
insect venoms induce CCD sIgE and so, in non-atopic patients with insect venom allergy
can be found positive in vitro results for pollen, food or latex (123). They would act as
“mimickers of allergy”. Importantly, N-glycans do not suppose important allergy
triggering but can interfere with in vitro diagnostic generating false positive results
(124,125) conducing to inappropriate dietary restrictions, prohibitions or unjustified
immunotherapy (126). To overcome this problem and improve the specificity of in vitro
tests, strategies such as the preferential use of recombinant allergens (that can lack CCDs
in comparison with natural purified), serum CCD inhibition and serum CCD antibodies
are applied in molecule-based allergy diagnosis (127). To detect anti-CCD sIgE, MUXF
is used as an allergen containing CCD as well as natural glycoproteins such as bromelain,
peroxidase from horseradish, or ascorbate oxidase (126). Nevertheless, glycosylated
allergen extracts are still used because of the limited availability of certain components,
of which not always are recombinant. The possible artifact of CCDs on purified natural

proteins always has to be considered (128).

1.2.5 Treatment

The main step on food allergy management is an exclusion diet avoiding offending
foods. However, strict avoidance can be a problem due to the abstention of the whole
nutrients comprised on the food which could have nutritional implications. Moreover,
this can significantly alter eating behaviours, taste preferences and limited dietary
choices, decreasing patients quality of life (129). For this reason, an accurate allergy

diagnosis is essential to define the most appropriate treatment for each subject (130).

However, drugs provide the treatment of clinical reactions: Adrenalin (epinephrine, to

treat systemic manifestations and it will be key to prevent death on anaphylaxis (131);
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Antihistamines (H1 receptor blockers on the treatment of localized FA symptoms and
H2 receptor blockers to treat gastrointestinal symptoms (40)); Corticosteroids (to
downregulate symptoms induced by immunologic reaction). Other medicines can be
used to treat allergic disease such as: sodium cromoglycate, anti-leukotrienes

(montelukast), topic anti-cholinergic drugs or inhaled 2 adrenergic receptor agonists

(8).

During the last decades, biological treatments have been developed for the treatment of
food allergy (132): IgE targeted therapies (Omalizumab (27,133-135) used as
monotherapy might increase the tolerated dose in various foods in patients with FA
(136)); IL-4- and IL-5-targeted therapies (For Dupilumab (137) active clinical trials are
focused on studying its effect on the management of FA (138,139); Alarmin-Targeted
Therapies (Alarmins as IL-33, IL-25, and TSLP are implicated on the development and
upkeeping of FA. i.e. Etokimab (140)).

IMMUNOTHERAPY

Based on the understanding of how desensitization is produced, food allergen-specific
immunotherapy (FAIT) is being under investigation (40). The main objective of FAIT is
achieving desensitization or no clinical allergic response to the specific foods (i.e.,
tolerance), although in some cases, patients only achieve an increase on the onset dose
necessary to initiate the allergic response (141). Nevertheless, this already represents an
increase on safety against accidental exposures. In short, CD4+ T cells change the allergic
phenotype to a regulatory or anergic one, increasing the amount of Treg, which produce
TGF-p1. This reduces the inflammatory response after allergen exposure, consequently
sIgE levels decrease and sIgG4 increase (40). Different FAIT modalities have been
included in the EAACI guidelines (142): oral (OIT), sublingual (SLIT) and
epicutaneous (EPIT) (143). In OIT and SLIT, the allergen dose is gradually raised.
Currently, OIT is recommended on lasting allergy to peanut, cow’s milk and hen’s egg
in 4-5 years children (144). In most cases, FAIT adverse effects are mild symptoms as
oropharyngeal pruritus or abdominal pain, which may depend on the dose (145). A SLIT
peach extract with quantified Pru p 3 (50ug Pru p 3/mL) from ALK-ABELLO (Madrid,
Spain) is currently commercially available, with demonstrated efficacy and safety (146—
148). Moreover, in patients with systemic symptoms, SLIT demonstrated efficacy and
not only for Pru p 3, but also for Ara h 9 in patients with concomitant allergy to peanut
(148,149). Positive results have also been demonstrated by using fresh peelings and
quantifying Pru p 3 to obtain peach extracts to use for SLIT (150,151). Recently, a Pru p
3-epitope based SLIT treatment using Pru p 3 T-cell peptides bound to
oligodeoxyribonucleotide with CpG motifs has been reported (152) with promising
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results, inducing specific Tul/Treg response. Interestingly, a group of patients in which
a SLIT with commercial peach-juice was performed, safeness and effectiveness has also
been reported (153).

1.2.6 Diagnostic

A precise diagnostic is essential to focus on an adequate treatment for food-allergic
patients, ensuring that only strictly necessary foods are avoided. Matricardi et al. (8)
designed a diagnostic algorithm (Figure 2) to guide professionals on this process,
starting with an exhaustive anamnesis, clinical history, and physical examination,
followed by anamnesis-directed, IgE sensitization tests in vivo (SPT) or in vitro ( serum
IgE detection or Basophil activation tests (BAT)). However, sIgE presence indicates
sensitivity but not allergy and so, these results should be compared and validated by
clinical history. When results are not clear, challenge tests are required, which are still
considered the gold standard in FA diagnosis. A clear outcome will inform about clinical

relevance to provide an adequate therapeutic intervention (8,154).

1.2.6.1 Clinical History

A rigorous patient clinical history /anamnesis is essential in the diagnosis of food allergy.
This thesis is not focused on this part of the diagnosis and so, it will be roughly described
hereby. It includes patient’s account of the symptoms, severity and frequency of them,
familiar antecedent of allergic disease and seasonal variances. Data on impact on
patients” quality of life is also important, specially in those reporting gastrointestinal
symptoms. Particularly in FA, is important to take in consideration the food allergens
class (1 or 2). Class 1 allergens are related to rapid or not onset of the symptoms after
ingestion and frequently, multiple organs are involved. Moreover, can be produced by
both cook or uncooked foods. It will be rare to find an isolated asthma in this kind of FA
although it can produce asthma associated to other symptoms (rash, angioedema or
vomiting). Class 2 allergens are pollen-derived allergens that cross-react. Usually
associated to mild symptoms on the oral cavity which immediately appear after
ingesting raw fruit or vegetables. The amount of ingested food; how long did symptoms
appear after ingestion, or the presence of cofactors is information which needs to be
registered. It can certainly be difficult to differentiate symptoms produced by foods from

other causes, so complementary tests will be necessary to obtain a definitive diagnostic

(2).
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Figure 2. Diagnostic work-out for IgE mediated/type | hypersensitivity reactions.

Individual history (clinical symptoms?)
Suspected allergy +
Examination (clinical findings?)

Sensitization test Skin tests** IgE test* BAT**
*direct or **indirect

Interpretation
Agreement with the history?
Clinical rellevant?

Challenge test with Challenge test

interpretation (clinical relevance?)

Clear final results?
Clinical agreement?

Therapeutic consequences

(allergen avoidance, immunotheraphy...)

Adapted from Matricardi et al. (8).

1.2.6.2 Allergen Specific IgE Detection: In Vivo And In Vitro Studies

The presence of allergen specific IgE (sIgE) can be evaluated in vivo through skin testing
(sIgE bound on FceRI on mast cells) or in vitro, either on serum/plasma samples or tight

on the surface of FceRI receptors in the surface of basophils (2).

SKIN TESTING

Skin tests provide information on effector cell-bound sIgE and can be done by two ways:
skin prick tests (SPT) or intradermal. SPT is usually the most frequently used for
offering enough specificity and sensitivity although, in some cases, such as venom
hypersensitivity or penicillin allergy, the intradermal is required for offering an
increased sensitivity. These tests require specific training on adequate performance and
interpreting the results (5). Systemic reactions are common on intradermal tests while
SPT is considered as a safe procedure in which associated anaphylaxis is rare and only
a few cases have been described (130,155-157).
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INTRADERMAL SKIN TESTING

Consists of injecting a low dose of allergen (100 to 1000-fold less concentrated
that in SPT), using a needle producing a 2-3 mm bleb in the dermis. Usually

performed in the forearm (5).

SKIN PRICK TESTS

SPT is considered the primary tool for allergists to detect allergen sensitization
since it is cheap, fast and does not require specific equipment (158). SPT are
usually performed on the forearm or in the back (considered to be more reactive)
by applying a drop of the allergen extract on previously cleaned skin. Then a
needle or a lancet penetrates the drop at a 90° angle, through the skin, creating a
small break on the epidermis which permits allergen penetration. The size of the
wheal is measured 15-20 minutes after, a 3 mm diameter is the minimum to
consider a result as positive (154). To avoid potential false negative results, a
positive control with histamine (10 mg/mL) is used. Antihistamine drugs or
drugs with antihistaminic properties as tricyclic antidepressant can induce false
negative results thus treatment has to be stopped prior testing. Oral
corticosteroids do not inhibit SPT results. Saline serum or allergen diluent is used
to assess false positive results. False positive results can occur in dermographism
and SPTs should not be performed in the presence of severe eczema. Despite its
wide use, SPT has some limitations (154): it is operator-dependent, not all
allergen extracts are available and not all are of sufficient quality (159),
antihistamine treatment must be stopped a few days before and the
manifestation of severe symptoms occur in rare cases (160). It is necessary the use
of standardized, validated and well-conserved allergen extracts to elude false
negative results. It has been proved that the use of prick-prick tests with fresh
food and vegetables (prick-by-prick) is more sensitive to confirm food allergy
diagnosis than SPT with commercial extracts (161). It is known that the size of a
positive SPT corresponds with the likelihood of allergy to that food but not to the
severity of the clinical reaction (162). Moreover, a positive SPT, reveals the
presence of allergen-specific IgE but does not mean that the patient is allergic
(163). Also, itis not well known but exists, the interference from certain molecules
with the subject’s test result. For example, when histidine is present on the
extract, in certain conditions as bacterial presence (with histidine decarboxylase),
the conversion to histamine can be increased providing false positive results
(130).
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SERUM sigE

Allergen-specific IgE in serum and plasma can be measured in vitro in the laboratory by
immunoassays, overcoming risks and logistical limitations of in vivo testing. Various
quantitative and semi-quantitative immunoassays have been developed since the first
description of IgE in 1967 (164), early radioimmunoassays, and later mostly enzyme-
immunoassay,  chemiluminescence,  fluorescence/enzyme-immunoassay  and
immunoblotting assay (158). Allergens are attached on allergo-sorbent solid phases (i.e.,
sephadex or paper; polymer of cellulose enclosed in a capsule, streptavidin-covered
polystyrene ball conjugated with streptavidin) or liquid-phase labelled allergen
contained in reaction vessels (36,165). The patient’s serum will be added and incubated.
If this serum contains allergen-specific IgE, this will bind to the allergen-linked solid
phase (see Figure 3). After washing to clear out unbound antibodies from the serum, a
labelled (i.e., with a chromophore enzyme, fluorophore or radioiodine) human anti-IgE-
Fc is added to bind to the allergen-specific IgE from the patient that is bound to the
allergen. For the process, buffer solution for constant pH values are used. The detection
of this human anti-IgE will provide the result for this assay by using a Calibration system

and a Data processing system.

The response/signal measured is proportional with the quantity of allergen sIgE from
the sample that has bound to the allergen. Variations against the different
manufacturer’s assays are found on the solid phase used, on the allergen concentration,
or on the detection system (2). Thus, test results are not always equivalent and direct
comparisons between test outcomes must be handled with care (158,166). No
internationally accepted calibration standards exist for sIgE (36). A single calibration
based on total serum IgE is used to interpolate sIgE from all allergens (Heterologous
calibration based on total IgE) when both total and specific IgE are diluted in parallel,
although allergen-specific calibrations can be done. It is based on a reference calibrated
curve for total IgE to the official WHO standard (WHO 11/234) generated for each assay.
In general, sIgE levels range from a limit of quantification of 0.01 kU4 /L to 100 kU4/L.
Thus, serum with higher sIgE has to be measured on a diluted form to be quantified
(36,158,166). IgE distribution is not linear but logarithmic. Some assays show that sIgE
levels heterogeneously calibrated proportionally correspond to total IgE, for this reason,
can be compared to improve proportion. The ratio sIgE to total IgE can be particularly
interesting for in vitro tests interpretation when total IgE levels are extremely low or
high (167). This ratio is also found on effector cells and when total IgE values are
normalized (given in relative, i.e., ratio sIgE to total IgE in percent). Kleine-Tebbe and
Jakob (36) explained that, by doing these calculi, a better concordance between relative
(%) sIgE proportion and the quantitative analysis of sensitization tests as BAT and SPT

can be expected.
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Figure 3. General scheme of immunoassays used for the measurement of allergen specific IgE in serum.
Anti-IgE labelling ligand

Anti-IgE

) Patient IgE
/ _ \ Immobilized allergen

In some cases, a reverse IgE immunoassay can be performed to overcome interferences
of other serum antibodies. For example, in patients receiving immunotherapy non-IgE
isotype antibodies such as IgG are found in serum samples could produce a competitive
inhibition giving false results. All, or at least almost all, IgE antibodies from serum are
captured by a solid-phase in which anti-IgE is found in molar excess. Following this step,
allergen sIgE is detected with a quantified amount of labelled allergen. The advantage
of this assay is the measurement of mainly high-affinity sIgE which presume to be more
relevant compared to classic immunoassays. It requires important amounts of anti-IgE
to bind all the IgE from the serum and show an important bias due to the fact that

depends on the fraction of specific IgE (8).

CELL-BASED ASSAYS
BASOPHIL ACTIVATION TEST (BAT)

Basophils can be found in peripheral blood while mast cells are localised in tissues,
making blood basophils an accessible sample (168). BAT shows the degranulation/ cell
activation after stimulation with increasing concentrations of the allergen by flow
cytometry, through the expression of basophil activation markers like CD63 and CD203c
in cell surface. Basophils can be identified by flow cytometry with different antibody
combinations as: CD123+/HLADR-, CRTH2+, CD203c+, or CD193+. CD63 is the most
validated marker although CD203c¢ has demonstrated to be a solid test (169). CD63 is
found inside mast cells and basophils as well as in the same lysosome secreting

histamine (168,170). Although its role is not well understood it is directly correlated with
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the release of histamine into the cell supernatant (171,172). CD203¢ can be used for
basophil identification and also activation marker, and its expression increases after cell
manipulation or non-degranulating stimulation (173). It has been observed a variation
on CD203c reactivity during the day which has to be taken into consideration when
blood sampling (174).

The expression of CD63 has been shown to directly correlate with histamine release and

it is considered to be the more clinically validated activation marker (170,171,173).

Some variables can significantly affect the dose-dependent basophil activation and
should be taken into consideration for analytical techniques (36): total amount of IgE
bound to cells; the ratio of sIgE to total IgE (1% is enough for half-maximal activation of
cells); the ratio of low- to high-affinity IgE antibodies; clonality (Number of epitope-
specific antibodies); affinity (binding strength between allergen and sIgE); avidity (total
amount of multivalent sIgE binding sites binding strongly to the allergenic molecule)
(175). FceRI receptors from the effector cells surface are stabilized by IgE (176) and so,
the number of them and the amount of cell-bound IgE is regulated (177).

As BAT assess IgE cross-linking using live cells stimulated with the allergen, they can be
more informative than sIgE measurement in serum in terms of IgE functionality and
clinical relevance. Compared to provocation tests, BAT is presented as a good
alternative, being more comfortable and safer for the patient, less invasive and cheaper.
For this reason, its performance may be a good option when clinical data does not match

with SPT or serum sIgE results (168).

BAT has demonstrated to be useful in indicating the phenotype of patients sensitized to
food, insect venoms, drugs and for chronic urticaria. BAT shows higher specificity
compared to IgE sensitization tests in food allergy (178,179) and is useful to monitor the
response of immunomodulatory treatments or the natural resolution of food allergies.
Nevertheless, it requires deep analytical and clinical validation, standard procedures
and quality guarantee to insure reliability and reproducibility of the results (168,172).
BAT confers two types of information towards the allergen, known as basophil reactivity
(BR) and basophil sensitivity (BS). BR is defined as the proportion of basophils
expressing CD63 in comparison with the negative control (% of CD63+ basophils) and
supports the presence of biologically relevant IgE sensitization to the tested allergen
(168). It is determined by the state of the basophil and the cellular response after the IgE
signal. BS is determined by the BR and the affinity of free and bounded sIgE for the
allergen (172). The response after graded allergen concentrations are fitted to a curve of
reactivity vs allergen concentration from which will be determined the concentration of
allergen producing 50% of the maximum response. BS can be expressed as ECs or as

CD-sens (the inverse of ECso multiplied by 100) and it has been reported to correlate with
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the severity of certain food allergic reactions (168,180). Both activation parameters (BR
and BS) are distinct but interdependent and regulated by Syk kinases (168,181). The
measurement of the area under curve (AUC) combines both parameters and it is useful
when responses do not fit to the common dose-response curve, as in anergy states from
the basophils in allergen immunotheraphy (AIT) (182). Finally, ROC curves are used on
the analysis and validation of BAT with new allergens (172).

BAT not only assesses IgE cross-linking of IgE with FceRI on the basophil surface, but
also to non-IgE stimulus like the bacterial tripeptide N-formilmetionil-leucil-fenilalanina
(fMLP) (which can be used as a positive control on the test) (168,183). The sIgE-FceRI
complex depends on the affinity of the sIgE for the allergen. Frequently produces a bell-
shaped dose-response curve although can vary due to the complexity of antigens and
allergen epitopes affinity for the sIgE, the density of epitope sIgE on the basophil cover
and intrinsic characteristics of the basophils. These factors will vary the optimal allergen
concentration to activate basophils among subjects (168). Functionality of basophils have
to be ensured in all cases. Both IgE and non-IgE signaling controls (anti-IgE or anti-FceR],

and fMLP, respectively) are used as positive controls of basophil reactivity.

When basophils only get activated after fMLP but not anti- IgE or FceRI controls, are
named as “non-responders”, which is found in approximately 10% of the population,
and the BAT outcome must be interpreted within this context. Moreover, non-sensitized

donors should be tested with the allergen preparations used to prove specificity (168).

BAT results can be altered by multiple factors. The medication on the patient, as oral
steroids (taken during at least 3 weeks before the test) and ciclosporin A should be
avoided, but not oral antihistamines and topic steroids (184,185). The time between
blood draw and the test performance should not be more than 4 hours, or ideally less
than 24 h to avoid a decrease on reactivity (172). Exceptionally, it is known that is
possible to obtain a positive result after 2 days (186). Moreover, blood samples should

be collected for no more than 1 year from the last exposure to the allergen (172,187,188).

Basophils are preferentially tested in heparin-stabilized blood. Blood stabilized with
EDTA or acid-citrate dextrose show limited basophil degranulation unless after adding
calcium (189). The material used for the stimulation are preferable standardized extracts,
recombinant or native purified allergens or fresh parenteral drugs solutions. It will be
prepared following standard procedures at non-toxic concentrations for basophils (less
than 1%w /v) and more than four sequential log dilution responses should be done (172).
Finally, the staining antibodies used and the flow cytometric analyses should be taken

in consideration (168).
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MAST CELL ACTIVATION TESTS (MAT)

It is known that basophils are effector cells involved in allergy disease, however, mast
cells (MC) are considered to be the main effector cells in the allergic response (190). For
this reason, a novel mast cell-based assay (MAT) has been developed with the aim to
improve the diagnosis of IgE-mediated allergy assessing MC reactivity towards the
allergen in vitro. This test consists on PBMCs isolation from human peripheral blood.
Posteriorly, CD117+ progenitor cells are magnetically separated and cultured till mature
MC are obtained. Mature MC are incubated overnight with patient’s serum and later,
activated with the allergen. Degranulation is quantified by measuring CD63
upregulation by flow cytometry. Bahri and colleagues (191), described in 2018 a
reproducible and robust MAT protocol. They could demonstrate allergen-specific and
dose dependent degranulation (for (CD63 and CD107a) for peanut, grass pollen, and
Hymenoptera (wasp venom) allergy. Other studies have demonstrated MAT specificity
on the diagnostic of peanut allergy (192). Alternatively, MAT can be performed using
the cell line LAD2 (193).

1.2.6.3 Serum Tryptase

The serum tryptase quantification is used to diagnose allergic reactions related with
acute mast cell activation, such as anaphylaxis. The concentration of tryptase in mast
cells is 300-700 times higher than basophils (2). In anaphylaxis, serologic levels increase
from 30 minutes to 4 hours after symptoms. Besides, in life-threatening reactions can be
found 24 hours after the reaction (2,194). The EAACI guidelines (70) recommend its
measurement 30 to 120 minutes after the reaction has started, and at least 24 hours after
symptoms resolution for baseline tryptase evaluation. Although it is a specific test which
will not be useful to make an emergency diagnostic it will let the confirmation of the

anaphylaxis diagnostic. If the levels of serum tryptase (from 30 to 120 minutes after the
beginning of the reaction) increase (1.2 x baseline) +2 1 g/L would confirm the diagnosis

of anaphylaxis (70,195,196). However, some anaphylactic events can be produced
without detectable tryptase levels, particularly in children and food-induced episodes
(195).

1.2.6.4 Oral Challenge

As said earlier in the text, in vitro and in vivo testing identifies sensitization, when clinical

history is not conclusive, oral challenge despite its drawbacks is required. The Double-
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blind placebo-controlled food challenge (DBPCFC) is considered the gold standard on
FA diagnosis.

It consists of the oral administration of the food which is suspected to be the cause of the
FA, under standardized and controlled conditions. Its objective is to prove if a certain
food is the origin of the allergy (197). Also, can be used to assess tolerability after food

allergy resolution as well as identifying the limit dose of responsiveness (197,198).

This process requires a wide logistic planification which includes healthcare facilities
(doctor, nurse, adapted hospital environment). The challenge has its own risks of
inducing an allergic reaction that can be severe. Before starting the oral food challenge
(OFC), the patient should avoid the challenged food at least, two weeks before and being
stable in the basis of allergic disease (not having had an allergic reaction) (198). It is
preferably to perform the challenge under fastening conditions (198) and physician
should take in consideration that the reintroduction of long-time excluded food to which

IgE is detectable may produce severe reactions (199).

1.2.7 Molecular Allergy

1.2.7.1 Component Resolved Diagnosis (CRD)

In 1999, Valenta et al. (200) described the concept of component-resolved diagnosis
(CRD), based on the use of individual recombinant-allergen (either recombinant or
naturally purified) for diagnostic purpose. Until then, allergy diagnostic had been based

on the use of allergen whole extracts.

Allergen extracts are generally aqueous preparations of the unprocessed allergen source.
Frequently, performed at neutral or close pH, deffated and dialysed (8). When diagnostic
is based on allergenic extracts, an important variability can be found between
manufacturers (201-203). Depending on the standards used for the extraction, the
composition from the extract can variate (130). Due to their physic-chemical
characteristics, some important molecules (as prolamins) are lost during the process of
extraction resulting on very low concentrations of allergen if the manufacturer does not
add an extra amount into the extract (204). In addition, lipid soluble allergens are
optimally extracted at neutral pH while food allergens whose exposure route is the
stomach (with low pH) are not properly represented (8,205206). In the EU,
commercialized allergen extracts are standardized by measuring the complete IgE
binding potency (but not from specific allergen). For this reason, it is not always possible

to compare or interchange data from extracts from different manufacturers (130).
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During the last decades, allergology has accomplished a technological revolution and
the identification and characterisation of new allergens has increased. A large number
of allergens named as components (synonyms: allergen molecules, single allergens),
have been generated by molecular biology techniques, found as recombinant (expressed
as “r”) or purified from the allergenic source obtaining native molecular proteins

(expressed as “n”) (207).

To improve allergy diagnosis, components have been introduced in most
immunoassays. This new approach offers a more precise diagnostic and may aid the
clinical management of the patients, towards “Precision allergology”. CRD may allow a
deeper phenotyping and thus personal treatment of allergic patients (8). CRD-based
assays permit an extensive analysis of the sensitization and cross-reactivity profiles of

allergens, improving the efficiency of IgE mediated allergy diagnosis.

What can be statistically associated to less than 1% of the population can be critical for
an individual patient, highlighting the importance of detecting the focus on these
patients. For example, Pru p 3 should not be used as the “marker” to diagnose allergy to
all LTPs: it has been revealed individual sensitization patterns to LTPs from different
sources with molecular tests (208). The recent advances suppose a challenge for the
traditional diagnosing strategies, optimizes the selection of food oral challenges, evades
life-threatening reactions and improves food avoidance recommendations. CRD aids at
an initial diagnostic either monitoring IgE levels on allergy-resolution processes (207).
In addition, it is related to a better assay performance (sensitivity and specificity). Low
abundance molecules from extracts can be represented on molecular profiles (8)
although extracts contain some allergenic molecules not available on an isolated form,
as an example, TLP Pru p 2 in peach extract (209). Molecular diagnosis has frequently
the risk of overinterpreting the results, nevertheless, like allergological studies in vitro
based on whole extracts, CRD (210) provides a sensitization profile which needs to be

contrasted with clinical history.

The use of components (either native or recombinant) can improve the clinical
performance of immunoassays in different ways. In some cases, recombinant proteins
differ on their structure when compared with the natural one because of the presence of
incorrect disulphide bridges or the absence of post-translational modifications (130).
Each has its own advantages and disadvantages. While recombinant allergens can be
synthetized with CCDs or not depending on the production system used, purified
allergens will contain a mix of CCDs and isoforms. As Matricardi et al. (8) explain,
allergenic components can be used as a mixture of all the available components from a
common allergenic source in substitution of the natural allergen extract mixture,

however its benefits are questionable, since this may not include all relevant allergens
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and it would be expensive. The common use of allergen molecules is individually for
allergen-specific IgE detection in singleplex (as individual reagents) or in multiplex
immunoassays. Another option is the use of equal mixtures of selected molecular
allergens representative of allergen specific sensitizations for sIgE detection. Individual
allergenic molecules have also been added to an allergenic extract to increase its
sensitivity and enhance its limit of quantification (spiking) (8). Noteworthy, molecular
and extract-based diagnosis can coexist and so, discrepancies between extract and
component sIgE results (qualitative and quantitative) sometimes occur, due to multiple
factors. In some cases, the allergen extract is positive but its molecular allergens are
negative, if the offending allergen is not available in a single format but also, when low
sIgE levels, the Limit of quantification (LoQ) of the extract is lower than the molecule. In
some others, the extract is negative while the allergen molecule is positive, if some
molecules are underrepresented on the extract or the sensitivity is lower in the extract
(higher LoQ) compared to the molecule, if sIgE levels are low. Also, allergen extracts can
be positive, but their components are negative, when recognition profiles are limited to
minor and highly cross-reactive components but not major ones on panallergen or CCD
sensitized. In some patients the extracts show lower sIgE than the components: this can
occur on highly sensitized patients as extract-based immunoassays contain limited
amounts of molecules. Consequently, the total amount of individual sIgE components is
higher than the corresponding extract sIgE (lower levels on extracts). This may also be
produced when exist partial cross-reactivity between allergens from different protein
families. In conclusion, coexistence of both diagnostic tools is still required today, but
needs to be wisely chosen and interpreted (8). Finally, two principal trends on the use of
CRD on allergological work up are seen: some professionals support the integration of
the new techniques to the traditional ones (top down) while a second group defend CRD
as a unique strategy (bottom-up). On the first case, diagnosis is based on singleplex (one
assay per sample) performed by doctor’s choice after clinical examination and
anamnesis. The second one uses multiplex (various assays per sample) microarrays,
which provide a wide sensitization profile of the patient, before asking for
corresponding symptoms. The EAACI suggested to combine them both in a “U-shape”
methodology. Clinical history and physical examination are done and SPT or sIgE
detection with extracts. According to all this information, sIgE to selected molecules are

examined and cross-reactions will be detected in this last step (211).

1.2.7.2 Singleplex and Multiplex Imnmunoassays

Evaluation of sensitization, i.e., allergen sIgE, in serum can be approached by using

singleplex and multiplex immunoassays, with whole extracts and/or components.
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Singleplex immunoassays consist in the measurement of one analyte per analysis while

multiplex allow two or more analytes to be tested in one single analysis.

The singleplex analysers are the most frequently used for the high throughput
allergological routine work up. They use total IgE calibration curves, have good

precision, reproducibility and their limit of quantification is 0.1 kUa/L.

The IMMUNOCAP® SYSTEM (Thermofisher Scientific, Uppsala, Sweden) is one of the
most frequently used worldwide in vitro automatized singlepex immunoassay for the
measurement of allergen-specific IgE in serum, largely validated with clinical practice.
It is a fluorescence enzyme-immunoassay which has a high efficiency allowing different
loads of samples depending on the equipment (158). It has been frequently used as a
reference assay when testing new diagnostic platforms (120,212). Its solid phase is based
on a three-dimensional encapsulated cellulose polymer on which the allergen is linked
by a covalent bound, designed as a sandwich assay (213). InmunoCAP® quantifies sIgE
with a 0.01 kUa/L detection limit, although 0.35 kUa/L has been traditionally

considered the positivity cut-off for most allergens.

Recently, single allergen tests (singleplex) have been followed by chips/microarrays
containing multiple allergens using a little amount of patient’'s serum (multiplex).
Multiplex assays permit in a single analysis the individual detection of various specific
antibody isotypes and its semi-quantification (214). Noteworthy, these new systems with
multiple components and / or extracts from different sources and different protein types
available facilitate the detection of cross-reactivity profiles in patients. The quantity of
antibody detected depends of several factors: IgE and non-IgE antibody concentration,
epitope specificity, affinity and IgE specific activity among others (8,214,215). Table 3
(extracted from Matricardi et al. (8)) describes the most relevant advantages and

limitations of both singleplex and multiplex assays, respectively.

The IMMUNOCAP ISAC® - ImmunoSorbent Allergen Chip (Thermofisher Scientific,
Uppsala, Sweden) was the first multiplex assay launched to the market around 15 years
ago. The current version consists of an allergen biochip containing 112 molecular
allergens from 51 allergenic sources (216) bound on a glass slide array. The allergen
molecules are dotted in triplets and immobilized on a polymer coated slide by covalent
bindings. When the sample contains sIgE antibodies, those will bind the immobilized
allergens. This complex is detected by a fluorescence labelled anti-IgE antibody,
quantified by a laser scanner. It is a semi-quantitative test and results are given in ISAC
Standardized Units (ISU), providing sIgE levels ranging from 0.3 to 100 ISU (217). On
respect to LTPs, the allergens of interest for this thesis, Nine LTPs are available on it: Ara
h 9 (peanut), Cor a 8 (hazelnut), Jug r 3 (walnut), Pru p 3 (peach), Tri a 14 (wheat), Art 3
(mugwort), Ole e 7 (olive tree), Par j 2 (parietaria), Pla a 3 (plane tree). The ImmunoCAP
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ISAC® has lower sensitivity compared to InmunoCAP®, given the lower amount of

allergen bound to the solid phase (218).

The EUROLINE® immunoassay (EUROIMMUN AG A PerkinElmer company. Liibek,
Germany), which plays a special role in this thesis, is a multiplex system to detect sIgE
by immunoblot. It has been developed for a wide range of allergic profiles. It requires
only a small amount of serum to assess sensitization to a wide number of allergens,
automatization is possible although not mandatory (158). This multiparameter test
provides semiquantitative information by measuring bands intensity corresponding to
allergen specific IgE antibody given in system classes 0 to 6. The classes from the
Enzyme-Allergo-Sorbent Test (EAST) are transformed into concentrations expressed in
kUA/L: Class 0: <0.35; Class 1: =0.35 to <0.7; Class 2: =0.7 to <3.5; Class 3: =3.5 to <17.5;
Class 4: >17.5 to < 50; Class 5: =50 to <100; Class 6: >100. A membrane on which allergens
are coated is used as a solid phase (Figure 4). When the sample contains specific
antibodies, these will bind the allergens. An alkaline phosphatase (AP) labelled antibody
(conjugate) binding the allergen-membrane complex, catalyses a colour reaction with
nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP). If
the sample contains antibodies, a dark line will appear on the particular allergen place
and its intensity will be proportional to the IgE antibody concentration from the tested
sample. Each membrane strip contains a control band which indicates that the test has
been performed successfully. It can be performed either semi or fully automated or
manual (219).

Figure 4. Euroline® multiparameter assay principles and strip representation.
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From EUROIMMUN AG website (219).
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Table 3. Advantages and limitations of singleplex and multiplex assay for sIgE testing.

Performance
Related
Advantages (pro)

Increased assay analytical
sensitivity (lower Limit of
Quantitation, LoQ)

Potentially more precise
quantitation and precision,
facilitating comparisons between
different allergen reagents (extracts
vs. molecules)

More established internal and
external quality control measures
(proficiency testing)

Increased speed of analysis and
reduced result turnaround time
Conservation of sample volume
facilitating paediatric testing

Assay Design
and Cost Related
Advantages (pro)

Traceable of allergen-specific IgE
values to a total human IgE
International Reference Preparation
Similar units for total IgE and
allergen-specific IgE due to
heterologous calibration (permits
calculation of allergen-specific
IgE/total IgE ratio)

Global availability in many countries
In case of limited number of
samples more cost efficient
Minimizes unneeded testing

Greater simplicity

Reduced cost due to fewer required
reagents

Reduced technician intervention
Optimal design applications for
point-of-care tests

Performance
Limitations (con)

More costly due to increased need
for reagents

More technical intervention
Limited answers in case of few
samples per subject

Expensive in case of large scale
screening (i.e., multisensitized
subjects)

Potentially lower analytical
sensitivity for each analyte
specificity measured (higher limit of
detection, LoD)

Reduced ability to accurately
quantitate each IgE antibody
Encouragement of abusive testing
which involves the measurement of
unwanted or unneeded IgE antibody
specificities

Assay Design
and Cost Related
Limitations (con)

More serum required, particularly in
case of many samples

Potentially slower analysis

Likely more sophisticated assay
format

Less global availability

Cost of the new instrumentation
and reagents

Greater challenge in managing
different levels of non-specific
binding

Enhanced challenges in optimizing,
balancing and standardizing assay
reagents and assay quality control
Potential greater inter-lot variability

From Matricardi et al. (8).
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Recently, another multiplex assay has been developed, ALEX? Allergy Explorer
(MacroArray Diagnostics GmbH, Vienna, Austria) which currently measures total and
specific IgE against 295 allergen molecules and extracts. Allergens bound to nano-
particles are shaped on a solid-phase, conforming a macroscopic array. If the sample
contains antibodies, these will bind to the allergens. An IgE-antihuman labelled enzyme
will chain the allergen-sIgE complex before adding a substrate. A coloured precipitated
reaction will be proportional to the sIgE concentration on the sample (colorimetric test)
(220,221).

Diagnostic tools in allergy try to reproduce the in vivo conditions, when sIgE binds to the
antigenic epitopes from the allergens. Nevertheless, it is not fully possible to reproduce
in experimental conditions what occurs in live organisms. sIgE will bind allergens when
chemical and physical conditions are allowed: protein conformation, chemical groups
charge and the access to the targeted epitopes influenced by environmental factors. For
all this, combining different conditions and procedures would increase the number of

epitopes available for sIgE detection (130).

1.2.7.3 Imunoassay Performance Evaluation

To test the efficacy of a method, sensitivity and specificity parameters have been
described as useful variables to analyse the performance and predictive capacity to
detect the presence and severity of clinical diseases. Sensitivity and specificity
performance of diagnostic tests are usually depicted as receiver operating characteristics
(ROCQ) curves.

The analytical sensitivity would be the lowest cut-off and represents the slope of the

calibration curve of the assay (8,36). It is provided by harmonized variables:

Limit of blank (LoB): signal of the sample without the analyte of interest (i.e., sIgE).
Limit of detection (LoD): signal of the lowest detectable sIgE in the sample.
Limit of quantification (LoQ): signal with the lowest sIgE in the sample with a

predefined precision.

The analytical specificity considers a targeted, selective sIgE detection (discarding the
detection of antibodies of other classes). It is increased with the use of single molecules
on which are only detected sIgE (on the use of allergen extracts an entire IgE repertoire
are used). This would not only increase specificity but also sensitivity (and decrease

LoQ) as well as indicate serological cross-reactivity and mark genuine (“primary”)
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sensitization (summarized in Figure 5). These analytical characteristics described and

their capacity of predicting the clinical relevance or severity introduce two new terms:

diagnostic sensitivity or specificity (154).

Figure 5. Universal arguments for the methodological use of components.
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From Jakob et al. (218).

Besides the diagnostic efficiency of the diagnostic tool (i.e., analytical sensitivity,
specificity and other parameters) an individualized interpretation based on the clinical
symptoms must be done to get what is known as a clinical diagnostic criterion. Isolated
molecular-based sensitization results are not enough to make proper predictions on the
clinical outcome, some items must be taken in consideration: sensitivity of the test
(proportion of positives among allergic individuals), specificity (proportion of — in
healthy individuals), clinical cross-reactivity indicators (symptoms not caused by the
primary sensitization), clinical reaction predictions (positive predictive value, negative

predictive value, thresholds, likelihood ratio...) (8).

Using allergen molecules on laboratory tests may increase the proportion of positive
tests on allergic population and the proportion of negatives in healthy individuals.
Moreover, it might resolve cross-reactive and, in some cases, reflect clinical symptoms
to sources that did not cause the primary sensitization and improve prediction markers

as positive predictive value (PPV), negative predictive value (NPV), likelihood ratios
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(LR), etc. Furthermore, they may improve the identification of specific reactivity patterns

that could be related to different symptoms severity (8,36).

The key question on allergy diagnosis in vitro tests is: “which is the clinical relevance of
the sIgE values detected by the assay?”. A positive IgE result is not a proof of allergic
disease and will only be relevant when related with symptoms from anamnesis or at
challenge (8).

Importantly, allergen specific IgE levels provided by the immunoassays are not
predictive of clinical reactivity or reaction severity, despite conflicting results have been
published (51,222,223). Nevertheless, high sIgE concentrations correlate with increased
risk of reactions (224). The importance of stablishing sIgE cut-offs to provide reasonable
clinical indications in the assessment of food allergy has been extensively reported (225-
227). The cut-off for most common immunoassays used to quantify serum sIgE (e.g.,
ImmunoCAP® ThermoFisher Scientific, Uppsala, Sweden), has traditionally been set at
0.35 kUa/L; and it is still used in many clinical lab settings, despite the reports showing
that the cut-off may differ depending on factors such as the allergenic source and patient
age (226) and the technical detection limit is 0.010 KUa/L. Little evidence has been
reported on the clinical relevance of sIgE levels between 0.1 and 0.35 KUA/L and it is

matter of discussion in the field.
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1.3 LTP Syndrome

1.3.1 Location and function

Non-specific Lipid Transfer Proteins (nsLTP) play a role in lipid transport across cell
membranes and plant defence, for which have been classified as type 14 pathogenesis-
related proteins (PR-14). nsLTPs present antimicrobial activity against pathogenic fungi
and bacteria from plants and antiviral activity (60). Thus, nsLTPs are gene outcomes
produced by the plant which are secreted and assembled on the external part of cell walls
in aerial organs (LTP Type 1) or roots (LTP Type 2) (228). In fact, they can be expressed
in epidermal tissues all over the plant: seeds, stems, fruits, flowers, roots, leaves or
siliques (60). nsLTPs can be found on a wide range of allergenic sources such as fruit but
also grains, nuts, vegetables, pollens or natural rubber latex (60). It is particular the fact
that in kiwifruit (Act d 10 and Act ¢ 10) and tomato (Solal 6 and Solal7) LTPs are found
on the seeds next to the pulp (208,229) while for most plant-foods is more usual to find
nsLTPs in fruit’s peel (where more abundant) and pulp. Heretofore, many nsLTPs have
been described as food allergens but inhalant LTP-allergens have also been found in tree
and grass pollen with clinical relevance (230). Until September 2023, in the Allergome
database (http:/ / www.allergome.org/), 183 LTPs and its isoforms have been registered.

Plant foods show variable concentrations of nsLTPs, depending on cultivar, storage, and
maturity conditions (8). In peach cultivars, Pru p 3 (peach LTP, Prunus persica) amount
varies depending on harvest and ripening moments, but also due to climatic conditions
behaviours and phytochemical treatments, when compared different cultivars from

different years (231).

1.3.2 Structural characteristics

nsLTPs are polypeptides of 91-95 aminoacids with a conserved motif of eight cysteines.
Two types are identified according to their molecular weight: 7 kDa (nsLTP type 1, LTP1)
and 9 kDa (nsLTP type 2, LTP2). nsLTPs (see Figure 6) also contain compact domains
composed of 4 a-helices with rigid tertiary structure, held by 4 conserved disulphide
bounds and a compact folding which forms a hydrophobic cavity through the whole
molecule able to accommodate distinct ligands (8). Most of the allergens belong to LTP1
family (228,230). nsLTPs are distributed in different phylogenetic families and some
LTPs share about 30% sequence identity, although tertiary structure (which would

characterise the conformational epitope) is strongly conserved (60,230,232). Due to these
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characteristics and the frequently reported cross-reactivity, LTPs are considered

panallergens.

Figure 6. Crystal structure of Pru p 3, the LTP from peach.

Image obtained from https://www.uniprot.org/ database. Published by Pasquato and collaborators in 2006 (233),
obtained by a X-ray diffraction (2.35A) method.

The disulphide bridges from nsLTPs are responsible of their resistance in low pH, heat
treatment and digestive proteolytic attack, which has been related with the induction of
severe symptoms in many patients (8,102). The resistance of Pru p 3 over pepsin and
chymotrypsin compared to trypsin has been reported (234). That last one, was able to
generate different peptides: high molecular weight ones (full protein, still containing the
disulphide bridges) which could be recognised by patient’s sera, and small molecular
weight ones which were not reactive. It is known how food-processing can affect
allergenicity and antigenicity on foods and that physical processing may affect three-
dimensional structures destroying epitopes or generating new ones. Nevertheless, it was
demonstrated that microwaving at 140°C and ultrasounds over peach peel did not
reduce Pru p 3 sIgE binding (235).

1.3.3 LTPs Allergenicity and LTP Syndrome

LTPs are the chief allergens from the Rosaceae family, specially from the Prunoideae
subfamily which would include peach, plum, cherry and apricot (58). Pru p 3, the main
allergen of peach was the first nsLTP identified and characterized (236,237). In the
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Mediterranean area, Pru p 3 is considered the prototype marker for LTP syndrome (later
described) and the verified sensitizer for LTP allergy (230). Actually, LTP sensitization
in Southern Europe is ruled out by testing Pru p 3 (238). It seems to be in some cases a
precursor for other LTP sensitizations (239-241). It is the most frequently recognised
allergen in the nsLTP family being Pru p 3 sIgE levels frequently greater than for other
LTPs (230). However, although not frequently, some patients recognise other LTPs
without being sensitized to Pru p 3 (8), i.e. Tri a 14 (242-244).

Pru p 3 allergen is a basic protein of 91 aminoacids with a molecular weight of 9.178 kDa
(8). Three major conformational IgE epitopes on Pru p 3 were recognised by Garcia-
Casado in 2003 (245): Pru p 31125, Pru p 33145 and Pru p 371-s0 which would be responsible
of cross-reactivity. These are shared with other fruits (apple, apricot, plum, cherry,
orange, strawberry, grape) with a sequence identity from 62% to 81% (102,245). Also, a
high degree of sIgE cross reactivity has been observed between Rosaceae fruits and citrus
fruits, grape, tomato, Vegetables (asparagus, lettuce), nuts, corn, onion, carrot and rice
and spelt (partial) (102). Moreover, two immunodominant T-cell-reactive regions (Pru p
31207and Pru p 3s7.72) which induce IL-4 production after allergen stimulation have been
described (246). These peptides maintain the ability to sensitize or induce allergic
reaction, binding IgE and T-cell, even after thermal and proteolytic treatments (234,247).
R39, T40, and R44 residues of Pru p 3 epitopes were demonstrated to be necessary for
binding with sIgE (245).

The peach peel contains a 220-fold major proportion of Pru p 3 than the pulp, especially
the peach fuzz (8,248). Additionally, when peach extracts from pulp and peel on a
proteomic assay are compared: aminoacid sequences were identic for peel and pulp,
although two methylated sites on the Risand Rs, from the arginine residues from peel
Pru p 3 were found. These modifications may alter their binding ability and modulate

their biological functions (249).

On the other side, Pru p 3 contains a ligand composed by an alkaloid bound to a lipid
tail (phytosphingosine) collocated into the Pru p 3 cavity. It was suggested that this lipid-
ligand carrier from the Pru p 3 could play a critical role as an adjuvant modulating the
Tn2 response (250). Pru p 3 without the lipid-ligand was able to induce sensitization but
the Pru p 3 lipid-ligand complex induced a stronger IgE production in mouse models.
This would intensify the susceptibility to peach allergy and a lower grade of Pru p 3

exposure would be enough to induce sensitization (250).

Due to the broad IgE cross-reactivity among LTPs from different allergenic sources,
patients being sensitized to multiple LTPs from non-related botanical sources is

common, designating this phenomenon as LTP Syndrome (251). Some authors consider
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that Pru p 3 must be present, followed by two more foods non-taxonomically related
(51).

In contrast, botanically unrelated LTPs, as nuts and cereals, seem to be related to LTP
sensitization and severe symptoms without Pru p 3: Tri a 14, the wheat LTP has been
related to exercise-induced anaphylaxis (252) as well as Baker’s asthma (243). Moreover,
Bernardi et al. reported (208) the presence of heterogenicity in kiwi fruit epitopes. Over
new LTPs from kiwifruit, the absence of conserved sequence regions in all LTP1 tested
was reported, discarding the idea of one identical epitope existence, particularly when
sequence identity is low. A micro-heterogenicity on the sequence was observed, mainly
in distantly related LTPs which could be the reason of heterogenic epitope patterns and

IgE recognition.

1.3.4 Geographical distribution and prevalence

Considering patients sensitized exclusively to LTP allergen, LTP syndrome would be
the most frequent type of food allergy in the Mediterranean Basin, in adults and
adolescents (49,253). Nevertheless, LTP sensitization has been reported around the
world: China (254,255), Australia (256) and central Europe (257-259). Moreover, in Spain
and Italy, geographical prevalence distribution also varies between southern and
northern areas (253). The reasons to explain variable sensitization prevalence among
different geographical areas are still unknown. One hypothesis to explain this fact is the
presence of homologous pollen-allergens producing primary sensitization in pollen
endemic areas such as trees (plane tree and olive) and weed (mugwort, pellitory or
ragweed) although their relevance is not clear (230,255,260).

More than 90% of vegetal food allergic patients in the Mediterranean area are sensitized
to LTPs, for this reason, years ago, studies focused on LTP allergy were limited to
Southern Europe. However, nowadays some case reports and studies using component-
resolved diagnosis (CRD) outside this area, are increasing (230). LTP sensitizations out
from the Mediterranean area are less frequent and those are considered minor allergens:
many isolated case reports related with allergic reactions to LTPs have been published
(256,259,261,262). Occupational allergies due to LTP have also been registered in non-
Mediterranean areas, as Baker’s Asthma related to Tri a 14 (wheat LTP) in central Europe
(263). Reported data suggest that LTP sensitization outside Mediterranean basin coexists
with an extensive reactivity to allergens from the same source which on storage proteins
cases can induce severe reactivity: sensitization patterns to LTP differ from
Mediterranean serotype (230). In birch endemic areas, patients presented co-

sensitization to PR-10 and LTP while only a few were only sensitized to LTP (264). Also,
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Cor a 8 (Hazelnut’s LTP) in symptomatic children, negative to Pru p 3, has been reported
in an area where birch sensitization was frequent (265). In contrast, in Japan, a low
prevalence on Pru p 3 sensitization was related to consuming habits since the peel is
frequently removed (266). Using CRD on studies allows a better understanding on

sensitization profiles in non-Mediterranean countries.

1.3.5 Pollen influence on LTP sensitization

It has been suggested in some reports that, in addition to a primary sensitization through
Pru p 3 followed by cross-reactivity with LTPs from foods and pollens, LTPs from pollen
could also induce primary sensitization inducing cross-reactivity to food LTPs (267). It
was proposed that LTP sensitization could be originated by the exposition to endemic
pollens in Southern Europe and that the geographic difference on LTPs from pollen
could be related with the different prevalence of FA induced by LTP (230). The pollen
LTPs identified according the IUIS allergen nomenclature database are: plane tree
(Platanus acerifolia, Pla a 3) and mugwort (Artemisia vulgaris, Art v 3) with more than 45%
sequence identity with Pru p 3; pellitory (Parietaria judaica, Par j 1/2), olive tree (Olea
europaea, Ole e 7), ragweed (Ambrosia artemisiifolia, Amb a 6), Thale Cress (Arabidopsis
thaliana, Ara t 3) and field mustard (Brassica rapa, Bra r 3) with less than 35% sequence
identity (102).

In the Mediterranean area, mugwort pollen-related allergy to peach has been studied in
Art v 3 and Pru p 3 sIgE positive patients to define which of the two LTPs can be the
primary sensitization agent. Reported results show that both allergens can induce
primary sensitization in these patients (268-271). Sanchez-Lépez J. et al. (272) showed
that Art v 3 can induce respiratory symptoms. Moreover, other studies reported that Art
v 3 and Pru p 3 were both allergens that could induce peanut allergy, compared to Ara
h 9 (254). For plane tree, Lauer et al. (273) demonstrated that, although Pru p 3 plays an
important role on LTP-allergy pathomechanism, Pla a 3 has demonstrated to be
biologically active in Pru p 3 negative patients suffering from peach allergy, although
being characterised as a minor allergen. Scala et al. reported (274) that respiratory
symptoms mediated by Pla a 3 and Art v 3 were related with sensitization to LTPs from
foods and Art v 3 could block IgE binding LTPs from foods in 50-100% of the tested
subjects. More than 60% of their Pru p 3 negative subjects were positive to Pla a 3 or Art
v 3, and frequently were mono-sensitized discarding other pollen allergens from plane

or mugwort.
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LTP-allergic patients in the Mediterranean basin, are frequently -sensitized to LTPs from
plant foods (240). Contrarily, in Central and Northern Europe LTP sensitization goes
along co-sensitization with birch pollen allergens which will cross-react, as explained
(8,275). In Northern Spain, two clinical profiles of peach allergic patients were described:
systemic symptoms after peach were present on Pru p 3 sensitized patients while OAS
was related with the profilin from birch or Bet vl family sensitization (276). For this
reason, it has been considered the potential protective role of birch sensitization by
observing in high birch-sensitization areas that LTP sensitization is low and conversely
(51,274).

1.3.6 Clinical manifestations

As exposed beforehand, three sensitization routes are possible for LTP: gastrointestinal
tract, respiratory tract, and cutaneous. Differentiating them may be useful to predict
clinical reactivity (240,250,277). First, Pru p 3, the peach LTP, seems to pass the intestinal
epithelium by a fast-transcellular route, without a proteolytic mechanism neither
altering the integrity of the tight junctions, inducing the production of alarmins (TSLP,
IL-33 and IL-25). This would remark the importance of Pru p 3 as a gastrointestinal
primary sensitizer (278). Secondly, LTP sensitization also seems to involve respiratory
tract. Although some studies suggested Art v 3 and Pla a 3, as primary sensitizers in
some patients as previously explained, inhaled Pru p 3 has been suggested as a primary
sensitizer in airways (279). Also, the wheat LTP Tri a 14, is known to be involved Baker’s
Asthma respiratory allergy by respiratory tract sensitization (206,243). Third, LTP is
notably plentiful in peach fuzz and peel which would have its logic considering that as
the peel is a protective barrier from the fruit, the quantity of defence proteins is higher
(248,249). LTP is especially found in fresh picked peaches and is mostly removed during
washing and packing procedures. In Italy, it has been described that many employees
working on these procedures have to wear gloves while working to avoid contact
urticaria produced by peaches (57). Additionally, it was demonstrated in mice models
that Pru p 3 is capable of inducing sensitization through skin (250) and the fact that many
patients present an allergic reaction the first time they eat peach suggests that skin

exposure could be a principal sensitization route to peach.

LTP allergy, i.e., LTP syndrome, is characterised for patients presenting a highly variable

clinical expression, that can range from asymptomatic (280) to anaphylactic shock (260).

Contact urticaria (CU) induced by peach is the most frequent symptom as an isolated
clinical presentation and a typical clinical manifestation from LTP allergy. CU was

reported to be present in 60% of the patients, of a studied group in Spain (49) as well as
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in Italy (281). OAS is also a frequent symptom in LTP allergy (49,51,282). Gastrointestinal
symptomatology, increasing in prevalence and not always reported by patients if not
specifically asked for, is usually followed by systemic symptoms. Often, LTP-induced
symptoms are systemic and severe (276,283) especially when peel and pulps are both
eaten by the patients (248). In Italy, LTPs were reported to be the main cause of food-
induced anaphylaxis although the proportion of anaphylaxis cases compared to all LTP
sensitized patients was lower than for other culprit foods (nuts or shrimp) (260,284).
Additionally, mono-sensitization to LTP correlates with a more severe clinical reactivity
(230). This could be explained by the fact that IgE receptors are mostly occupied by LTP
sIgE which would induce a more efficient cross-linking of the FceRI and effector cell

activation (Figure 7).

Figure 7. Effects of Pru p 3 sensitization on mast cell activation.
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Adapted from Scheurer et al. (230). Mono-sensitization (left) mediated by high density sIgE induce mediator
release increasing the probability of severe reactions. Co-sensitization (right) tot non-related allergens induce less

efficient mediator release.

It has been reported that severe symptoms are related to patients sensitized only to food
LTP, without pollen sensitization, which might be a protective factor (247,274). Minor
allergens as Pla a 3 or Art v 3, have been associated to complex high olive pollen
prevalence, leading to a Pru p 3 sensitization, has been suggested (285). recognition

patterns in LTP food-allergic patients (286) related with “pollen food syndrome induced
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by LTP”, presenting sensitization to Art v 3/Pla a 3 and Pru p 3 (287). Recently, the

implication of Ole e 7 as a primary sensitization in regions with

Also, it seems that Pru p 3 sensitized children present symptoms in an earlier age
compared to the ones sensitized to non-LTP pollen-related allergens and develop
allergic reactions to a higher number of plant-foods (223). Interestingly, it has been

reported that LTPs from fruits and vegetables could induce respiratory symptoms (288).

The influence on cofactors in LTP clinical reactivity is also known (51). LTPs have been
reported to be the most frequent food allergens causing clinical reactivity induced by
cofactors, Cofactor-enhanced food allergy (CEFA) (74). While some patients need a
cofactor to present clinical manifestations some others present mild symptoms which
are aggravated in the presence of the cofactor (51). Anaphylaxis seems to be the most
frequent symptom on patients suffering from CEFA (74,289). Exercise seems to play a
role in LTP sensitized patients on amplifying the severity of the symptoms (75) as well
as alcoholic beverages and non-steroidal anti-inflammatory medicines (74). An
association between chronic urticaria and intolerance to NSAIDs with LTP sensitization
has been seen, in which both factors could make mast cells more excitable (290). Pascal,
Mufioz, et al. (291) studied the response in vitro of NSAIDs in presence of Pru p 3, by
using BAT. They reported higher reactivity and sensitivity profiles in basophils from
patients without FDNIA and that NSAIDs would modify the basophil sensitivity
(decreasing it) to Pru p 3 (291).

Clinical manifestations spectrum is variable and currently, the management of patients
with LTP Syndrome is complex. It is seen in clinical practice that many food-allergic
patients avoid eating specific foods although sensitization has not been proved.
However, Asero R. et al reported in 2018 that more than 25% of their studied patients
had had allergic reactions to previously tolerated foods concluding that would be
reasonable to recommend to these allergic patients to avoid Rosacea and tree nuts,
advising each patient on an individual basis (292). Cofactors presence could justify only
a part of the patient’s clinical reactivity (51) while pollinosis seems to be a severity

protective factor (247,274).

High Pru p 3 sIgE concentrations correlate with increased risk of reactions (293).
However, Pru p 3 sensitization has been related with severe systemic reactions in several
studies regardless the sIgE values (284). Ciprandi et al. (294) described Pru p 3 sIgE levels
variation as an age-dependent event, reporting an increase from infancy to young
adulthood (highest from 21 to 30 years) and posteriorly decreased. It has been described
that values are inversely related with early onset peach allergy (223). Similar results have
been observed for other non-Rosaceae foods; patients with severe reactions showed low

levels while asymptomatic ones had elevated sIgE (222). Moreover, Pastorello et al.
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stablished 2.69 kUA/L as a cut-off level on rPru p 3 sIgE to discriminate patients with
risk of peach induced allergic symptoms (227), but other authors have found overlapped
values between allergic and tolerant (222). Nevertheless, Pru p 3 allergic patients have
also been reported with sIgE levels <0.35 KUA/L (“low levels”) (295) and also this is a
matter of work of this thesis (296).

On the other hand, clinical implications between detecting one or more nsLTP
sensitization is not clear, neither the relationship between sensitization profile nor
clinical reactivity. A study in Barcelona in 2012 from our group (51), evidenced the high
cross reactivity and wide distribution of LTPs. The patients reacted to a median of 4
foods from an extensive panel of plant foods all of them positive for Pru p 3. It was
confirmed the difficulty of finding the culprit food, frequent in LTP syndrome. In 2015,
Scala et al. (274) analysed reactivity profiles and clinical behaviour in a group of patients
and reported that immunoreactive patients to five or more nsLTP (without PR-10 nor
Profilin pan-allergens sensitization) were more likely to have systemic reactions.
Interestingly, a previous study (245) identified on the levels of sIgE from LTP sensitized
patients a predictable hierarchical order with peach at the top, followed by apple,

walnut, hazelnut and peanut without correlation with the clinical reactivity to each food.

As Pru p 3, the peach LTP, has been considered the primary sensitizer in the
Mediterranean area (238), the in vitro measurement of sIgE to Pru p 3 is frequently used
in allergy diagnostics as a marker of LTP sensitization. As explained, although Pru p 3
shares many IgE epitopes with other nsLTPs, inhibition studies show that it does not
diminish all IgE reactivity for other food and plant LTPs. By implication, not all LTP
sensitizations can be detected with Pru p 3 (297,298). This finding draws attention to the
need of a broader diagnostic approach including the testing of multiple nsLTPs. Today,
one of the challenges for an accurate diagnosis and patient management of nsLTP-based
food allergy is the somehow limited diversity of commercially available allergens to
allow picturing a broad sensitization map of the patient and assessing its clinical

relevance to guide diet avoidance and /or immunotherapy approaches.

This emphasizes the pressing need for further improvement of molecular diagnostic
tools. Nowadays, multiplex immunoassays allow the screening for sensitization towards
multiple components and / or extracts from different allergenic sources with low sample

volumes at the same time.

Despite headways on the understanding of food allergy; knowledge in diagnosis,
treatment or also epidemiology have some interrogates that should be answered. It is
still not clear the management of Pru p 3-sensitized patients tolerating LTPs from foods.
The variability over sensitization profiles on LTP -sensitized patients, the diverse cross-

reactivity among LTPs and the wide spectrum on clinical manifestations and their
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severity, enlighten the necessity of finding predictable sensitization clusters which could
allow a better diagnosis but also phenotypes related to observable clinical manifestations
from the disease improving a personalised treatment. An interesting field is whether

sensitization profiles could be biomarkers predictive of disease progression.

42



Chapter Il

Hypothesis




New approaches for in vitro diagnosis of LTP Syndrome

HYPOTHESIS

Patients with LTP Syndrome show a wide range of sensitization to plant foods
taxonomically related or not, and a diverse profile of clinical symptoms, from mild to
severe or even fatal. Component based in vitro diagnostic tools are useful on diagnosis
and clinical management of LTP-syndrome patients. Nevertheless, a deeper knowledge
and optimisation of current in vitro immunoassays could allow the identification of
diverse phenotypical profiles among these patients offering a more personalised clinical
management as well as improving their quality of life. Indeed, new diagnostic tools are
needed to better manage the LTP syndrome patients. A good knowledge of the spectrum
of sensitization and potential clinical relevance to LTPs of multiple allergenic sources in

LTP syndrome would improve the therapeutic intervention of these patients.
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PRINCIPAL OBJECTIVE

The main objective of this thesis work is to improve on the utility of the in vitro tools
used for the diagnosis of LTP syndrome as well as the clinical management of these

patients.

SPECIFIC OBJECTIVES

Objective 1. To improve on the utility of the currently available in vitro tools for the

diagnosis and clinical management of patients with LTP syndrome.

1.1. To assess the usefulness of considering low levels of Pru p 3 sIgE in the diagnosis of

LTP syndrome.

1.2. To identify patterns of sensitization (clusters) to currently commercially available

LTPs in LTP syndrome patients to aid at diagnosis and clinical management.

Objective 2. To improve the currently available molecular allergy based in vitro tools for

the diagnosis and clinical management of patients with LTP syndrome.

2.1. To develop and validate a novel multiplex assay containing multiple LTPs from a
wide range of taxonomically related and unrelated allergenic sources for the diagnosis

and clinical management of patients with LTP syndrome (LTP-strip).

2.2. To describe the molecular sensitization profile of a real-life cohort of patients with

LTP syndrome of our area using the LTP-strip.
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4.1 Patient selection

All patients included in this thesis project are adults and derive from the Allergy
Department, ICR, Hospital Clinic de Barcelona. Allergological diagnosis in routine
clinical practice consists of a detailed anamnesis, followed by skin test and/or in vitro
tests, the later performed at the Immunology Department of the same hospital. For
routine clinical practice, Pru p 3 (at least) is used for screening of LTP sensitization in the

allergological work up.

To reach Objective 1, clinical and serological data from patients studied for suspicion of
LTP allergy from 2012 to 2019 were retrospectively collected and analyzed after the
approval of the Ethical Committee of Hospital Clinic (HCB/2020/0373).

4.1.1 Clinical Relevance of Pru p 3 sigE Low Levels

To assess , Pru p 3 sensitized patients (f420, InmunoCAP® (Thermofisher
Scientific, Upsala, Sweden), sIgE >0.1 kU /L) were selected (n=496) and classified in two
groups: (grLOW=group Low levels) values from 0.1 to 0.34 kUa/L and (grB= group
High levels) values > 0.35 kUa/L. Data on sIgE to peach extract (f95) and other
commercialised nsLTP sIgE by ImmunoCAP® (Thermofisher Scientific, Upsala,
Sweden) were also registered when available: rAra h 9 (peanut, f427), nCor a 8 (hazelnut,
£425), rJug r 3 (walnut, f442), rMal d 3 (apple, f435), rTri a 14 (wheat, £433). Given the
reported possible interference of CCD sensitization to the detection of low levels of Pru
p 3 sIgE, sIgE to MUXF3 (0214) was also evaluated. Sensitization to other plant food
allergens was assessed by microarray ImmunoCAP® ISAC (Thermo Fisher Scienfitic,
Sweden). Patients sensitized to other panallergens (PR-10; TLP; Profilin) besides LTP

were excluded from analysis.

4.1.2 Cluster Identification on LTP Sensitized Patients

To satisfy a subset of patients that had available data on sIgE of all
commercialised plant food nsLTP (tested by ImmunoCAP® system, n=307) were
grouped and analyzed. Data on sIgE and clinical relevance on the following LTPs was
included: rPru p 3 (f420, peach), rMal d 3 (435, apple), rTri a 14 (f433, wheat), rJug r 3
(f442, walnut), nCor a 8 (425, hazelnut) and rAra h 9 (f427, peanut) were selected.

Patients sensitized to other panallergens (PR-10; TLP; Profilin) were excluded.

48



Chapter IV: Material and methods

Patients were grouped according to the number of recognised LTPs, considering a 0.1
kUa/L cut-off for sIgE: positive for 1 LTP (Group 1), positive for 2 LTPs (Group 2),
positive for 3 LTPs (Group 3), positive for 4 LTPs (Group 4), positive for 5 LTPs (Group
5) and positive for all 6 LTPs (Group 6). The prevalence of the sensitization patterns

detected as well as clinical relevance was evaluated.

4.1.3 LTP Strip - Multiplex Assay Evaluation

To reach the and test the diagnostic performance of the newly designed LTP
immunoblot patients diagnosed of LTP syndrome at the allergy clinic which accepted
blood extraction and prick-by-prick testing for multiple allergenic sources were
recruited. Inclusion criteria were (1) the presence of food-allergic reactions with at least
two different plant-foods, not taxonomically related, (2) sensitization to LTPs from peach
(Pru p 3) and/or hazelnut (Cor a 8) and (3) no sensitization to any non-LTP plant-food
allergens (profilin, PR-10, thaumatin-like protein Act d 2 and storage proteins) tested
with ImmunoCAP® ISAC and/or ImmunoCAP® (ThermoFisher Scientific). Healthy
non-allergic individuals as controls were included: without clinical history of allergy
disease, without food and respiratory allergen sensitization and with good tolerance to
vegetal foods. The Ethical Committee of Hospital Clinic approved the study
(HCB/2016/0361).

4.2 Clinical characterization

Demographic and clinical data was retrospectively recorded from clinical history for all
the patients by experienced allergists from medical records and by patient interview in
systematic questionnaires specially designed for each objective of the study (Figure 8 for
Objective 1.2. and Figure 9 for Objective 2.1.). Allergy symptoms compatible with IgE
food allergy were classified as: local (gastrointestinal symptoms —GI- including
functional dyspepsia, crampy abdominal pain, nausea, vomiting and / or diarrhoea, Oral
Allergy Syndrome —OAS- and contact urticaria -CU-) and systemic (generalized urticaria
and/or angioedema -U/AE-, anaphylaxis-AN-). Tolerance (-TOL-) and avoidance (-
AV-; due to medical advice, fear or dislike) were also recorded as well as the involvement
of cofactors, including exercise, alcohol, non-steroidal anti-inflammatory drugs
(NSAIDs) and/or menstruation. The time period accepted for considering a potential
relationship with food-allergic reaction was 2 hours after food ingestion following

clinical practice guidelines.
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Figure 8. Anamnestic data questionnaire for the cluster identification study.
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Clinical symptoms were registered, and prick tests were performed.
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Figure 9. Anamnestic data questionnaire used for the LTP-strip validation study.

FIS: PI16/00344.

Sindrome LTP: identificacién y caracterizacion clinica de los epitopos inmunodominantes By T y su
presentacion antigénica HLA.

PI: Dra. Mariona Pascal Capdevila; Dr. Joan Bartra Tomas

Name + Family name
Date of birth

City of birth

City of living

Date of consultation

o Statin

o Proton Pomp Inhibitor
o ACE inhibitor

o Betablocker

o NSAID

o Antihistaminica
Medication ;
o Omalizumab

o Immunotherapy; please define:

o Other relevant medication; please define:

Relevant comments

Page 1|6

Clinical symptoms were registered, and prick tests were performed. Page 1 from 6.
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Figure 9. Anamnestic data questionnaire.
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Figure 9. Anamnestic data questionnaire.

FIS: PI16/00344.

Sindrome LTP: identificacién y caracterizacion clinica de los epitopos inmunodominantes By T y su
presentacion antigénica HLA.

PI: Dra. Mariona Pascal Capdevila; Dr. Joan Bartra Tomas

Seasonal
rhinoconjunctivitis?
(Allergic) Asthma?

(Recurrent attacks of
breathlessness and wheezing)

Remarks

Page 4|6

Continues. Page 4 from 6.
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Figure 9. Anamnestic data questionnaire.

FIS: PI16/00344.

Sindrome LTP: identificacién y caracterizacion clinica de los epitopos inmunodominantes By T y su
presentacion antigénica HLA.

PI: Dra. Mariona Pascal Capdevila; Dr. Joan Bartra Tomas

Banana

Tomato Peel

Tomato Pulp
Walnut

Lentil

Melon
Wheat
Mustard

Corn
Chickpea

Peanut

Hazelnut

Peach Peel

Peach Pulp

Apple Peel

Apple Pulp

Green bean

Artemisia

Almond

Prune Peel

Prune Pulp

Cherry Peel

Cherry Pulp

Kiwi Peel

Kiwi Pulp

Fresh Lettuce

Frozen Lettuce

Orange

Cypress

Parietaria

Peas

Page 5|6

Continues. Page 5 from 6.
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Figure 9. Anamnestic data questionnaire-

FIS: PI16/00344.

Sindrome LTP: identificacién y caracterizacion clinica de los epitopos inmunodominantes By T y su
presentacion antigénica HLA.

PI: Dra. Mariona Pascal Capdevila; Dr. Joan Bartra Tomas

Sesame

Pine nut

Olivetree

Plane tree

Histamine

Page 6|6

Continues. Page 6 from 6.
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4.3 Skin prick tests

Prick tests were performed with a 1-mm single peak lancet (Alk-Abell6, Madrid, Spain).
Histamine 10 mg/mL and phosphate buffered saline serum were used as positive and
negative controls respectively. A 3 mm mean weal diameter was considered positive,

and results were recorded after 15 minutes following EAACI guidelines (154,299-301).

1. Data on SPT outcome with commercial peach extract enriched with Pru p 3
(ALK-Abell6, Madrid, Spain) and commercial whole extract to peach, walnut,
hazelnut, peanut, apple and wheat (LETI Pharma S.L., Madrid, Spain) were
registered either to corroborate the sensitization on patients participating in the
analysis of the clinical relevance of low levels of Pru p 3 sIgE (Objective 1.1) or
to corroborate sensitization on the patients participating on the cluster’s
identification study (Objective 1.2).

2. For Objective 2.1, fresh fruits to perform prick by prick tests were used as
previously described to validate the new multiplex assay. Foods (Table 4, PbP)
had been previously prepared as 1 cm?, under extremely hygienic conditions to
avoid contamination. Prepared slices (Figure 10) were preserved in cryotubes
and frozen (-25°C). Foods were thawed at room temperature the same day of
testing (Figure 11). All patients and controls had been tested with the same stock
of plant foods. The number of PbP tested plant food varied among patients due
to several circumstances as fresh food availability (i.e. cherry) and latter
introduction. The majority was tested in at least 36 patients (Table 16). Only for

pea and sesame the number of patients was reduced (pea: 14, sesame: 15).

Figure 10. Fresh food cut and distributed in Figure 11. Prick by Prick performance
cryotubes before frosting.
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Table 4. Recombinant nsLTP proteins included on the LTP-strip immunoassay.

Uniprot Allergenic ImmunoCAP
Rl ID/NCBI source SPT s el component

Actd 10 P86137 Kiwi Kiwi extract Kiwi pulp X
Lacs 1-1* A1E2H4 Lettuce Lettuce extract Lettuce X
Lac s 1-2* A1E2HS Lettuce Lettuce extract Lettuce X
Cuc mLTP AOA1S3B5F4 | Melon Melon extract | elon pulp X

next to peel
Cora8 Q9ATH2 Hazelnut | Hazelnut extract | Hazelnut Cor a 8 (f425)
Arah9 B6CG41 Peanut Peanut extract Peanut Ara h 9 (f427)
Lenc3 AOAT29 Lentil Lentil extract Lentil (boiled)
Phav3.0107* | D3W146 Green Green bean Green bean X

bean extract
Phav3.0201* | D3W147 Green Green bean Green bean X
bean extract

Piss 3 COHJR7 Pea Pea extract Mashed peas
Jugr3 C5H617 Walnut Walnut extract Walnut Jugr 3 (f442)
Mus a 3 AOA804IQP6 | Banana Banana extract Banana pulp
Tria 14* Q8GZB0 Wheat Wheat extract Wheat flour
Tria 14.0201* | D2T2K2 Wheat Wheat extract Wheat flour
Zeam 14 P19656-2 Corn Corn extract Corn flour
Mal d 3 Q5J026 Apple Apple extract Apple peel Mal d 3 (f435)
Pruav 3 QIM5X8 Cherry Cherry extract Cherry peel
Pru du 3* B6CQU2 Almond Almond extract | Almond X
Prudu 3.0107* | COLOIS Almond Almond extract | Almond X
Prup3 P81402 Peach Peach extract iﬁﬁfh peel / x | Prup 3 (f420)
Solal 3 P93224 Tomato Tomato extract | Tomato peel
Solal 6 AOA3Q7F7X3 | Tomato Tomato extract | Tomato peel
Sola |7 AOA3Q7EJP1 | Tomato Tomato extract | Tomato peel
SesiLTP1 ASJUZ7 Sesame Sesame extract izt

sesame
SesiLTP 2 ASJUZ8 Sesame Sesame extract izt

sesame
SesiLTP 3 ASJUZ9 Sesame Sesame extract izt

sesame
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Uniprot Allergenic ImmunoCAP
Allergen ID/NCBI source SPT PbP BAT ST
SesiLTP 4 A5JV00 Sesame Sesame extract MEEIEE
sesame
SesiLTP 5 A5JV01 Sesame | Sesame extract | Mashed
sesame
MUXF3
= (0214)

Description of the recombinant nsLTPs used in this study with Uniprot ID or NCBI gene bank Isoforms are marked
as asterisks and proteins which are not mentioned on IUIS are highlighted with a grey background. The sources
corresponding with each LTP are described. The commercially available extracts (Leti, Spain) and fresh foods
used for skin tests (SPT, PbP) are included. The molecules tested on Basophil activation test are marked. The

corresponding molecule on ImmunoCAP® and its reference is also included.

3. SPT with commercial whole extracts provided by LETI Pharma (Madrid, Spain)
for the allergenic sources corresponding to the allergens included on the
evaluated multiplex assay were also tested (Table 4, SPT) and registered on a

questionnaire (Figure 9) ( ).

4.4 Serum allergen sIlgE immunoassays

4.4.1 IMMUNOCAP® and IMMUNOCAP® ISAC

Serum total IgE (KU/L) and peach extract sIgE (£95); rPru p 3 (£420), rMal d 3 (f435), rTri
a 14 (f433), rJug r 3 (f442), nCor a 8 (f425) and rAra h 9 (f427) sIgE values from singleplex
ImmunoCAP® and multiplex ImmunoCAP® ISAC (both ThermoFisher Scientific,
Uppsala, Sweden) were used. Manufacturer’s protocols were used to perform the assay.
Values > 0.1 kUA/L for ImmunoCAP® and > 0.3 ISU (ISAC standardized units) for

ImmunoCAP® ISAC were considered positive.

4.4.2 THE LTP-STRIP IMMUNOBLOT ASSAY

For , serum samples from individuals included in the study cohort were
tested with the LTP-strip, a multiplex immunoblot assay, from EUROIMMUN
Medizinische Labordiagnostika AG (Liibeck, Germany) to detect sIgE towards a wide
panel of the major offending food nsLTPs in our area. This multiplex immunoblot assay
was especially designed for this study and contains 7 membrane segments with 28
immobilized recombinant nsLTP allergens from 18 allergenic sources: 17 plant food
allergens (including selected isoforms) as well as a CCD sensitization marker; see

allergen details on Table 4, Table 5 and Figure 12. Proteins were expressed and purified
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as previously described (302) with some modifications. The proteins contained an N-
terminal 6x Histidine-tag and were isolated by immobilized metal-affinity
chromatography and size-exclusion chromatography. The protein quality was assessed

by SDS-PAGE and mass spectrometry. The purity of the proteins is >95%.

Figure 12. Guide tree based on amino acid sequence data.
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The guide tree data was generated by Clustal W (303,304). The graphical presentation was edited in iTOL (305).
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Chapter IV

Table 5. Sequence identity percentages (%) from the proteins included on the strips.
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The strip includes LTPs described as allergens in the literature but not commercially
available for routine testing as individual components, as well as different LTP isoforms
like the five from sesame (Ses i LTP 1-5) which were chosen based on database and
literature research (306), and two isoforms for Tri a 14 (wheat LTP), Pru du 3 (almond
LTP), Pha v 3 (green bean LTP) and Lac s 1 (lettuce LTP) (243,307,308).

The assay set up was done as described before (309). Briefly, the immunoblot test strips
were incubated overnight with 100 uL of serum diluted 1:11 in universal buffer at room
temperature (RT) according to manufacturer’s instructions. All reagents were included
on a kit provided by EUROIMMUN AG. The strips were washed with diluted universal
buffer three times and incubated 1 hour at RT (room temperature) with enzyme
conjugate (alkaline phosphatase-labelled anti-human IgE antibody) (Figure 13).
Afterwards, strips were washed three times again and incubated 10 min at RT with
chromogen substrate solution. The reactions were stopped with distilled water and, after
placing on evaluation protocol, strips were dried on air and finally evaluated with
“EuroLineScan” software by EUROIMMUN AG (Figure 14).

Figure 13. EUROIMMUN-LTP strips performance.

Conjugate incorporation previous to 1 hour incubation.
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Figure 14. Evaluation protocol sheet.
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Evaluation protocol sheet, with incubated strips, ready to scan with the “EuroLineScan” software by EUROIMMUN

AG.

4.5 Basophil activation test (BAT)

After patient informed consent, 10 mL of heparinized peripheral blood was obtained
and immediately taken to the laboratory for Basophil Activation Testing (BAT) using the
Flow2CAST™ kit (Bithlmann Laboratories AG, Switzerland) and following
manufacturer’s procedures (Figure 15). Stimulation buffer provided by the
manufacturer was used as negative control to evaluate basal/spontaneous
degranulation. Stimulation control, a monoclonal anti-FceRI antibody (Biithlmann
Laboratories AG, Switzerland) and fMLP (N-Formylmethionyl-leucyl-phenylalanine,
Bithlmann Laboratories AG, Switzerland) were used as positive controls. A mixture of
anti-CD63-FITC and anti-CCR3-PE monoclonal antibodies were used to stain the
samples. Basophils were identified by flow cytometry (FACS-Canto II, BD Biosciences,
Germany) and those CD63+ were considered activated. Samples were discarded when
less than 200 basophils could be acquired. A percentage of activated basophils >15%
(previously subtracting basal CD63+ basophils) was considered a positive test according
to the manufacturer’s recommendations for food allergens. Basophil Reactivity (BR)
corresponding to the number of basophils responding to a stimulus was calculated as
the post stimulus %CD63 expression minus basal %CD63 expression and was
represented as %CD63. Basophil sensitivity (BS) was calculated as CD-sens: inversion x
100 of EC50, the concentration inducing 50% of maximum response. The purpose of
performing BAT in this project was to assess the functionality of the sIgE detected in the

serum of the patients studied.
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To test the functionality of the low levels of sIgE from the study cohort of

, BAT was perfomed with purified Pru p 3 (1 mg/mL, Bial
Aristegui, Bilbao, Spain) at 25 ng/mL, 12.5 ng/mL, 5 ng/mL and 2.5 ng/mL final
concentrations to a subset of patients from grLOW (0.1-0.35 KU /L Pru p 3 sIgE)
and grB (=0.35 KUA/L Pru p 3 sIgE).

To complete the analytical validation of the new LTP-strip assay (

BAT was performed with several purified LTPs (Pru p 3 - Peach; Pru du 3 and
Pru du 3.0101 - Almond; Pha v 3.0101 and Pha v 3.0201 — Green bean; Lac s 1-1
and Lac s 1-2 -Lettuce; Cuc m — Melon; Act d 10 — Kiwi) provided by Euroimmun
AG at1pug/mL, 0.1 ug/mL, 0.01 ug/mL and 0.001 yg/mL final concentrations
in both nsLTP sensitized individuals and healthy donors of the study cohort.
Performing BAT to all LTPs included in the strip at several concentrations was
not feasible in our hands, therefore several were selected based on clinical criteria
and novelty. For basophil activation test, the subset patients prick-tested were
recontacted and a new blood sample obtained. The timeframe between tests was
not longer than 2 months. In our hands it was only feasible to test several proteins
at a time per each patient in BAT guarantying the correct performance of the test.
Thus we selected the proteins to use in BAT based on several premises: 1) we
wanted to test nsLTPs which were clinically relevant in patients of our area with
LTP allergy with little or no data reported in the literature to gain knowledge and
experience on them in terms of basophil activation (i.e., first we started with Lac
s 1, Pru du 3 and Pha v 3 and then when proteins were available for BAT we
added Act d 10, Cuc m LTP, this is why we have less individuals tested for these
2 proteins), 2) we also wanted to compare the functional impact of different
isoforms of a particular nsLTP that had been included in the LTP-strip (Lac s 1-1
vs Lac s 1-2, Pru du 3 vs Pru du 3.0101 and Pha v 3.0101 and Pha v 3.0201), 3) we
tested also all the individuals with Pru p 3 as a reference of basophil activation
since we are familiar with the basophil activation performance with this protein
in LTP allergic patients. Thus, we could have data on the activation of new LTPs

compared to the activation caused by Pru p 3.
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Figure 15. BAT performance in our laboratory.

4.6 Statistical analysis

In order to obtain an adequate sample size in the study of the utility of the currently
available in vitro tools,, we used the data available at our centre that met the requirements
between 2012 (the first data available to us in our computerized database) and 2019, the
time to start the analysis. For the performance of the skin tests (PbP) on the LTP-strips
analysys, testing 37 patients was logistically possible and reasonable for us. Finally, in
the analysis of the LTP-strips, all the 202 strips provided by the manufacturer of the

immunoblot were used.

All data was analysed using Microsoft Excel 14.0 (Washington, USA) and GraphPad
Prism 8.0.2 software (Inc, CA, USA) for the statistical analysis. sIgE centralization and
dispersion measurements were calculated considering a quantitative and asymmetric
distribution: median and interquartile range (IQR) were calculated. Free distribution
was considered on our analysis so non-parametric tests were used to verify
heterogenicity between our variables. Quantitative data as sIgE levels, %CD63
expression or CD-sens when two independent groups, were compared using Mann

Withney U-test. For 3 or more groups was used Kruskall-Wallis test. Qualitative data
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distributed in contingency tables was compared using Chi-squared test or Yate's
continuity corrected Chi-square test, except for smaller than 5 values in more than 80%
boxes in which Fisher’s exact test for small simple size was used. P values lower than
0.05 were considered statistically significant. On Clusters analysis (Objective 1.2), the
most frequent bivariate protein association was calculated and analysed with

Spearman’s correlation coefficient (rs).

The outcome of the multiparameter immunoblot assay (Objective 2) was qualitatively
compared (positive/negative test result) to the PbP outcome. Thus, strip results were
classified into four groups as follows: true positive (TP, Euroline+; PbP+), false positive
(EFP, Euroline+; PbP-), true negative (TN, Euroline-, PbP-); false negative (FN, Euroline-;
PbP+). The Microsoft Excel 14.0 (Microsoft, USA), Add-In Analyse-it 5.90 (Analyse-it
Software, Ltd.) and GraphPad Prism 8.0.2 software (Inc., CA, USA) were used for the
statistical analysis. BAT results were presented as %CD63 for each individual allergen
concentration. The maximal %CD63 at an allergen concentration of 1 ug/mL were
shown as Box plots calculated with Analyse-it Software, Ltd. (5.11 / 2.30 (Win) / 2018
Operating system, Windows). Basophil sensitivity for each individual allergen and
patient were expressed as CD-sens (100 / ECs) calculated as previously described by
Santos (168) and Di Veroli (310). Only dose-dependent curves with an inflection point

could be analyzed.

66



Chapter V
Results




New approaches for in vitro diagnosis of LTP Syndrome

5.1 Clinical relevance of low Pru p 3 sigE in patients

with peach allergy

This part of the study was designed to achieve the (in short, to improve on
the utility of the currently available in vitro tools for diagnosis and clinical management
of LTP syndrome), specifically (assessing the usefulness of considering

low levels of Pru p 3 sIgE).

The results from this part of the thesis work have been published in the following cited

paper (Annex, original version):

Low Levels Matter: Clinical Relevance of Low Pru p 3 sIgE in Patients With Peach
Allergy.

Balsells-Vives S, San Bartolomé C, Casas-Saucedo R, Ruano-Zaragoza M, Rius ],
Torradeflot M, Bartra J, Munoz-Cano R and Pascal M. Front. Allergy (2022) 3:868267
DOI: 10.3389/ falgy.2022.868267

Journal information: Frontiers in Allergy.

Recently created journal, not impact factor yet.

68



Chapter V: Results

5.1.1 Study population

A total of 496 subjects with Pru p 3 sIgE=0.1 kUa/L were recorded between 2012-2019.
284 (57.3%) were women with a median [IQR] age of 42 [17-92] years. Of them, 114
(23.0%) had Pru p 3 sIgE values between 0.1-0.34 kUA/L (grLOW = group Low Levels)
and 382 (77.0%) had values =0.35 kUA /L (grB = group High Levels). A major proportion
of the patients in GrB, had Pru p 3 sIgE values between 0.76 and 17.5 kUa/L,

corresponding to classes 2 and 3 from the EAST classification (Figure 16).

Figure 16. GrB distribution among EAST classification.

30.4%
CLASS 3 (3.6-17.5 KUA/L)
A 8.1%
A CLASS 4 (17.6- 50 KUA/L)
Y 0.8%
il C| ASS 5 (50- 100 KUA/L)
0.6%

CLASS 6 (>100 KUA/L)

9.3%

27.8% CLASS 1 (0.36-0.75 KUA/L)
.0/
CLASS 2 (0.76 - 3.5 KUA/L)

Levels in grB are distributed following the ImmunoCAP® Enzyme-Allergo-Sorbent Test (EAST) Classes

Classification (1 to 6). The number of patients on each group and their prevalence are represented.

A relatively high percentage of patients were allergic to peach in both groups (44.7%-
grLOW and 59.9%-grB; p>0.05) with similar peach-related symptoms although U/AE
was more frequent in grLOW (p=0.020). Peach avoidance was statistically superior in
grLOW (p <0.0001) (Table 6).
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Table 6. Clinical relevance frequencies among studied patients.

GrLOW n=114 GrB n=328 P value
Peach allergic 44.7% 59.9% ns
Peach tolerant 20.2% 25.9% ns
Peach avoidance 35.1% 14.1% ko
Peach-related symptoms
Local 50.4% 55.1% ns
cu 21.9% 25.1% ns
OAS 23.7% 24.6% ns
Gl 4.4% 5.5% ns
Systemic 22.8% 25.4% ns
U/AE 21.2% 17.5% *
AN 1.9% 8.1% ns

GrLOW: Pru p 3 slgE from 0.1-0.34 kUa/L; GrB: Pru p 3 sIgE >0.35 kUa/L. CU: contact urticaria; OAS: oral allergy
syndrome; Gl: gastrointestinal symptoms; U/AE: generalized urticaria or angioedema; AN: anaphylaxis. Chi-
squared test and Fisher’s exact test were used to obtain p. Patients from the group AV (avoid) were not included
on the statistical analysis from the whole group because tolerance or allergy could not be guaranteed. Asterisks
express significance of p value * 0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001, **** <0.0001 and ns non-

significant.

5.1.2 slgE levels evaluation

Peach sIgE values were higher in grB, as well as Pru p 3/ total IgE ratio (p<0.05), whereas
no differences were observed in Pru p 3/Peach sIgE (ratio) (Table 7). In grLOW (Figure
17A), Pru p 3 sIgE was higher in patients with local compared to systemic symptoms
(p=0.0385). In grB (Figure 17B), Pru p 3 sIgE was higher in allergic compared to tolerant
(p=0.0009). The medians from the ratios Pru p 3/ peach sIgE were superior to 1 for either
grLOW or grB. Moreover, when classifying patients according to their clinical
symptoms, no statistically significant differences were found. Pru p 3/Total IgE ratios
were lower than 1% in grLOW unlike grB. In both groups, these ratios were statistically

higher (p<0.0001) in allergic compared to tolerant (Table 8).
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Table 7. Pru p 3 slgE values distribution among groups.

GrLOW 0.20 0.19 1.16 0.00 0.29
[0.1-0.34] [0.14-0.28] [0.07-0.26] [0.92-1.46) [0.00-0.01] [0.22-0.31]
114 (23.0%) ns

(7/80; 8.8%)

GrB 3.73 3.37 119 0.03 16.30
[20.35] [1.35-10.28] [1.16-967] | [1.04-1.38] [0.01-007] | [4.58 - 20.85]
382 (77.0%) *

(19/226; 8.4%)

*kk *kk ns *kk

GrLOW (Pru p 3 sIgE from 0.1-0.34 kUa/L) and grB (Pru p 3 sIgE >0.35 kUa/L). Pru p 3, peach and Pru p 3/Peach
ratio sIgE median and IQR (interquartile range) results are included as well as + CCD sIgE frequencies and their
Pru p 3 sIgE median [IQR]. Differences between grLOW and grB were statistically evaluated with Mann-Withney U-
test. Also differences on Pru p 3 sIgE levels between CCD+ and CCD-. Asterisks express significance of p value *
0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001, **** <0.0001 and ns as non-significant.
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Figure 17. Pru p 3 sIgE values distribution among symptoms.
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Median and IQR (interquartile range) values from grLOW (A) and grB (B) according to tolerance/allergenicity or
avoidance and local vs systemic. Mann Whitney U-test was used to test p. Asterisks express significance of p
value * 0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001, **** <0.0001 and ns non-significant.
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Table 8. Pru p 3/Peach sIlgE and Pru p 3/Total IgE ratio median and IQR values according to

tolerance/allergenicity or avoidance and symptoms classification.

Allergic 1.13[0.88-1.37] 1.19[1.04-1.36] 0.00[0.00-0.01] 0.03[0.01-0.07]
Tolerant 1.27[0.77-2.18] 1.29[1.02-1.60] 0.00[0.00-0.00] 0.01[0.00-0.04]
Avoid 1.38[1.18-1.79] 1.16[1.05-1.16] 0.00 [0.00-0.00] 0.04[0.01-0.08]
Ns ns ok ok
Local 1.13[0.88-1.21] 1.21[1.09-1.42] 0.01[0.00-0.01] 0.03[0.01-0.06]
Systemic 1.13[0.92-1.42] 1.16[1.01-1.29] 0.00[0.00-0.01] 0.04[0.01-0.09]
Ns ns Ns ns
Ccu 1.16 [1.00-1.40] 1.15[1.00-1.31] 0.01[0.00-0.01] 0.03[0.01-0.07]
OAS 1.15[1.00-1.49] 1.23[1.08-1.43] 0.00[0.00-0.01] 0.03[0.01-0.07]
Gl 0.72[0.37-1.21] 1.16 [1.03-1.46] 0.00[0.00-0.01] 0.03[0.01-0.09]
U/AE 1.13[0.89-1.40] 1.15[1.02-1.25] 0.00[0.00-0.01] 0.04[0.01-0.08]
AN 1.29[1.20-138] 1.21[0.99-1.43] 0.01[0.01-0.02] 0.04[0.02-0.12]
Ns ns Ns ns

GrLOW: Pru p 3 sIgE from 0.1-0.34 kUa/L; GrB: Pru p 3 sIgE >0.35 kUa/L. Local (CU: contact urticaria; OAS: oral
allergy syndrome; Gl: gastrointestinal symptoms), systemic symptoms (U/AE: generalized urticaria or
angioedema; AN: anaphylaxis). Mann Whitney U-test and Kruskal-Wallis test were used to verify significance.
Patients from the group AV (avoid) were not included on the statistical analysis because tolerance or allergy could
not be guaranteed. Asterisks express significance of p value * 0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001,

**** <0.0001 and ns non-significant.

Sensitization to other LTPs was analysed in 70 patients from grLOW and 318 from grB
(Table 9 and Figure 18). In grLOW, 64.3 % of patients were positive for one or more
LTPs, in grB, 95.9%. In grLOW, sensitizations to other LTPs were statistically less
frequent. Mal d 3, Arah 9 and Jug r 3 were the most frequent sensitizations and Tri a 14

the less one in both groups.
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Figure 18. Co-sensitization to other LTPs.
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Represented as % of sensitization to Mal d 3, Tria 14, Jugr 3, Cor a 8 and Ara h 9. OR: Odds ratio (<1 inverse or >1

direct association); 95% Cl: 95% Confidence interval. Fisher's exact test and OR (95% Cl) as an association

measurement were used to test statistical significance. Asterisks express significance of p value * 0.01 to 0.05,
**0.001 to 0.01, *** 0.0001 to 0.001, **** <0.0001 and ns non-significant.

Table 9. Sensitization to LTPs from other allergenic sources.

fnr:%’;’ 45 (64.3%)| 32 (45.7%)| 5 (7.1%) | 15 (21.4%) 5 (7.1%) | 18 (25.7%)
GrB

307 (96.2%)| 254 (79.9%)| 172 (54.1%) | 258 (81.1%) | 239 (75.2%)| 253 (79.6%)
(n=318)

The total patients analysed are included for GrLOW and GrB. From them, the total sensitized to one or more non-

Pru p 3 LTPs and the percentage they represent are included. Additionally, the number and percentage of
sensitized per LTP (Mal d 3, Tria 14, Jug r 3, Cor a 8, Ara h 9) are described.

5.1.3 CCD co-sensitization

CCD reactive sIgE may cause false positive results in Pru p 3 measurements by binding

the test cellulose matrix (120). In our series, CCD sensitization data was available for 80
(70.2%) patients of grLOW and 226 (59.2%) of grB. In grLOW, of the 7 CCD+ (8.7%), 5
avoided eating peach, 1 tolerated and 1 referred local symptoms. In grB, of the 19 CCD+
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(8.4%), 4 avoided the ingestion of peach, 3 tolerated, 6 had local and 6 systemic
symptoms (2 anaphylaxis). Tolerant and allergic frequencies were not statistically
different between CCD+ or negative. In grB, were found significant differences on sIgE

to Pru p 3 from CCD+ compared to CCD -, being higher on CCD+ (Table 7).

5.1.4 Basophil activation tests

nPru p 3 BAT was performed to 12 patients per group as previously reported (295). All
in grB were BAT+, being 3 (25%) tolerant and 9 (75%) allergic (5 local/4 systemic
reactions). In grLOW, 7 (58.3%) were BAT+ (summarized in Figure 19): 6 (85.7%) allergic
(2 local/4 systemic reactions) and 1 (14.3%) avoided peach. In BAT-: 2 (40%) were
tolerant and 3 (60%) allergic (2 local/1 systemic reactions) (Table 10). The median [IQR]
for Pru p 3 sIgE for grLOW was 0.26 [0.10-0.28] KU4/L. The ratio Pru p 3/peach sIgE
median was 0.99 [0.79-1.09]. Additionally, from these BAT- patients were 0.21 [0.18-0.23]
(Pru p 3 sIgE) and 0.98 [0.97-0.99] (Pru p 3/peach sIgE ratio).

Figure 19. Basophil activation test under Pru p 3 stimuli in positive patients with low levels (grLOW).
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Basophil reactivities (%CD63+) under Pru p 3 stimulation (25 ng/mL, 12.5 ng/mL, 5 ng/mL and 2.5 ng/mL) are
depicted and differentiated according to clinical relevance: local (dark blue dashed line), systemic symptoms (blue

dotted line) and avoidance (grey row-dotted lines). The mean value is also represented (black line).
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Table 10. Characteristics and BAT results of the grLOW patients (n=12) tested under a Pru p 3 stimulation.

P1 - 3.29 0.60 0.40 0.20 1.40 TOL 0.26 NA
P2 - 3.71 0.60 0.50 0.00 0.20 TOL 0.20 0.00
28 - 3248 | 0.20 0.00 0.00 0.00 CU, OAS 0.25 0.96
P4 - 0 0.00 0.00 0.00 0.00 OAS 0.30 0.73
25 + 0.04 | 16.60 | 26.80 | 31.90 | 37.20 OAS 0.34 0.97
P6 + 013 | 16.70 | 2.40 | 14.80 | 0.20 GID 0.22 NA
p7 - 0 0.00 0.00 0.00 0.00 AN 0.26 1.00
P8 + 0.02 | 41.70 | 25.70 | 16.90 | 84.30 U/AE 0.12 0.52
P9 + 0.00 | 57.80 | 66.20 | 62.40 | 55.90 | U/AE (exercise) 0.12 1.09
P10 + 0.09 9.20 | 17.40 | 19.60 | 25.20 U/AE 0.26 1.18
P11 + 0.00 | 54.10 | 48.40 | 59.40 | 60.40 SHOCK 0.29 1.07
P12 + 0.22 | 12.80 | 15.70 | 12.10 | 0.70 AVOID 0.28 0.43

%CD63+: % of activated basophils. EC50: the concentration inducing 50% of maximum response. Tolerance (TOL),
local (CU: contact urticaria; OAS: oral allergy syndrome; GI: gastrointestinal symptoms) and systemic symptoms
(U/AE: generalized urticaria or angioedema; AN: anaphylaxis). In parentheses the presence of cofactors is detailed.

Pru p 3 and Pru p 3/peach sIgE are included.

BAT reactivity (BR, %CD63+ basophils) was not statistically different between groups
(BR median: 17.8% grLOW/ 27.3% grB), neither when only allergic patients of each
group were compared. In grLOW, BR was significantly higher on allergic individuals
versus tolerant ones (p=0.0286), and on those having systemic symptoms when
comparing local ones (p=0.0286). No statistically significant differences on basophil
sensitivity (CD-sens expressed as the inversion and multiplication by 100 of EC50, the
concentration inducing 50% of maximum response) were found between groups,
although being higher in grLOW (CD-sens median: 819.0 grLOW/ 75.4 grB).
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5.2 Molecular sensitization profiles detection on

LTP sensitized patients

This part of the study was designed to obtain the , specifically

Briefly, we sought to improve on the utility of the currently available in vitro tools
specifically identifying common patterns of sensitization to currently commercially

available LTPs in a group of patients with LTP syndrome.

For this purpose, patients with available data on sIgE s from all commercialised plant

food nsLTP on the InmunoCAP® system were analyzed as detailed before.
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5.2.1 Study population

A total of 307 patients [median (range)]: 41 (17-85) years, 179 women (58.3 %) were
selected.

Pru p 3 was the most prevalent LTP, followed by Mal d 3 (Figure 20). For both LTPs,
most of the sIgE levels were major than 0.35 kUA /L (Pru p 3: 84.7%, Mal d 3: 80.5%). An
average of 45.5 patients (14.8%) had sIgE levels from [0.1-0.35] kU, /L. Pru p 3 had the
lowest proportion of low sIgE levels (13.4%) while Cor a 8 the highest (17.9%).

Only 51.1% of the subjects (157/307) were sensitized to Tri a 14. Sensitization prevalence
order from highest to lowest was almost the same than for the sIgE levels (considering
median and IQR): Pru p 3 followed by Mal d 3 had the major sensitizations and sIgE
values while Tri a 14 followed by Cor a 8 presented the lowest, being sIgE levels
significantly different (p<0.001). Jug r 3 and Ara h 9 have practically the same prevalence
(81.8% and 81.1%) and close sIgE values (median [IQR]: 1.6[0.5-4.4] and 1.8[0.6-5.2]
kUa/L) (p=0.4768). Six patients had Pru p 3 sIgE <0.1 kUA/L, among these, 4 were
monosensitized to Tri a 14, 1 was sensitized to Cor a 8 and Ara h 9, and the other one

was sensitized to Mal d 3 and Cor a 8.

Figure 20. Prevalence of sensitized patients for each of the analysed LTPs.
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Above each bar the percentage of sensitized (0.1 kUa/L) from the total (n=307) per protein is given, while under
the graph is seen the absolute value they represent. sIgk median and IQR (interquartile range) from all sensitized
are given per LTP. Each bar is divided in two according to sIgE levels major (blue) and minor (light blue) 0.35 kUa/L
respectively: Pru p 3, 84.7% (260/307) and 13.3% (41/307); Mal d 3, 80.4% (247/307) and 14.3% (44/307); Jug r 3,
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66.8% (205/307) and 15.0% (46/307); Ara h 9, 67.4% (207/307) and 13.7% (42/307); Cor a 8, 55.7% (171/307) and
17.9% (55/307); Tri a 14, 36.5% (112/307) and 14.6% (45/307).

Analysed subjects recognised an average of 4.8 LTPs per person. From all 307 (Figure
21), a minority of the participants (12 patients) were monosensitized (Group 1, 3.9%),
being positive to Pru p 3 (8/12) and Tri a 14 (4/12). Pru p 3 and Mal d 3 were
considerably the most prevalent LTPs in low reactivity groups as Group 2 (92.9% and
85.7% respectively) or Group 3 (100% both). Moreover, 100% of the multireactive
population were Pru p 3, Mal d 3 and Jug r 3 +. Interestingly, 142 (46.2%) of them
recognised the entire assortment of LTPs tested and patients positive to 5 or 6 LTPs (71%
of the population) recognised Ara h 9 in more than 97% of the cases.

Figure 21. LTP sensitization distribution.
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sensitization frequency (%) from the studied LTPs (Prup 3, Mal d 3, Jugr 3, Arah 9, Cor a 8, Tri a 14).
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5.2.2 Clinical characterization

Clinical information could be obtained in 305 patients. The associations between clinical
profiles and LTP sensitizations are summarized in Table 11. Pru p 3 and Jug r 3 are the
LTPs producing a major proportion of allergy on sensitized. Interestingly, Mal d 3 is the
second protein with more sensitized patients (seen in Figure 20) and a relatively high
percentage (45.7%) of them tolerate apple. From these, 82/132 (62.1%) were allergic to
peach. Tri a 14 is the LTP with less sensitized patients (51.1%): 79.5% tolerate wheat and
11.5% are allergic. In allergic-to-wheat patients, more than 80% had local symptoms,
specially GID.

Table 11. Clinical characterization against LTPs.

Prup3 171 16.4 67.9 33.0 34.0 9.4 40.4 0.5 19.7
Mal d 3 19.7 45.7 18.7 5.6 72.2 70.4 53.7 1.9 27.8
Jugr3 19.7 26.5 53.8 1.5 45.5 13.4 43.3 1.5 19.4
Arah9 25.1 33.6 43.7 0.9 44.4 22.2 40.7 0.9 13.9
Cora8 249 35.6 49.6 1.1 39.3 19.1 39.3 0.0 21.3
Tria 14 8.3 79.5 11.5 0.0 16.7 66.7 11.1 0.0 11.1

Are represented the percentage of sensitized patients to each protein with allergy clinic, tolerance or avoidance.
Moreover, allergic patients are distributed according to their clinical reactivity: Local (CU: contact urticaria; OAS:
oral allergy syndrome; Gl: gastrointestinal symptoms), systemic symptoms (U/AE: generalized urticaria or

angioedema; AN: anaphylaxis). When various symptoms affected one of the subjects, all were included in the table.

Tolerance and allergenicity frequencies (Figure 22 and 23) were compared in subjects
sensitized or not to each studied LTP. A clinical history of systemic symptoms was
significantly associated with nuts sensitization: Jug r 3, Cor a 8, Arah 9. Jug r 3 and Cor
a 8 sensitized patients had statistically more GI and AN symptoms. Moreover, U/AE
was more frequent on Jug r 3 sensitized. Pru p 3 did not present differences on systemic
symptoms when comparing sensitized (123/299) or not (1/6) from which 14% of the
patients being symptomatic had sIgE levels under 0.35 kU /L (Tables 12 and 13).
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Figure 22. Frequency of symptoms on sensitized patients.

A. Tolerance frequency = Sensitized
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100=
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OR 0.13 0.32 ns ns 0.32 0.38
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B. Allergy frequency
100=
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40+

Frequency (%)
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N m

Prup 3 Jugr3 Trial4 Mal d 3 Coras8 Arah 9
OR 9.44 3.09 ns ns 2.73 3.05

95% Cl 2.11t050.21 1.631t05.90 153t05.10 1.60to05.75

p * *k%k *% *%

Comparison between sensitized and non-sensitized for each of the proteins when classified by tolerance (A) and
allergenicity (B). OR: Odds ratio (<1 inverse or >1 direct association); 95% Cl: 95% confidence interval. Yate's
continuity corrected chi-square test and Fisher's exact test were used to obtain p values. Asterisks express
significance of p value * 0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001, **** <0.0001 and ns as non-significant.
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Figure 23. Frequency of symptoms on sensitized patients.
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Comparison between sensitized and non-sensitized for each of the proteins when classified by local (C) or
systemic (D) symptoms. OR: Odds ratio (<1 inverse or >1 direct association); 95% Cl: 95% confidence interval.
Yate's continuity corrected chi-square test and Fisher’s exact test were used to obtain p values. Asterisks express
significance of p value * 0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001, **** <0.0001 and ns as non-significant.
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Table 12. Comparison between sensitized and non-sensitized for each of the proteins when classified by local

symptoms.

Prup 3 22.4% 16.7% 23.1% 0.0% 6.4% 0.0%
OR (95% Cl) ns ns ns

P

Jugr3 0.8% 0.0% 24.5% 28.6% 7.2% 0.0%
OR (95% Cl) ns ns 00 (1.40 to c0)

p *

Tria14 0.0% 0.7% 1.9% 2.0% 7.7% 8.1%
OR (95% ClI) ns ns ns

p

Mald 3 1.0% 0.0% 13.5% 0.0% 13.1% 18.8%
OR (95% Cl) ns ns ns

p

Cora8 0.4% 0.0% 15.6% 13.8% 7.6% 1.3%
OR (95% Cl) ns ns 7.49 (1.25t0 79.82)
p *

Arah9 0.4% 0.0% 19.4% 15.5% 9.7% 3.4%
OR (95% Cl) ns ns ns

P

Percentage of Sensitized versus N/Sensitized (non-sensitized) for each protein and local symptoms. CU, contact

urticaria; OAS, oral allergy syndrome; GID, gastrointestinal disease. Statistically compared with OR: Odds ratio (<1

inverse or >1 direct association); 95% Cl: 95% confidence interval. Yate’s continuity corrected chi-square test and

Fisher's exact test were used to obtain p values. Asterisks express significance of p value * 0.01 to 0.05, ** 0.001

to 0.01, *** 0.0001 to 0.001, **** <0.0001 and ns as non-significant.
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Table 13. Comparison between sensitized and non-sensitized for each of the proteins when classified by

systemic symptoms.

Prup 3 27.4% 16.7% 13.4% 0.0% 0.3% 0.0%
OR (95% Cl) ns ns ns

P

Jugr3 23.3% 7.1% 10.4% 1.8% 0.8% 1.8%
OR (95% Cl) 5.00 (1.78 to 13.41) 7.77 (1.38 10 81.63) ns

p * *

Tria14 1.3% 0.7% 1.3% 1.3% 0.0% 0.0%
OR (95% ClI) ns ns ns

P

Mald 3 10.0% 0.0% 5.2% 0.0% 0.3% 0.0%
OR (95% Cl) ns ns ns

P

Cora8 15.6% 8.8% 8.4% 1.3% 0.0% 1.3%
OR (95% Cl) ns 8.49 (1.45 to 89.91) ns

p *

Arah9 17.8% 10.3% 6.1% 1.7% 0.4% 0.0%
OR (95% Cl) ns ns ns

P

Percentage of Sensitized versus N/Sensitized (non-sensitized) for each protein and systemic symptom. U/AE;
generalized urticaria or angioedema; RESP, respiratory symptoms; AN, anaphylaxis. Statistically compared with
OR: Odds ratio (<1 inverse or >1 direct association); 95% Cl: 95% confidence interval. Yate's continuity corrected
chi-square test and Fisher’s exact test were used to obtain p values. Asterisks express significance of p value *
0.01 to 0.05, ** 0.001 to 0.01, *** 0.0001 to 0.001, **** <0.0001 and ns as non-significant.

5.2.3 nsLTP sensitization profiles: Cluster identification

Most frequently paired allergen combinations were analysed (Table 14). A statistically
significant and strong relationship was seen between all proteins except with Tri a 14.
Tri a 14 shows the weakest relationship with the rest of nsLTP, sharing prevalence with
other allergens in around 150 (49%) patients. Highest association could be seen between
Pru p 3-Mal d 3 (290 patients, 1.=0.9334). Also, Jug r 3- Pru p 3, Mal d 3-Jug r 3 and Pru
p3-Arah9.
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Table 14. Bivariate protein association.
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Prup3 Jugr3 Tria14 Mald 3 Cora8 Arah9
301 251 153 290 224 248
(rs) (0.8543) (0.5981) (0.9334) (0.7883) (0.8670) Prup3
p *kkk *kkk *kkk *kkk *kkk
251 152 250 217 229
(rs) (0.6683) (0.9014) (0.849) (0.8411) Jugr3
p *kkk *kkk *kkk *kkk
157 153 144 151
(rs) (0.6534) (0.6094) (0.661) Tria14
p *kkk *kkk *kkk
291 225 246
(rs) (0.8132) (0.8641) Mald3
p *kkk *kkk
226 217
(rs) (0.8337) Corag8
p *%kkk
249
(rs) Arah9
p

Combination frequency between LTPs in absolute numbers are represented in the table. Spearman’s correlation
coefficient (rs) from sIgE values are represented inside the brackets, considering 95% confidence interval. rs values
above 0.7 reflect a strong positive correlation. Asterisks express significance of p value * 0.01 to 0.05, ** 0.001 to
0.01, ***0.0001 to 0.001, **** <0.0001 and ns as non-significant.

After analysing the protein combinations available on our group of patients, 17 different
clusters could be found (Table 15): 142/307 (46.2%) recognised all 6 nsLTP (Cluster Q)
(also seen in Figure 21). The second major cluster was found in Group 5 (Cluster N) in
which 67/307 (21.8%) recognised Pru p 3, Jug r 3, Mal d 3, Cor a 8, Ara h 9. Straightaway
in Group 2, 23/307 (7.5%) recognised Pru p 3 and Mal d 3 (Cluster C). Contrarily other
combinations from Group 2 as Pru p 3 and Jug r 3 (Cluster E); Mal d 3 and Cor a 8
(Cluster F); Arah 9 and Cor a 8 (Cluster G) or Pru p 3, Tri a 14, Mal d 3, Ara h 9 (Cluster
M) in Group 4 were only observed in one subject (0.3%). Pru p 3 appears in 14 from 17
clusters obtained. Following it, Mal d 3 appears in 12/17, Arah9in9/17, Jugr3in 8/17,
Cora8in?7/17.Finally, Tri a 14 appeared in only 5/17 clusters. Single sIgE levels slightly

increase from group 1 to 6 being statistically significant in all cases (p<0.001) (Figure 24).
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Table 15. Protein Combination Clusters obtained from the different reactivity groups.

Group 1 A B
(12) Prup 3 (8; 2.60%) Tria 14 (4;1.30%)
Group 2 C D E F G
(28) Prup3,Mald3 | Prup3,Arah9 | Prup3,Jugr3 | Mald3,Cora8 | Cora8,Arah9
(23,7.49%) (2,0.65%) (1,0.33%) (1,0.33%) (1,0.33%)
Group 3 H |
(22) Prup 3, Jug r 3, Mal d 3 (13, 4.23%) Prup 3,Mal d 3, Arah 9 (9, 2.93%)
K L
Group 4 J M
P Prup3,Jugr3,Mal | Prup3,Mald3,Cor | Prup3,Jugr3, Mal Prup 3, Tria 14,
(26) d3,Arah9 a8 Arah?9 d3,Cora8 Mald 3,Arah9
(12,3.91%) (7,2.28%) (6,1.95%) (1,0.33%)
(0}
Group 5 N ; P
P Prup3,Jugr3,Mald3,Cor | Prup3,Jugr3, Tria14, Prup 3, Jugr 3, Mal d 3, Tri
77) a8,Arah9 Mald 3,Arah 9 al14,Cora8
(67,21.82%) (8,2.61%) (2,0.65%)
Group 6 Q
(142) Prup 3,Mald3,Jugr3,Tria14,Cora 8, Arah 9 (142, 46.25%)

The different LTP combination profiles (A to Q) obtained on each group are represented: Group 1 (positive for 1
LTP), Group 2 (positive for 2 LTPs), Group 3 (positive for 3 LTPs), Group 4 (positive for 4 LTPs), Group 5 (positive
for 5 LTPs) and Group 6 (positive for all 6 LTPs). Also, the number of patients and the percentage they represent
(from all 307 in the study).
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Figure 24. sIgE distribution against clusters.
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The heat map represents slgE levels (x axis) for the 6 studied LTPs (Prup 3,Mal d 3, Jugr 3, Arah 9, Cor a 8 and
Tri a 14) when patients (y axis) positive at least for one LTP, are grouped into the 17 reactivity clusters obtained.
Patients were first classified by groups (1 to 6) and clusters (A to Q) in each, ordering then sIgE levels from low to
high. Moreover, sIgE levels (kUa/L, median [IQR]) for each LTP were compared between groups (represented below
the graph) with Kruskal-Wallis test. Asterisks express significance of p value * 0.01 to 0.05, ** 0.001 to 0.01, ***
0.0001 to 0.001, **** <0.0001 and ns as non-significant.
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5.2.4 Clinical symptoms and clusters

The frequency of symptoms to peach was compared on high reactivity patients being
sensitized to 4 or more LTPs (243 subjects, 79.7%), and low reactivity ones, being
sensitized to less than 4 LTPs (62 subjects, 20.3%) (Table 16). Tolerance to peach was
statistically higher on low reactivity patients. The same analysis was done choosing the
most severe symptom to any of the studied LTPs for each patient: no differences were
found when comparing tolerant and allergic individuals. Indeed, local symptoms were

statistically superior on <4 LTPs group while systemic on >4 LTPs groups (p= 0.0253).

Table 16. Symptoms frequency on multiple reactivity groups.

Tolerant 25.8 14.0 * 16.1 9.5 ns
Allergic 64.5 67.9 ns 83.9 90.1 ns
Avoidance 9.7 18.1 ns 0.0 0.4 ns
Local 29.0 25.9 ns 33.9 19.3 *
Systemic 35.5 42.0 ns 50.0 70.8 *
OAS 321 25.6 ns - - -
Gl 3.6 8.5 ns - - -
Cu 23.2 27.6 ns - - -
U/AE 28.6 337 ns - - -
RESP 0.0 0.5 ns - - -
AN 10.7 17.1 ns - - -

The patients were separated in high reactivity group (4 or more positive LTPs) and low reactivity group (less than
4 positive LTP). Symptoms to peach were compared. Allergy, tolerance or avoidance. Moreover, allergic ones were
compared according to their clinical reactivity: Local (CU: contact urticaria; OAS: oral allergy syndrome; Gl:
gastrointestinal symptoms), systemic symptoms (U/AE: generalized urticaria or angioedema; AN: anaphylaxis).
The same comparison was done over the frequency of the most severe symptom from all 6 foods implicated. P
values were obtained after chi-squared and Fisher's exact test. Asterisks express significance of p value * 0.01 to
0.05,**0.001 to 0.01, ***0.0001 to 0.001, **** <0.0001 and ns as non-significant.

From our 12 mono-sensitized patients: 3 were tolerant to all six tested foods (2 were Tri

a 14 +; 1 was Pru p 3 +), 5 had local symptoms for some of them (1 was Tri a 14 +; 4 were
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Pru p 3+) and 4 had had systemic reaction for at least one LTP (1 was Tri a 14+; 3 were
Pru p 3+). In addition, 6 patients were negative for Pru p 3 being: 2 of them tolerant to
all studied foods (both were Tri a 14 +); 2 local (1 was Tri a 14 + and 1 was Mal d 3 and
Cor a 8+) and 2 systemic symptoms (one as Tri a 14+ and the other was Cor a 8 and Ara

h 9 +) to at least one of the foods containing the studied LTPs.
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5.3 Improving in vitro detection of sensitization to
Lipid Transfer Proteins: LTP Strip, a new

molecular multiplex IgE assay

This part of the study was designed to achieve the . In short, to develop and
validate a novel multiplex assay containing multiple LTPs from a wide range of
taxonomically related and unrelated allergenic sources for the diagnosis and clinical

management of patients with LTP syndrome.

The results from this part of the study have been published in the following cited paper

(Annex, original version):

Improving in vitro detection of sensitization to Lipid Transfer Proteins: A new

molecular multiparameter IgE assay

Balsells-Vives S, Fliigge U, Brix B, Weimann Y, Peralta T, San Bartolomé C, Araujo-
Sanchez G, Casas-Saucedo R, Torradeflot M, Lara R, Munoz-Cano R, Bartra J, Suer W,
Pascal M. Mol Nutr Food Res. 2023 May 17:¢2200906. DOI: 10.1002 / mnfr.202200906

Journal information: Molecular Nutrition & Food Research
Impact factor (2022):5.2.

Journal Citation Reports (Clarivate, 2023): 34/142 (Food Science & Technology (Science)).
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5.3.1 Patient’s characterization

38 adults (age median [IQR]: 43 [34-50] years; female: 27 (71%)) with LTP syndrome
diagnosis were included in this analysis (Tables 17,18 and 19).

The reactivities to the plant-food allergenic sources found by PbP are reported in Table
20. All patients showed a positive PbP to peach peel, whereas 13 (34%) of them also
reacted to the pulp. Other most frequent sensitizations found were apple peel (92%),
peanut (89%), hazelnut (87%), green bean (87%) followed by cherry peel (86%), corn
(84%), melon (81%), walnut (79%), tomato peel (71%), almond (68%), lettuce (66%) and
kiwi pulp (66%). Although, pea was only tested in 14 patients, the sensitization was quite
high (71%). Wheat, peach pulp, banana, lentil and sesame showed low sensitization (<
40 %).

5.3.2 EUROLINE-LTP Immunoassay validation

In the EUROLINE-LTP immunoblot assay (from now on LTP-Strip), each of the
recombinant nsLTPs could evoke a positive sIgE response confirming a suitable epitope
presentation (Figure 25). The measured sIgE intensities are presented in EAST classes
(Fig. 25), spanning from low sIgE reactivity for Ses i LTP 1 and Tri a 14, to highly reactive

components such as Pru p 3, Pru av 3, and Mal d 3.

Two subjects (patients 2+3) showed IgE sensitization to every recombinant protein
included in the LTP-strip while all other subjects recognized at least four nsLTPs from
different allergenic sources, although not following any particular pattern. Most patients
were sensitized to allergens of the Rosacae family, like Pru p 3, Pru av 3, Pru du 3 and
Mal d 3. Isoforms (as i.e. Pru du 3) showed different IgE reactivity patterns justifying the
need of working with various homologous forms of the allergens. Ses i LTP 5 is the most
frequently recognized isoform (26/38) from the sesame LTPs. Interestingly, 29 patients
had high sIgE levels for the LTP from melon (Cuc m LTP).

The analytical performance of the LTP-strip was assessed considering the PbP data as
the reference test result, due to logistic and practical limitation to challenge the patients
for all allergenic sources via OFC. As whole food may contain more LTP than processed
extracts the PbP got preference over SPT (see Table 21 and 22).
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Table 17. Anamnestic data from the patients tested.
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Chapter V: Results

Table 17. Anamnestic data from the patients tested. Continuation.
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PR-10, Profilin, Storage proteins, TLP reactivities. Symptoms (S) and PbP (Prick by prick). CU: contact urticaria; OAS:
oral allergy syndrome; Gl: gastrointestinal symptoms; U/AE: generalized urticaria or angioedema; AN:

anaphylaxis. (Patient 20 to 38, Part 1) 93



New approaches for in vitro diagnosis of LTP Syndrome

Table 18. Anamnestic data from the patients tested (part 2).
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Symptoms (S) and PbP (Prick by prick). CU: contact urticaria; OAS: oral allergy syndrome; Gl: gastrointestinal
symptoms; U/AE: generalized urticaria or angioedema; AN: anaphylaxis. (Patient 1 to 13, Part 2)
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Chapter V: Results

Figure 18. Anamnestic data from the patients tested (part 2). Continuation.
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Symptoms (S) and PbP (Prick by prick). CU: contact urticaria; OAS: oral allergy syndrome; Gl: gastrointestinal

symptoms; U/AE: generalized urticaria or angioedema; AN: anaphylaxis. (Patient 14 to 26, Part 2)
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Figure 18. Anamnestic data from the patients tested (part 2). Continuation.
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Symptoms (S) and PbP (Prick by prick). CU: contact urticaria; OAS: oral allergy syndrome; Gl: gastrointestinal
symptoms; U/AE: generalized urticaria or angioedema; AN: anaphylaxis. (Patient 27 to 38, Part 2)
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Chapter V: Results

Table 19. Anamnestic data from the patients tested (part 3).
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Symptoms (S) and PbP (Prick by prick). CU: contact urticaria; OAS: oral allergy syndrome; Gl: gastrointestinal
symptoms; U/AE: generalized urticaria or angioedema; AN: anaphylaxis. (Patient 1 to 20, Part 3)
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New approaches for in vitro diagnosis of LTP Syndrome

Table 20. Anamnestic data from the patients tested (part 3). Continuation.
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Symptoms (S) and PbP (Prick by prick). CU: contact urticaria; OAS: oral allergy syndrome; Gl: gastrointestinal
symptoms; U/AE: generalized urticaria or angioedema; AN: anaphylaxis. (Patient 21 to 38, Part 3)
98



Chapter V: Results

Table 21. Plant-food sensitization detected by prick-by-prick test.

Peach peel 38 38 100%
Apple peel 38 35 92%
Peanut 38 34 89%
Hazelnut 38 33 87%
Green Bean 38 33 87%
Cherry Peel 36 31 86%
Corn 38 32 84%
Melon 37 30 81%
Walnut 38 30 79%
Peas 14 10 71%
Tomato peel 38 27 71%
Almond 37 25 68%
Kiwi pulp 38 25 66%
Lettuce 38 25 66%
Wheat 38 15 39%
Peach pulp 38 13 34%
Banana 38 13 34%
Lentil 38 10 26%
Sesame 15 3 20%

Total of patients tested with prick by prick for each food (n total). Number and percentage of positives on Prick by
prick (PbP).
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Figure 25. Heatmap of slgE reactivities against nsLTPs of the LTP strip.
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Measured by the nsLTP immunoblot assay in 38 patient sera. nsLTPs recognized from the same individual are

shown in rows. The level of sIgE reactivity is indicated in different shades of blue. Every shade is exemplary for a
class (Class: 0 negative; Class:1-6 positive). The nsLTPs are arranged by the total sum of the sIgE reactivity from

all patients (left: highest sIgE levels, right: lowest sIgE levels).
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Table 22. Prick by Prick outcome and anamnestic data.

Peach peel (38) 38 | 27 (71%) | 7 (18%) 4 0 0 (0%) 0 (0% | ©
Walnut (mashed) (38) 30 | 17(57%) | 3 (10%) 10 8 4(50%) | 3 (38%) | 1
Almond (mashed) (37) | 25 | 14 (56%) | 7 (28%) 4 12 1 (8%) 7 (58%) | 4
Peach Pulp (38) 11 6 (55%) | 3 (27%) 2 27 | 22(81%) | 3 (11%) | 2
Peanut (mashed) (38) 34 | 18(53%) | 3 (9%) 13 4 1(25%) | 3 (75%) | ©
Hazelnut (mashed) (38) | 33 17 (52%) 8 (24%) 8 5 2 (40%) 2 (40%) 1
Lettuce (38) 25 | 11 (44%) | 10 (40%) 4 13 3(23%) | 10 (77%) | ©
Banana (38) 13 5(42%) | 8 (62%) 0 25 4(16%) | 18 (72%) | 3
Apple peel (38) 36 | 14 (39%) | 18 (50%) 4 2 1(50%) | 1 (50%) | O
Pea (mashed) (14) 9 3(33%) | 6 (67%) 0 5 1(20%) | 4 (80%) | O
Melon pulp (37) 31 | 10 (32%) | 20 (65%) 1 6 2(33%) | 4 (67%) | ©
Cherry peel (36) 31 9(29%) | 12 (39%) 10 5 1 (20%) 1 (20%) 3
Tomato peel (38) 26 7 (27%) | 19 (73%) 0 12 3(25%) | 8 (67%) | 1
Corn flour (38) 32 8 (25%) | 22 (69%) 2 6 0 (0%) 6 (100%)| O
Green bean (38) 33 8 (24%) | 24 (73%) 1 5 1(20%) | 4 (80%) | O
Kiwi pulp (38) 25 6 (24%) | 15 (60%) 4 13 5(38%) | 8 (62%) | O
Wheat flour (38) 15 2 (13%) | 13 (87%) 0 23 3(13%) | 20 (87%) | 0
Lentil (boiled) (38) 10 0 (0%) 9 (90%) 1 28 3(11%) | 25 (89%) | 0
Sesame (mashed) (15) 3 0 (0%) 3 (100%) 0 12 2(17%) | 10 (83%) 0

Patients are grouped according to PbP results (positive/negative). On each, are classified by being allergic or

tolerant. Some patients could not be classified due to avoidance (for medical recommendation, fear or dislike).
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Table 23. LTP-strip outcome and anamnestic data.

Prup 3 38 | 27 (71%) 7 (18%) 4 0 | 0 (0%) 0 (0%) 0
Jugr3 33 | 20 (61%) 3 (9%) 10 5 |1 (20%) | 3 (60%) 1
Arah 9 31 | 18 (58%) 3 (10%) | 10 7 |1 (14%) | 3 (43%) 3
Mus a 3 12 | 6 (50%) 6 (50%) 0 26 | 3 (12%) | 20 (77%) 3
Cora8 32 | 16 (50%) 7 (22%) 9 6 |3 (50%) | 3 (50%) 0
Prudu3.0101 | 28 | 14 (50%) 8 (29%) 6 10 |1 (10%) | 7 (70%) 2
Solal6 11 5 (45%) 6 (55%) 0 27 | 5 (19%) | 21 (78%) 1
Mal d 3 36 | 14 (39%) 18 (50%) 4 2 |1 (50%) 1 (50%) 0
Prudu3 38 | 15 (39%) 14 (37%) 8 0 | 0 (0%) 0 (0%) 0
Lacs 1-1 27 | 10 (37%) 14 (52%) 3 11 | 4 (36%) 6 (55%) 1
CucmLTP 29 | 10 (36%) 18 (64%) 1 9 |2 (22%) 6 (67%) 1
Solal7 16 | 5 (31%) 11 (69%) 0 22 | 5 (23%) | 16 (73%) 1
Lacs 1-2 28 | 10 (36%) 15 (54%) 3 10 | 4 (40%) 5 (50%) 1
Pis s 3 30 | 5 (17%) 24 (80%) 1 8 | 0 (0%) 8 (100%) 0
Solal3 17 | 5 (29%) 12 (71%) 0 21 | 5 (24%) | 15 (71%) 1
Pruav 3 38 | 11 (29%) 14 (37%) | 13 0 | 0 (0%) 0 (0%) 0
Actd 10 14 | 4 (29%) 9 (64%) 1 24 | 7 (29%) | 14 (58%) 3
Phav3.0101 | 30 | 8 (27%) 22 (73%) 0 8 |1 (13%) 6 (75%) 1
SesiLTP 1 9 1 (11%) 7 (78%) 1 29 | 1 3%) | 27 (93%) 1
Phav3.0201 | 33 | 8 (24%) 25 (76%) 0 5 [1(20%) | 3 (60%) 1
Zeam 14 28 | 7 (25%) 20 (71%) 1 10 | 1 (10%) | 8 (80%) 1
SesiLTP2 22 | 2 (9%) 19 (86%) 1 16 | 0 (9%) 15 (94%) 1
SesiLTP 4 18 | 2 (11%) 15 (83%) 1 20 | 0 (0%) 19 (95%) 1
SesiLTP 5 24 | 2 (8%) 21 (88%) 1 14 | 0 (0%) 13 (93%) 1
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Tria14.0201 | 11 2 (18%) 9 (82%) 0 27 | 3 (11%) | 24 (89%) 0
SesiLTP3 21 2 (10%) 18 (86%) 1 17 | 0 (0%) 16 (94%) 1
Lenc3 34 | 2 (6%) 31 (94%) 0 4 |1 (20%) | 3 (60%) 0
Tria14 6 0 (0%) 5 (100%) | 0 32 | 4 (16%) | 27 (84%) 0

Patients are grouped according to LTP-strips results (positive/negative). N= number of patients. On each, are
classified by being allergic or tolerant. Some patients could not be classified due to avoidance (for medical
recommendation, fear or dislike).

Strip reactivity (positive/negative) was classified qualitatively in comparison to PbP

outcome (Figure 26).

Figure 26. nsLTP immunoblot assay performance in comparison to PbP results.
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For qualitative analysis of the sIgE levels they were subdivided into 4 groups: true positive (TP, blue), true negative
(TN, orange), false positive (FP, grey) and false negative (FN, yellow). The allergens are sorted in the descending

order according to the relative amount of true positive and true negative reactions.
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Table 24. Qualitative analysis of the sIgE reactivity of the nsLTP immunoblot assay in comparison to the PbP

outcome.

Prup3 38 |38 (100%) | 0 (0% | O (0% | O (0%) |38 (100%)
Mal d 3 38 |35 (92%) | 2 (5%) | 1 (3%) | 0 (0%) |37 (97%)
Pruav 3 36 |31 (86%) | 1 (3% | 4 (11%) | 0 (0%) |32 (89%)
Pha v 3.0101 38 |29 (76%) | 4 (11%)| 1 (3%) | 4 (11%) |33 (87%)
Pha v 3.0207 38 |30 (79%) | 2 (5%) | 3 (8%) | 3 (8%) |32 (84%)
Arah9 38 |29 (76%) | 2 (5%) | 2 (5%) | 5 (13%) |31 (82%)
Coras 38 |29 (76%) | 2 (5%) | 3 (8%) | 4 (11%) |31 (82%)
Jugr3 38 |28 (74%) | 3 (8%) | 5 (13%) | 2 (5%) |31 (82%)
Zeam 14 38 |26 (68%) | 4 (11%)| 2 (5%) | 6 (16%) | 30 (79%)
Lacs 1-1 38 |22 (58%) | 8 (21%)| 5 (13%) | 3 (8%) |30 (79%)
Pis s 3 14 |10 (71%) | 1 (7% | 3 (21%) | 0 (0%) |11 (79%)
CucmLTP 38 |25 (66%) | 4 (11%)| 3 (8%) | 5 (13%) |29 (76%)
Lacs 1-2 38 |22 (58%) | 6 (16%) | 7 (18%) | 3 (8%) |28 (74%)
Solal7 38 |17 (45%) |11 (29%) | O (0%) |10 (26%) | 28 (74%)
Mus a 3 38 8 (21%) |20 (53%) | 5 (13%) | 5 (13%) |28 (74%)
Solal3 38 |19 (50%) | 8 (21%)| 3 (8%) | 8 (21%) |27 (71%)
Prudu3 37 |25 (68%) | 0 (0% |12 (32%) | 0 (0%) |25 (68%)
Pudu3.0101 | 37 |20 (54%) | 5 (14%) | 7 (19%) | 5 (14%) | 25 (68%)
Tria 14 Mix 38 9 (24%) |17 (45%) | 6 (16%) | 6 (16%) |26 (68%)
SesiLTP 1 15 1 (7%) 9 (60%) | 3 (20%) | 2 (13%) | 10 (67%)
Actd 10 38 |12 (32%) |10 (26%) | 3 (8%) |13 (34%) | 22 (58%)
Solal6 38 9 (24%) |10 (26%) | 1 (3%) |18 (47%) | 19 (50%)
SesiLTP2 15 3 (20%) | 4 (27%) | 8 (53%) | 0 (0%) | 7 (47%)
SesiLTP 4 15 3 (20%) | 4 (27%) | 8 (53%)| 0 (0%) | 7 (47%)
SesiLTP5 15 3 (20% | 4 (27%) | 8 (53%) | 0 (0%) | 7 (47%)
SesiLTP3 15 3 (20%) | 2 (13%) |10 (67%) | 0 (0%) | 5 (33%)
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Lenc3 38 8 (21%) | 3 (8%) |25 (66%) | 2 (5%) |11 (29%)

Total number of analysed for each allergen are included. From these, sIgE levels were subdivided into 4
groups: true positive (TP), true negative (TN), false positive (FP) and false negative (FN) results, in absolute
number and percentage. The allergens are sorted according to the sum of true positive and true negative
(TP+TN) reactions.

The proportion of correctly classified (TP and TN) subjects exceeds 70% for the majority
(17/28) of the recombinant nsLTPs (Table 23). Particularly good performance is shown
by Pru p 3 (100%) and Mal d 3 (97%), Pru av 3 (89%), Pha v 3.0101/0201 (87%, 84%), Ara
h 9 (82%), Cor a 8 (82%) and Jug r 3 (82%). Interestingly, the newly introduced nsLTPs,
Cucm LTP and Ses i LTP1 correlate well with the PbP outcome (76% and 67% agreement,

respectively).

Even though, many patients were sensitized against Pru du 3 and Len c 3 in the

immunoblot assay without a positive PbP outcome.

To validate the reliability of the measured IgE reactivities in the cohort of patients tested,
sera of 28 healthy blood donors were analysed with the LTP-strips. These subjects had
no clinical history of food or respiratory allergy, were Pru p 3 sIgE negative (<0.1 KUa/L
ImmunoCAP, ThermoFisher Scientific) and /or had negative SPT to peach peel extract
(Leti Pharma, Madrid, Spain).

28 healthy donors were tested with the LTP-strips and no IgE reactivity above the cut-
off with the tested LTPs was found. Only sera from 4 individuals reacted close to the cut-
off (0.35 kUa/L) for certain proteins (Jug r 3 (2/28), Pru av 3 (1/28), Sola 17 (1/28), Pru
du 3 (1/28) and Pha v 3.0201(1/28), Table 24).
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Table 25. sIgE reactivities in classes against nsLTPs measured by LTP-strips in sera of 28 healthy donors.

#Blood donor

10

11

12

15

19

20

21

22

23

24

25

26

27

28

CCD 0j2j0/0/0/0|0|0|0O|O|OjO|O|jO|O|O|O|0O]|O
SesiLTP 1 ojoj0j0/0/0|0|0O|O|O|O|jO|O|O|O|O|O|0O|O
Tria 14 ojoj0/0/0/0|0|0O|O|O|O|jO|O|O|O|O|O|0O|O
Mus a3 ojoj0j0/0/0|0|0O|O|O|O|jO|O|O|O|O|O|0O|O
Solal7 ojo0/j0/0/0/0|0|0O|O|O|OjO|jO|jO|O|O|O|0O|O
Solal 6 ojo0/j0/0/0/0|0|0O|0O|O|OjO|jO|O|O|O|O|0O|O
SesiLTP 3 ojoj0j0|0/0|0|0O|O|O|O|O|O|O|O|O|O|0O|O
Actd 10 ofojojof0jo0|0f0|j0|0j0OfO|jO|0Of0O|O|O|O|O
Solal3 ojoj0/0/0/0|0|0O|O|O|OjO|O|O|O|O|O|0O|O
Tria 14.0201 ojo/j0/0/0/0|0|0O|O|O|OjO|O|O|O|O|O|0O|O
SesilLTP 4 ojoj0/0/0/0|0|0O|O|O|OjO|O|O|O|O|O|0O|O
SesiLTP 2 ofojojof0jo0|0f0|j0|0j0Of0O|jO|0Of0O|jO|O|O|O
SesiLTP 5 ofojojof0jo0|0f0|j0|0j0OfO|jO|0Of0O|O|O|O|O
Piss 3 ojo0/j0/0/0/0|0|0O|O|O|OjO|O|O|O|O|O|0O|O
Lacs 1-2 ojo0/j0/0/0/0|0|0O|O|O|OjO|O|O|O|O|O|0O|O
Zeam 14 ojo/j0/0/0/0|0|0O|O|O|OjO|O|O|O|O|O|0O|O
Pha v 3.0101 ojojojof0jo0|0f0|j0O|O0OjOfO|jO|0OfO|O|O|O|O
Lac s 1-1 ojojojof0jo0|0f0|j0O|0OjOfO|jO|0OfO|jO|O|O|O
Pru du 3.0101 ojo0jo0/0/0/0|0|0|O|O|OjO|O|jO|O|O|O|0O|O
Cora8 ojojo0/0/0/0|0|0|O|O|OjO|O|O|O|O|O|0O]|O
Arah9 ojojojof0jo0|0f0|j0O|0OjOfO|jO|0OfO|jO|O|O|O
Lenc3 ojojojof0jo0|0f0|j0|0OjOfO|jO|0OfO|jO|O|O|O
Jugr3 ojojojof0jo0|0f0|j0O|O0OjOfO|jO|0OfO|O|O|O|O
Pha v 3.0201 ojo0j0/0/0/0|0|0O|O|O|OjO|O|O|O|O|O|0O|O
Cucm LTP ojojo0/0/0/0|0|0|O|O|OjO|O|O|O|O|O|0O|O
Mal d 3 ojojojof0j0|0f0O|O|0OfjO|O|jO|0OfO|O|O|O|O
Prudu 3 ojojojof0j0|0f0O|O|OjOfO|jO|0O|O|O|O|O|O
Pruav 3 ojojojof0j0|0f0O|O|0OfjO|O|jO|0OfO|O|O|O|O
Prup 3 ojo0j0/0/0/0|0|0O|O|O|OjO|O|O|O|O|O|0O|O

Number 1 indicates class 1 or superior, number 0 indicates class 0.
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5.3.3 Recombinant nsLTP induced basophil activation in BAT

Nine recombinant nsLTPs (Pru p 3, Lac s 1-1, Lac s 1-2, Pha v 3.0101, Pha v 3.0201, Pru
du 3, Pru du 3.0101, Act d 10, Cuc m LTP) of the LTP-strips frequently recognized by
LTP allergic patients were used for basophil activation testing (BAT) in a subset of
individuals (n=16; 13 patients + 3 healthy donors) to assess their functionality, i.e., ability
to crosslink receptor-bound sIgE and cause cell activation (assessed as CD63 expression

by flow cytometry).

All proteins were able to induce the expression of CD63 on the cell surface, and thus, are
all allergenically active molecules. At the highest allergen dose, the median of %CD63
for all tested recombinant proteins is above 60% (Figure 27). All patients showed a high
basophil reactivity to Pru p 3, Pru du 3 and Pha v 3.0201.

Pru du 3 induced CD63 expression at very low allergen concentrations followed by Lac
s 1-2, Lac s 1-1, Pru p 3 and Pha v 3.0101 (Figure 28). These results show that trace

amounts of allergens induce basophil activation which could trigger an allergic reaction.

Figure 27. Box plot of the BAT results for selected nsLTPs with a stimulation concentration of 1 pg/mL.
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The activation is presented as percentage of CD63 positive out of the basophilic cells. Stimulation with anti-FceRI
antibody (SC, specific IgE control), fMLP (unspecific cell activator) and stimulation buffer (SB, Negative control) is

shown.
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Figure 28. BAT results for a selected set of allergens and patients (Part 1).
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The graphs indicate CD63 expression for the tested allergens Pru p 3 - Peach; Pru du 3.0101 and Pru du 3.2 -
Almond; Pha v 3.1 and Pha v 3.2 — Green bean at 1 pg/mL, 0.1 pg/mL, 0.01 pg/mL and 0.001 pg/mL final

concentrations, on a total of 13 patients.
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Figure 29. BAT results for a selected set of allergens and patients (Part 2).
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The graphs indicate CD63 expression for the tested allergens Lac s 1.1 and Lac s 1.2 -Lettuce; Cuc m — Melon; Act

d 10 - Kiwi at 1 pg/mL, 0.1 yg/mL, 0.01 pg/mL and 0.001 pg/mL final concentrations, on a total of 13 patients for

lettuce and 3 for melon and kiwi.

Based on the slope of the dose-response curves (Figure 28 and 29) the CD-sens values,

as a marker for basophil sensitivity, were estimated (168) and averaged for the selected

allergens (Figure 30). In Figure 31 is presented the BAT data for healthy controls,

showing no activation.
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Figure 30. CD-sens values distribution.
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CD-sens values of the BAT for a selected set of allergens and patients. In front the mean CD-sens value is shown

in red.
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Figure 31. BAT results on negative controls (Part 1).

—e—Negative Control 1 —e—Negative Control 2 Negative Control 3
Prup3
100%
80%
60%
m
o
o
[v]
40%
20%
0% © . o
1 10 100 1000
concentration stimulating allergen [ng/ml]
Pha v 3.0101 Pha v 3.0201
100% 100%
80% 80%
60% 60%
(1] m
w -]
8 8
40% 40%
20% 20%
e =] 0% * —————— ——
1 10 100 1000 1 10 100 1000
concentration stimulating allergen [ng/ml] concentration stimulating allergen [ng/ml]
Prudu 3 Pru du 3.0101
100% 100%
80% 80%
60% 60%
m m
a a
o o
40% 40%
20% 20%
0% &= — P 0%
1 10 100 1000 1 10 100 1000
concentration stimulating allergen [ng/ml] concentration stimulating allergen [ng/ml]

CD63 expression for the tested allergens (Pru p 3, Prudu 3, Pru du 30101, Phav 3.0101, Pha v 3.0201) over negative

controls are represented (n=3).
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Figure 32. BAT results on negative controls (Part 2).

—e—Negative Control 1 —e— Negative Control 2 Negative Control 3
Lacs 1-1 Lacs1-2
100% 100%
80% 80%
60% 60%
m 34
o o
=] o
o o
40% 40%
20% 20%
0% 0%
1 10 100 1000 1 10 100 1000
concentration stimulating allergen [ng/ml] concentration stimulating allergen [ng/ml]

CD63 expression for the tested allergens (Lac s 1-1 and Lac s 1-2) over negative controls are represented (n=3).

In this study, the CD-sens was used as a criterion for the allergy-inducing property of
the target protein. For Act d 10 and Cuc mLTP only 3 sera were tested. Thus, the results
for these two allergens should be treated like a first indication which needs further

confirmation by a larger cohort.

Pru du 3 induced the highest basophil sensitivity in the selected patients followed by
Lac s 1-2, Lac s 1-1, Pru p 3 and Pha v 3.0101, although, the basophil reactivity differed
significantly between all patients. Patient 1, i.e., shows a very strong basophil response
to Pru du 3, Pru p 3, Pha v 3.0101, Pru du 3.0101 and Act d 10, whereas for patient 17 the
CD-sens values were very low and only Pru du 3 and Pru p 3 elicited a slight basophil

stimulation.

The patient ID from Figure 29 is consistent with the heat map in Figure 25. The patients
(1-38) are ordered by their sIgE level response in the LTP-strips. A low ID means high
sIgE reactivity. Patient 1, 2, 4 and 5 showed the highest basophil reactivity which

correlates with LTP-strips results.
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5.34 Comparison of LTP-strips with the InmunoCAP in vitro assay

To verify the data from the LTP-strip, the results were compared to an established
largely clinically validated in wvitro assay based on sIgE determination, the
ImmunoCAP® system (ThermoFisher Scientific). The degree of concordance between
the EAST classes from EUROLINE® (semi-quantitative) vs InmunoCAP® (quantitative)
was analyzed for the 5 plant food LTPs (Pru p 3, Mal d 3, Cor a 8, Jug r 3 and Ara h 9)
commercially available in this platform, by Spearman’s rank correlation (Table 25).
There is a positive relationship between the two diagnostic tests for the examined
components. The Spearman’s rank coefficient varied from 0.6-0.89. Nevertheless, the

informative value of this correlation is limited because of the small case number.

Table 26. Correlation between ImmunoCAP and Euroline data.

LTP rs p-Value n (total)
Prup 3 0.875 <0.0001 38
Arah9 0.890 <0.0001 24
Cora8 0.602 0.0019 24
Jugr3 0.698 0.0001 24
Mal d 3 0.857 <0.0001 33

Were considered EAST-Classes via Spearman’s rank correlation. rs: Spearman’s rank correlation coefficient; p:

significance level (a=0,05).
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5.4 Characterization of a LTP syndrome cohort with

the LTP-strip

This part of the study was designed to obtain the , specifically

In brief, we aimed to describe the molecular sensitization profile of a real-life cohort of
patients with LTP syndrome of our area using the LTP-strip containing a wider spectrum

of allergenic sources of relevance in our area.
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5.4.1 Patient’s characterization

A total of 202 adult subjects [125 women (61.8%); mean [range] age of 46.4 [22-89] years-
old diagnosed of LTP allergy in the Allergy Department were retrospectively recruited

from a clinical database.

Sensitization to all plant-food LTP allergenic sources included in the LTP strips is
depicted in Figure 32. The most prevalent sensitizations were Pru p 3 (94.1%), Pru av 3
(93.1%), Pru du 3 (93.1%) and Mal d 3 (92.1%). In addition, the highest sIgE levels (and
so, EAST Classes, useful to illustrate sIgE levels gradient as in Table 26) were also found
on these LTPs, following the same order: Pru p 3, Pru av 3, Pru du 3.1 and Mal d 3
(p<0.0001), so sensitization prevalence was positively correlated with sIgE levels.

Interestingly, high sIgE levels range from =50 to < 100 kUa/L (Class 5).

Figure 33. LTP strips heat map.
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sIgE levels from the 202 patients analysed (y-axis) with EUROIMMUN-LTP strips are represented.
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Table 27. Frequency of LTP plant-food sensitization by the LTP strips.

o ne20zPatiems

Prup 3 190 (94.1%) | 12 10 18 24 34 89 15 | 50.9 [10.4-79.0]
Pruav 3 188 (93.1%) | 14 14 15 18 42 90 9 46.4 [8.5-76.3]
Prudu3 188 (93.1%) | 14 16 18 19 47 83 5 38.5 [3.5-70.0]
Mal d 3 186 (92.1%) | 16 18 18 25 47 69 9 30.6 [3.1-65.4]
Phav3.0102 | 168 (83.2%) | 34 18 27 31 36 49 7 11.4 [0.6-54.5]
Cuc mLTP 166 (82.2%) | 36 18 19 29 32 54 14 | 17.4 [0.5-64.5]
Jugr3 161 (79.7%) | 41 21 23 26 34 45 12 | 10.4 [0.4-51.8]
Lenc3 159 (78.7%) | 43 28 33 22 35 39 2 3.1 [0.3-34.6]
Cora8 153 (75.7%) | 49 22 30 21 38 39 3 3.4 [0.3-46.3]
Arah9 151 (74.8%) | 51 24 29 22 28 44 4 3.1 [0.3-45.1]
Prudu3.0101 | 147 (72.8%) | 55 19 22 31 40 30 5 6.5 [0.3-37.2]
Pha v 3.0101 146 (72.3%) | 56 28 31 23 30 32 2 2.1 [0.3-28.1]
Zeam 14 144 (71.3%) | 58 24 31 32 31 24 2 2.1 [0.3-21.4]
Lacs 1-2 139 (68.8%) | 63 31 36 28 25 16 3 0.7 [0.3-11.4]
Lacs 1-1 134 (66.3%) | 68 29 18 24 32 30 1 0.7 [0.3-29.3]
Piss 1 134 (66.3%) | 68 32 21 34 24 23 0 0.7 [0.2-16.4]
SesiLTP 5 116 (57.4%) | 86 28 23 16 20 27 2 0.4 [0.2-15.4]
SesilLTP 2 110 (54.5%) 31 27 14 24 14 0 0.3 [0.2-3.9]
SesilLTP 4 91  (45.0%) 19 11 22 20 19 0 0.3 [0.2-8.9]
Solal3 87 (43.1%) 21 18 22 14 12 0 0.3 [0.2-2.4]
SesilLTP3 74 (36.6%) 18 16 22 11 7 0 0.2 [0.2-1.7]
Sola |7 71 (35.1%) 21 21 9 12 8 0 0.2 [0.2-0.6]
Actd 10 67 (33.2%) 19 20 9 11 8 0 0.2 [0.2-0.9]
Mus a 3 53  (26.2%) 23 15 6 3 0 0.2 [0.2-0.3]
Tria 14 .0201 41 (20.3%) 10 3 10 7 11 0 0.2 [0.2-0.3]
SesilLTP1 34 (16.8%) 16 2 1 3 1 0 0.2 [0.0-0.2]
Solal6 32 (15.8%) 6 7 6 8 1 0.2 [0.0-0.2]
Tria14 30 (14.9%) 12 8 4 2 0 0.2 [0.0-0.2]
CCD 14 (6.9%) 9 2 0 0 0 0.2 [0.0-0.2]

The number of sensitized patients and the percentage they represent are included on the table. Also, sIgE median
and IQR (interquartile range) for each allergen. This LTP strips provide semiquantitative information by measuring
bands intensity corresponding to specific IgE antibody given in system classes 0 to 6. The classes from the
Enzyme-Allergo-Sorbent Test (EAST) were transformed into concentrations expressed in kUa/L: Class 0 < 0.35;
Class 1: 20.35t0 < 0.7; Class 2: 20.7 to < 3.5; Class 3: 23.5t0 < 17.5; Class 4: 217.5t0 < 50; Class 5: 250 to <

100; Class 6 2 100. Class 1 or superior was the positivity criteria.
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The LTPs producing a minor sensitization were Tri a 14 (30/202), Sola 16 (32/202) and
SesiLTP 1(34/202). As previously described, wheat and sesame have a high proportion

of tolerant sensitized. CCD sensitization was observed in 6.9% of the tested samples.

Twelve patients (6%) were negative for Pru p 3. For these, the most recognised LTPs
were Mal d 3 (7 patients) and Pru av 3, Zea m 14, Tri a 14.0201, Len ¢ 3, Lac s 1-2 (3

patients each). CCD sensitization was discarded for all them.

5.4.2 Taxonomic families recognition

Allergens included on LTP strip were classified according to their taxonomic family, on
a total of 11 families: Rosaceae (Pru p 3, Mal d 3, Pru av 3, Pru du 3 and Pru du 3.0101),
Fabaceae (Arah 9, Len ¢ 3, Pha v 3.0101 and Pha v 3.0201, Pis s 3), Pedaliaceae (Ses i LTP 1,
SesiLTP 2, SesiLTP 3,Ses i LTP 4 and Ses i LTP 5), Asteraceae (Lac s 1-1 and Lac s 1-2),
Poaceae (Zea m 14, Tri a 14 and Tri a 14.0201), Solanaceae (Solal 3, Sola1l 6 and Sola 1 7),
Juglandaceae (Jug r 3), Cucurbitaceae (Cuc m LTP), Musaceae (Mus a 3), Fagaceae (Cor a 8),
Actinidiaceae (Act d 10).

Figure 34. Diversity on family recognition.
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The graph classifies patients according to the number of families they are sensitized to, from 1 to 11 (percentage

of patients they represent on each case).

Patients recognized a median [range] of 8.5 [1-11] families, and mainly 10 (19.3%), 9
(16.8%) and 11 (13.9%) families (Figure 33). Some taxonomic families included more than
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one allergen, being the prevalence of sensitization to Rosaceae the major: most of subjects
(88.1%) recognized them 4 while 2.5% (5/202) were not sensitized to any of them.
Additionally, at least 97.5% of the patients recognized an allergen from the Rosaceae
family. For the Fabaceae family, 63.4% of the subjects were sensitized to the 4 LTPs
included and 89.6% recognised at least, one LTP from this taxonomic family (detailed in
Table 27).

Table 28. Distribution of sensitization on each taxonomic family according to the number of recognised LTPs.

0 52 25.7% 93 46.0% 5 2.5% 21 10.4% 55 27.2%
1 98 48.5% 47 23.3% 3 1.5% 15 7.4% 33 16.3%
2 52 25.7% 43 21.3% 7 3.5% 21 10.4% 30 14.9%
3 19 9.4% 9 4.5% 17 8.4% 24 11.9%
4 178 | 88.1% | 128 | 63.4% 40 19.8%
5 20 9.9%
Total
individuals | 150 | 74.3% | 109 | 54.0% | 197 | 97.5% | 181 | 89.6% | 147 | 72.8%
sensitized

Sensitization prevalence is expressed as absolute number and the percentage they represent (total n=202).

Finally, polysensitization was observed in 98.5% (199/202) of the cases, from which 185
(92.0%) recognised 5 or more LTPs. Three subjects recognised all the 28 LTPs included
in the EUROIMMUN-LTP strip. Patients recognised an average of 16.6 LTPs. Only 3
patients were monosensitized (P1: Cuc m +; P2: Tri a 14.0201+; P3: Ses i LTP 5+).

5.4.3 Clinical characterization

A heterogeneous pattern of symptoms was observed depending on the food involved
(Table 28).
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Table 29. Distribution of symptoms on foods over sensitized.

Walnut (161) 00 | 733267 | 00 | 230 43 | 193] 87
Peach (190) 153 | 67.4 | 17.4 | 27.9 | 195 | 58 | 21.6 | 142
Peanut (151) 272 | 411|318 00 [ 172 ] 60 | 159 | 86
Hazelnut (153) 28.8 | 386 [ 327 ] 00 | 157 | 46 | 137 | 9.2
Lettuce (134) 515|358 (127 | 1.5 | 82 | 164 | 45 | 6.7
Banana (53) 60.4 | 321 | 75 | 00 | 113|113 ] 75 | 75
Apple (186) 484 290 | 226 | 05 | 113 ] 81 | 86 | 6.5
Melon (166) 633 | 253 [ 114 | 24 [ 145 | 54 | 42 | 06
Tomato (87) 644 | 218 (138 | 23 | 92 | 34 | 34 | 46
Almond (188) 441 197 | 362 | 05 | 74 | 32 | 85 | 3.2
Corn (144) 743 (139|118 ] 07 | 56 | 35 | 28 | 2.1

Cherry (188) 55.9 | 122 (324 | 00 | 53 | 37 | 21 | 16
Kiwi (67) 68.7 | 119 | 194 | 00 | 60 | 45 | 00 | 15
Pine nut (19) 68.4 | 105211 0.0 | 53 | 00 | 53 | 0.0
Greenbean (168) | 79.2 [ 101|107 | 1.2 | 30 | 1.2 | 1.8 | 30
Wheat (30) 80.0 | 100 [10.0 | 0.0 | 33 | 0.0 | 33 | 33
Lentil (159) 849 | 75 | 75 | 00 | 25 | 44 | 0.0 | 06
Peas (134) 881 60 | 6.0 | 00 | 1.5 | 22 | 3.0 | 0.0
Sesame (34) 912 29 [ 59 [ 00 | 29 | 00 | 0.0 | 00

Percentage of sensitized presenting symptoms according to the offending food. AN: anaphylaxis. CU: contact
urticaria. Gl: gastrointestinal symptoms. OAS: Oral Allergy Syndrome. U/AE: generalized urticaria and/or

angioedema.

Most individuals reported multiple symptoms with the different foods tested. The main
culprit foods detected by LTP-strips were (% allergic with confirmed sensitization)
walnut (73.3%) and peach (67.4%). For walnut, OAS (23%) and U/ AE (19.3%) were the
most frequently reported symptoms. Interestingly, any of the Jug r 3 sensitized reported
tolerance. For peach, CU (27.9%), U/ AE (21.6%) and OAS (19.5%) were the most frequent
symptoms; 15.3% were tolerant. A high frequency of tolerance on sensitized subjects was
found for some food allergens: Sesame (31/34; 91.2%), Pea (118/134; 88.1%), Lentil
(135/159; 84.9%) and Wheat (24/30; 80.0%). Moreover, in 25 patients (12.2%) could be
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registered the involvement of cofactors: exercise (13 patients), NSAIDs (9 patients),
alcohol (1) or period (1). In 3 patients, the cofactor involved could not be properly
described by means of the clinical history. Lettuce was the food with a more frequent

implication of cofactors (10 patients) (Table 29).

Table 30. Culprit foods and cofactor involvement.

Lettuce (10) 5 4 - - 1
Tomato (6) 3 - - 1 2
Walnut (5) 2 2 - - 1
Peanut (4) 3 - - - 1
Almond (4) 1 2 - - 1
Apple (3) 2 - 1 - -
Green bean (2) 1 - - - 1
Pine nut (2) 1 1 - - -
Wheat (2) 2 - - - -
Banana (2) 1 1 - - -
Peas (1) - 1 - - -
Corn (1) - - - } 1
Lentil (1) - 1 - - -
Peach (1) 1 - - - -
Hazelnut (0) 1 - - - 1
Melon (0) - - - - -
Mustard (0) - - - - -
Chickpea (0) - - - - N
Cherry (0) - - - - -
Kiwi (0) - - - - -
Orange (0) - - - - -
Sesame (0) - - - - -

Total individuals reporting cofactor influence per food.
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LTP is the most frequent cause of plant food allergy in our area, alike Southern Europe.
Patients with LTP Syndrome show a wide range of sensitization to plant foods
taxonomically related or not, and a diverse profile of clinical symptoms, from mild to
severe or even fatal. Component based in vitro diagnostic tools are useful on diagnosis
and clinical management of LTP-syndrome patients. A deeper knowledge and
optimisation of in wvitro immunoassays could allow the identification of diverse
phenotypical profiles among these patients offering a more personalised clinical
management as well as improving their quality of life. Thus, with this thesis work we
aimed to improve on the utility of the in wvitro tools used for the diagnosis of LTP

syndrome as well as the clinical management of these patients.

Currently, multiple in vitro tools are available for LTP syndrome diagnosis, being Pru p
3 the most frequent LTP used for screening. Nevertheless, despite the advances in the
field with the introduction of molecular allergology and multiplex tools, similarly to
other food allergies, identifying clinical relevance and patients risk stratification are still

a challenge.

Hereby, we demonstrate the clinical relevance of low sIgE levels of Pru p 3 (from 0.1 to
0.35kUa/L) on a group of patients (grLOW) compared to another group (grB) with sIgE
Pru p 3 = 0.35 kUa/L. Over the cohort analysed the ratio Pru p 3/Peach was similar in
both groups and superior to 1, which would confirm a sensitization due to Pru p 3 (167).
About 45% of our patients of grLOW are allergic, 1.9% anaphylactic, highlighting the
importance of considering Pru p 3 sIgE > 0.1 kUa/L as potentially clinically relevant,
despite 0.35 kUa/L has traditionally been used as the cut-off. Indeed, BAT reactivity
(similar in both groups) demonstrated the functionality of these sIgE. Besides the theory
reported by Kleine-Tebbe and Jakob (36) exposing that a 0.01 or greater ratio of specific
IgE to total IgE, translated as a fraction of 1% of bound total IgE, is enough for basophil
half-maximal activation, we observe basophil activation with a lower percentage. Thus,
reliable quantitative detection of sIgE and the ratios analysis of specific and total IgE on
these patients is relevant for an accurate diagnosis (167,311). Despite the limitations of
our study, i.e., retrospective, with not all patients challenged due to logistic limitations,
and the fact that avoidance may have caused sIgE concentrations to decrease in patients
with a history of a severe reaction, we believe that modifying the cut-off from 0.35 to 0.1
kUa/L on such a broadly used in vitro test as Pru p 3 sIgE (ImmunoCAP) on the

screening for LTP syndrome/ allergy significantly improves the allergological work-up

( ).
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Our results revealed that Pru p 3 sIgE levels were higher on patients with local
symptoms compared with those with systemic in our population, and the reason is not
definite. Little is known about the real correlation between LTP sIgE levels and
symptoms severity, and conflicting results have been published (51,222,223). It has been
reported that high Pru p 3 sIgE concentrations correlate with an increased risk of
reactions (293). Ciprandi et al. (294) described Pru p 3 sIgE levels variation as an age-
dependent event. They reported an increase from infancy to young adulthood (highest
from 21 to 30 years) that posteriorly decreased. Also, values have been inversely related
with an early onset peach allergy (223). Moreover, it has been described that, mono-
sensitization to LTP correlates with a more severe clinical reactivity (230) which could
be explained by the fact that IgE receptors are mostly occupied by LTP sIgE, which
would induce a more efficient cross-linking of the Fc ¢ RI and effector cell activation, but
not actually related to sIgE levels as the authors explained in the cited report. Actually,
a lower frequency of co-sensitization to other LTPs was found on grLOW although

sensitization profiles (peanut, walnut, and apple) were similar in both the groups.

In previous studies from our group and collaborators (291,312,313), also a trend to lower
levels of sIgE have been observed in those groups with severe symptoms compared with
those with mild symptoms. From our point of view, this might be explained by the
differential affinity of sIgE to the antigen and differential efficiency on the cross-linking
in effector cells in which the ratio of sIgE to total IgE of 0.01 is enough for half-maximal

activation of the effector cells.

The interference of CCD sensitization on the detection of low levels of sIgE to Pru p 3 by
ImmunoCAP was described some years ago (120). Nevertheless, it doesn’t seem to alter
our observations, given that CCD sensitization was similarly distributed in both the
groups, ruling out that Pru p 3 sIgE low levels detected were merely artifacts of CCD

interaction not deserving clinical consideration.

The analysis of the molecular sensitization profiles (clusters) to commercial nsLTP
(singleplex) of the LTP syndrome patients recruited also translated in useful

observations for the routine clinical practice.

From all the nsLTPs tested, Pru p 3 was the most prevalent, with only a minority of non-
reactive patients (6/307, 1.9%), supporting that peach represents the primary source of
sensitization to LTP on our population (314). Accordingly, Pru p 3 appears in 14/17
clusters obtained, supporting the previously reported that peach could contain most of
the allergenic epitopes of LTPs from other plant derived foods but not in all cases
(274)(314). Nevertheless, other similar studies report 18% of the subjects negative for Pru

p3 (however, tested on a microarray and so, semi—quantitative) and thus question Pru
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p 3 being the archetypal nsLTP with the presence of all potential binding epitopes (274).
Of the 18% of Pru p 3 negative patients, 40 (38%) were Jug r 3 positive and 66 (63%)
sensitized to pollen LTPs: Art v 3 and/or Pla a 3 positive. In our study, when Pru p 3
was negative, patients were mostly sensitized to Tri a 14. Indeed, we did not assess

sensitization to pollen LTPs in our patients.

An order in sensitization prevalence among the six tested LTPs was found, as well as in
sIgE median values (from highest to lowest): Pru p 3, Mald 3, Jug r 3 and Arah 9, Cor
a 8 and Tri a 14. Interestingly, a previous study identified on the levels of sIgE from LTP
sensitized patients a predictable hierarchical order with peach at the top, followed by
apple, walnut, hazelnut and peanut without correlation with the clinical reactivity to
each food (245). Moreover, LTPs sIgE levels statistically increased together with co-
sensitization (from group 1 to 6). Previous studies confirmed an increase on reactivity
and risk of allergic reactions (222,274). Asero et al. described in 2004 a relationship
between high Pru p 3 sIgE levels and cross-reactivity to plant-derived foods other than
Rosaceae (314).

Pru p 3 and Mal d 3 presented a high association (r) on the different clusters (94.5%)
most likely due to their high sequence identity (80.22%) producing probable cross-
reactions (247,297). In fact, 45.7% of sensitized to Mal d 3 were tolerant to apple, from
which 62.1% were allergic to peach.

Results, also suggest an unusual behaviour of Tri a 14, which has been previously related
to exercise-induced anaphylaxis (252) as well as Baker’s asthma (243). Previous studies
report variable cross-reactivities between Tri a 14 and Pru p 3 (315). In our study, Tri a
14 shows the weakest association with other LTPs appearing in only 5 of the 17 clusters
obtained. Most of those patients were tolerant to wheat (79.5%), but the allergic ones
presented GID (66.7% from allergic). As some authors previously described, exists the
possibility of more severe symptoms when wheat intake is associated to cofactors
although not being reflected in our population (51,289,316). Under wheat-LTP allergy
suspicion, Tri a 14 should always be tested besides Pru p 3 or any other LTP, since

sensitization to it has been found independently from other LTPs.

While in our study, the shared epitope recognition theory is boost by 46.2% of the
patients recognising all 6 plant-food LTP, in 2015 the population of Scala et al. (274)
recognising all nsLTP was only of 15%. However, the mentioned report uses a multiplex
assay instead of singleplex and includes not only plant-food but also pollen LTPs (Pla a
3 and Art v 3), thus studies are not fully comparable. The implication of pollen LTPs on
LTP-syndrome has been extensively studied (273,274). A novel study exposes the
difficulty of Pla a 3 and Art v 3 (over 3 tested sera on sIgE inhibition experiments) to
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fully inhibit Pru p 3 (317). Also, Pla a 3 and Art v 3 share a smaller amount of allergenic
epitopes compared to Pru p 3, and so, the authors question the evidence of these pollen-
LTPs to act as a primary sensitizer. The observed data and the fact that our LTP allergic
patients are not tested for pollen-sensitization neither respiratory symptoms are

analysed, explain why our studies are not completely comparable.

Sensitized to LTPs (from peach and nuts) were statistically more frequently allergic as
well as non-sensitized were more frequently tolerant. This association between clinical
reactivity and test results would indicate that, being ruled out sensitization to other
common plant food panallergens, LTPs are the cause of the allergic reaction in the
studied patients and co-sensitization to other unknown/undescribed allergens is
unlikely. Nuts-LTP sensitization was related to more severe reactions. A previous study
on LTP allergic patients (222) reported that the most frequent culprit food causing
symptoms on a group of patients testing a wide range of food allergens (Walnut,
hazelnut, peanut, tomato, rice and corn) belong to the Rosaceqe family. Moreover,
Rosaceae LTPs (Pru p 3 and Mal d 3) were the most frequently associated to other

allergenic sources.

The analysis of sensitization patterns including 6 LTPs led to a substantial number of
possible protein combinations clusters, 57 different ones. Of them, only 17 (29.8%) were
found in at least one patient and 11 of them (%) in more than two patients. Thus, 40
possible clusters were not found in our studied cohort, meaning that on multiple LTP
reactivity, molecular sensitization profiles exist ( ). The most frequent
cluster (46.25%) was the one including all plant food LTPs considered (Mal d 3 + Pru p
3+ Tria 14 + Cor a 8 + Ara h 9 + Jug r 3). The second most frequent cluster (21.82%)
included all 5 LTPs, except Tri a 14 . In these groups of patients showing higher diversity
of allergen recognition (i.e., >4 LTPs) a significantly major proportion of severe
symptoms was observed. At once, milder symptoms were more frequent on low
reactivity groups (<4LTPs). Tolerance to peach was also associated to low reactivity
groups (<4 LTP) in the present study. This trend of number of proteins recognized and

clinical reactivity had been previously described elsewhere (274):

Our observations are limited by the fact that clinical data is retrospectively obtained and
the fact that patients were selected based on the criteria of availability of data on the 6
commercially available plant food LTPs. We could find a multireactive tendence profile
on our LTP-syndrome studied cohort. Multireactivity groups correlated with sIgE levels
and were associated to more severe symptoms. Prospective studies with systematic
allergological workup are required to validate these observations. Identifying one or

various clusters of recognition of LTPs would aid at diagnosis and management of LTP
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syndrome with the possibility to associate concrete sensitization profiles to predictable
clinical reactivity and so, assessing the patient on a more accurate diet exclusion and

precautionary measures.

Developing a validated novel multiplex assay containing multiple LTPs from varied
allergenic sources (LTP-strip) aimed to improve the currently available in vitro tools for
diagnosis and clinical management of LTP syndrome. From our experience in the field,
multiple sensitizations can only be assessed today by using whole extracts, with their
known limitations, and clinical history. Thus, the LTP-strip was specially designed
including the most relevant and frequent allergenic sources in LTP-syndrome in our area
with the aim to cover the clinical need of assessing sIgE sensitization to a broader panel
of nsLTPs from taxonomically related and unrelated allergenic sources. Indeed, not only
identifying sensitization to as many allergenic sources is remarkable at diagnosis but
also reliably identifying those that the patient is not sensitized to is of utmost interest for

the clinical management (diet intervention) of the patient.

The diagnostic performance of the LTP-strip was validated in a cohort of patients with
diagnosed LTP-syndrome from our area ( ). We defined PbP as the
reference for diagnosis since oral challenge to all allergenic sources for all patients was
not feasible in our hands and PbP sensitivity has been described superior to commercial
extracts for SPT (318,319). A good concordance with the PbP outcome was found.
Despite being a rather small cohort of patients, since this was intended as a validation
study of a novel in vitro tool, the high diversity of sIgE recognition profiles among them
emphasizes the convenience of a broad panel of nsLTP in a multiparametric test for the
diagnosis and clinical characterization of LTP syndrome. Indeed, most patients were
sensitized to Rosaceae LTPs (Pru p 3, Mal d 3, Pru av 3, Pru du 3), however sensitization
to other plant food which are not closely related cannot be assumed by taxonomy also
frequently occurs. The inclusion of several isoforms of one protein has also provided in
vitro individual IgE-binding properties and cellular activation, leading to different
sensitization pattern. Importantly, we demonstrate hereby that sensitization to nsLTP
not included in current commercially available multiplex tests are frequently recognized
by LTP allergic patients and thus should be considered (i.e., lettuce, green bean, almond,

etc.).

All individuals of the cohort showed sensitization to peach peel when PbP-tested, the
approach considered as the gold standard for the analysis, and all of them showed
positive sIgE reactivity in the immunoblot assay to at least 4 different nsLTPs. A subset
of nine nsLTP allergens were further analyzed by BAT. In all patients that IgE

sensitization was detected in the LTP strip, basophil activation was observed upon
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stimulation with the corresponding nsLTP, meaning that the serum specific IgE detected
with the strip corresponded with IgE functionality at basophil level. Also, to our
knowledge it is the first time to report BAT data on the performance of nsLTPs from

lettuce, green bean, almond, melon and kiwi.

When compared to PbP, the proportion of correctly classified subjects exceeds 70% for
the majority of the recombinant nsLTPs in the immunoblot assay. Pru p 3 and Mal d 3
correlate very well with the PbP outcome (100% and 97% agreement, respectively).
Considering the different implementations and allergen presentation between PbP
testing and in vitro detection of sIgE, this correlation between the two assays systems is

actually very good.

Some proteins (i.e., Pru du 3 and Len c 3) show a high amount of false positive reactions
when comparing the immunoblot sIgE levels and the PbP outcome. Interestingly, the
BAT results for patient 23 and patient 33 which where both PbP negative for almond
seeds, clearly showed an activation for Pru du 3 supporting the results from the
immunoblot assay. Nevertheless, we looked further into possible explanation for
potential false positive sIgE reactivity. On the one hand, nsLTP share a high amino acid
sequence similarity which results in a high degree of cross-reactivity (e.g., Pru du 3 and
Pru p 3 have a sequence similarity of 94,5%) (205). Pru du 3 shares three major IgE-
binding epitopes which are reported for Pru p 3 in previous studies (273) . Interestingly,
the isoform Pru du 3.0101 only has one shared epitope. These findings were supported
by the heatmap and by the BAT data, where Pru du 3 shows similar reactivity to Pru p
3 whereas Pru du 3.0101 deviates from this pattern. To what extend the cross-reactivity
may be clinically relevant has to be further investigated. Even though the cross-reactivity
has to be considered, it does not explain the negative PbP outcome. The latter may be
caused by the different antigen presentation of the two test systems. Whereas the
immunoblot contains exclusively recombinant proteins, fresh fruits, nuts and vegetables
were used for the PbP. Plant-based food shows variable concentrations of nsLTPs,
depending on cultivar, storage, maturity conditions and processing (8). This fact is very
significant, since the fresh food source that we were testing may not contain the nsLTP
or have itin a very low quantity with the consequent false negative of PbP. Also, the PbP
test with lentil, e.g., was done with canned lentils which have been cooked in advance.
Previous studies showed reduced IgE-binding capacity after heating of rLen ¢ 3 (320). -
Maybe the amount of IgE-reactive Len ¢ 3 was too low to induce an allergic reaction in
the PbP.

In another previous study, the nsLTP of almond tree (Pru du 3) could be detected in the

almond leaf and the epicarp/mesocarp which coats the almond seeds. Like our own
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findings, the prick test with 3 types of almond seeds had a negative outcome.

Presumably, the LTP quantity in the seeds is reduced compared to other tissues (321).

In this study novel LTPs which are not described as allergens yet where included. Cuc
m LTP and the Ses i LTP 1-5 do not have an especially high amino acid sequence
similarity to Pru p 3 (~ 50%). Nevertheless, a lot of patients showed a Cuc m LTP
sensitization. The sIgE reactivity for Cuc m LTP in the immunoblot assay was even
higher than for Pru p 3 in a few patients. The clinical relevance for this data must be
further analyzed. Previous studies also hinted for LTP as culprit in melon allergy (322).
The LTPs of sesame were recognized by a fair number of subjects. The interpretation of
these data is difficult as there was just a small number of patients which was pricked

(PbP) with sesame and just 6 of them had a positive outcome.

Indeed, there are some limitations in our study. We highlight that we are considering
PbP results as the reference test whereas oral challenge outcome is the real gold standard
for food allergy diagnosis, but this approach was not logistically feasible for this project
in our hands. Thus, we selected a possibilistic approach to be able to test sensitization to
a broad panel of allergenic sources and also, we believed based on our experience and
reported data on the field of allergology that diversity of proteins to assess sensitization
would be more preserved in PbP than in commercial SPT extracts. The analysis of the
outcome of prick by prick and the LTP strip with the anamnestic data shows that the
performance of the in vitro approach with LTP Euroline for sensitization screening was
superior to PbP for particular allergen sources like lentil, sesame, Jug r 3, Cuc m LTP and
Tri a 14.02. Thus, it is noteworthy to have as many high quality recombinant nsLTP from
a broad range of allergenic sources as possible to improve LTP syndrome diagnosis and

management.

The selection of our nsLTP allergic patients was according to Pru p 3 sensitizations,
considering it to be a universal LTP for the diagnosis of LTP sensitized patients in
general, independently of the allergenic source. Only serum samples from the
Mediterranean area were included, which is representative for Southern Europe but
means the generalization of the data to non-Mediterranean areas is limited. Furthermore,
the PbP was only conducted in patients with LTP syndrome, and negative controls were
only skin tested by peach-peel and ImmunoCAP tested to confirm absence of LTP
sensitization. As this was a pilot study, only a small cohort was used for preliminary
results. Indeed, all these observations have to be confirmed with larger cohorts of LTP

allergic individuals tested and with as much oral food challenges as possible.
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Finally, the LTP strip was used to analyse the molecular sensitization profile and clinical
characterization in a larger cohort of 202 patients with LTP syndrome (manuscript in

preparation, ).

Having a broad panel of allergens on the multiplex diagnostic tool, allowed the
identification of senisitization profiles on LTP-allergic on a wider panel of plant-food
allergens. Regarding symptoms, a heterogeneous pattern was seen depending on the
culprit food. Walnut and Peach were the main offending cause of allergy in this cohort,
also described in the second part of the thesis (using singleplex, Objective 1.2) but also
reported in previous studies (274,292,323). Only 15.3% tolerated peach consumption.
Inversely, wheat, was tolerated by 80% of the patients (common with the results in part
2) and <20% of the tested samples demonstrated sensitization to Tri a 14 (14.9%) and Tri
a 14.0201 (20.0%). Stands out that fact that, Zea m 14 (sharing Poaceae taxonomic family
with Tri a 14; 56.7% percent identity -extracted from personal database-) is prevalent in
71.3% of the studied patients and that 74.3% of them are tolerant to corn. Not many

information has been described from this LTP.

OAS and U/ AE were the most frequently reported symptoms as previously described
for LTP syndrome (49,51,276,282,283). Interestingly, GI disorders were specially found
on lettuce sensitized, which is the food with a major cofactor implication. Availability of
lettuce LTP would aid at diagnosis of these patients, something that might not be

obvious from clinical history of patients are not specifically inquired for GI symptoms.

Is interesting the fact that, a median of 63.3% of the sensitized, were tolerant to the
allergenic source. As explained in the introduction from this thesis, Asero et al. reported
in 2018 (292) that a non-negligible proportion of the patients studied (25%) reacted to
tolerated foods. In 2021, this fact was observed again by a spanish group (324): 13% of
LTP-sensitized patients developed allergy 10 years later, mainly to Rosaceae fruits and

nuts, specially on those who had been previously allergic to other LTPs.

Rosaceae was the most dominant family on our cohort, as described in other studies for
Mediterranean basin countries (51) related to high sIgE levels. As previously noted (314)
Pru p 3 frequently leads sensitization to other vegetal foods. However, non-Pru p 3
sensitized patients existed (5.9%: Mal d 3 and Pru av 3, but also Zea m 14, Tri a 14.0201,
Len ¢ 3, Lac s 1-2) which emphasizes that fact that heterogenous patterns are also present
and that Rosacea sensitization does not represent all the LTP-allergic population. Non-

Rosacea LTPs may have variable IgE-binding epitopes (208).

Most predominant sensitizations (expressed as high prevalence) were positively
correlated with high sIgE levels from the semiquantitative tool, mainly 50 to 100 kU4 /L:
Rosaceae (Pru p 3, Pru av 3, Pru du 3 and Mal d 3) followed by Pha v 3.0102 (green bean,
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83.2%), Cuc m (melon, 82.2%), Jug r 3 (walnut, 79.7%) and Len c 3 (lentil, 78.7%). These
high sensitization prevalences were also observed in the validation analysis from the
strips (part 3 from the thesis, also on (325)). It is interesting the case of Cuc m LTP, with
high sensitization prevalence and its sequence similarity with Pru p 3 is 53.85% (personal
database): in some cases its sIgE reactivity was higher than for Pru p 3. Len ¢ 3, was also
surprisingly prevalent in agreement with the results from the previous section, in which
was found a 89.5% of sensitization. Also, one Pru p 3 negative patient presented positive

Len ¢ 3, which remarks the usefulness of its presence on the LTP-strips.

High IgE levels have been related to a major risk of clinical reactivity (224), also for Pru
p 3 (293). In our studied cohort, major allergens as Pru p 3 and Jug r 3, demonstrated this
fact, but not other predominant Rosaceae allergens as Pru du 3, Pru av 3 or Mal d 3 (the
last one, also showed an important proportion of tolerant in Part 2). For these LTPs, co-
sensitization was frequent. For Rosacese allergens (apple, apricot and plum) were
described conserved epitopes associated to IgE-binding cross-reactivity which did not
necessarily coexisted with cross-allergenicity (326). Pru av 3 (cherry) also demonstrated
a high sequence identity with Pru p 3 (327) and was described as a possible major
allergen in south European patients in which its allergenicity has been demonstrated
(328).

A median of 8.5 taxonomic families were recognised by the studied patients, being led
by Rosaceae but also Fabaceae. Multiple reactivity was evident, recognising 92.0% of the
patients 5 or more LTPs. In addition, our studied cohort, demonstrated how wide can
co-sensitization in LTP syndrome be, affecting an extensive range of non-taxonomically
related families emphasizing the usefulness of having a diagnostic tool that allows
obtaining a broader profile of sensitization to plant-food LTPs, letting clinicians a better

management of patients with LTP Syndrome.

Finally, the clinical management of the patients with LTP Syndrome is complicated due
to their diverse sensitization profiles and broad range of clinical reactivities. Indeed,
allergy symptoms are encountered despite Pru p 3 sIgE low levels. Two main
sensitization clusters (all 6 LTP+ and 5 LTP+/Tri a 14-) are dominant in our group of
patients and a reactivity to 4 or more LTPs is associated to be more likely to develop
severe symptoms. Further, the utility of a newly developed multiplex assay with a wider
range of LTPs from taxonomically related and un-related sources has been demonstrated
on a cohort of patients with LTP syndrome of our area. Test validation with prick by
prick and anamnestic data revealed the high-quality recombinant LTPs used for the
performed strips and also BAT assays showed its functionality. When testing it over a

larger cohort, could be reported A trend to polysensitization to multiple taxonomic

130



Chapter VI: Discussion

families is observed, despite mainly Rosacese. These observations, allow the
identification of phenotypical profiles among patients with LTP syndrome optimizing
the use and interpretation of the available in vitro immunoassays, offering a deeper

knowledge of their sensitization profile and improving the clinical management.
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The conclusions derived from this thesis are the following ones:

1. Currently available in vitro tools for LTP-syndrome diagnosis can be improved.

2. Regardless of patients with low sIgE to Pru p 3 (peach LTP) may represent a
minority in our daily practice, this sensitization can be clinically relevant, with
up to 20% of systemic reactions. Therefore, Pru p 3 sensitizations should be

carefully evaluated even when sIgE levels are low.

3. Almosthalf of the patients with allergy to Lipid Transfer Proteins (LTPs) studied
are sensitized to all the commercially available plant food LTPs (Peach-Pru p 3,
Apple-Mal d 3, Wheat-Tri a 14, Walnut-Jug r 3, Hazelnut-Cor a 8, Peanut-Ara h
9). The second more frequent cluster of LTPs lacks only the LTP from wheat (Tri

a 14). Severity on symptoms increase in concordance with immunoreactivity.

4. Absence of Pru p 3 (peach LTP) sensitization is rare among our patients with
allergy to Lipid Transfer Proteins. In that case, in our cohort, patients are mostly
sensitized to Tri a 14 (wheat LTP). Thus, Tri a 14 has to be tested independently
besides Pru p 3 or other LTPs.

5. The new multiplex assay containing multiple LTPs from varied allergenic
sources designed (the LTP-strip) can be successfully used for detection of specific
IgE against nsLTPs in patients with LTP-syndrome of our area. The qualitative
performance of the LTP-strip when compared to Prick-by-prick and anamnestic

data was valuable.

6. Len c 3 (lentil LTP), Pha v 3 (green bean LTP) and Cuc m (melon LTP) allergens
demonstrated a high sensitization prevalence and diagnostic performance over
our LTP sensitized patients, standing out the necessity of introducing new LTP

molecules such these ones on routinary allergy diagnosis tools.

7. A wider scope of LTP plant food testing in the allergological work up, not only
has the value of the true positives that improve patient diagnosis but also offers
the value of the true negatives, which represent allergenic sources that could be
potentially tolerated and consequently improve their clinical management and

quality of life.
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8. The LTP-strip tested in a cohort of 200 individuals with a clinical history of
allergy to Lipid Transfer Proteins shows the need and usefulness to test multiple
taxonomically unrelated plants-foods besides the current commercially available

ones.
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Many clinical lab settings still use 0.35 KUa/L as the cut-off for serum specific-IgE (sIgE)
immunoassays, while the detection limitis 0.1 KUa/L. The clinical relevance of -low-level
slgE (0.1-0.35 KUa/L) remains controversial. Pru p 3 sIgE is considered to be the main
routine tool for assessing lipid transfer protein (LTP) sensitization. We aimed to evaluate
the clinical relevance of Pru p 3 sIgE low levels in a population diagnosed with LTP allergy.
Adults diagnosed with LTP allergy and Pru p 3 slgk > 0.1 KUA/L between 2012 and
2019 were included. Clinical data were reviewed. nPru p 3 basophil activation test (BAT)
was performed and basophil reactivity (BR) and sensitivity (BS) correlated with the peach
allergy symptoms. Pru p 3 slgE from 496 subjects was recorded, 114 (23.0%) between
0.1 and 0.34 KUa/L (grLOW), the rest > 0.35 KUa/L (grB). A total of 44.7% in grLOW
and 59.9% in grB were allergic. Urticaria was more frequent in grLOW. In grLOW, Pru p
3 slgE was higher in patients with local compared with systemic symptoms. In grB, Pru
p 3 slgE was higher in allergic patients. Pru p 3/Total IgE ratios were higher in allergic vs.
tolerant in both groups. In BAT, BR was similar in both groups. In grLOW, it was higher
on allergic compared with tolerant (p = 0.0286), and on those having systemic vs. local
symptoms (p = 0.0286). BS showed no significant difference between groups. Patients
with low levels represent a non-negligible fraction and around 45% are peach allergic.
BAT showed functional sIgE in them. Pru p 3 sensitizations should be carefully evaluated
even when slgE levels are low.

Keywords: serum specific-IgE, low levels, lipid transfer protein, clinical relevance, BAT

INTRODUCTION

Allergen-specific IgE (sIgE) levels cannot be used as individual predictors of clinical reactivity
or severity, although high-sIgE concentrations correlate with increased risk of reactions (1). The
importance of establishing sIgE cut-offs to provide clinical relevance in the assessment of food
allergy has been extensively reported (2-4). The cut-off for the most common immunoassays used
to quantify serum sIgE (e.g., InmunoCAP® ThermoFisher Scientific, Uppsala), has traditionally
been 0.35 KU4/L; and it is still used in many clinical lab settings, despite the reports showing
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that the cut-off may differ depending upon the factors, such as
the allergenic source and patient age (3). Indeed, the technical
detection limit for the in vitro singleplex fluorescence enzyme-
immunoassay ImmunoCAP® (ThermoFisher Scientific) is 0.10
KUs/L. Little evidence has been reported on the clinical
relevance of sIgE levels between 0.1 and 0.35 KU4/L and it is a
matter of discussion in the field.

Lipid transfer proteins (LTPs) are widely cross-reacting
panallergens related to complex clinical profiles regarding
severity and food triggers (5, 6). LTPs are the most important
cause of plant food allergy in adults and children in the
Mediterranean, but indeed emerging in other areas (6). Pru p
3, the peach LTP, is considered to be the prototype protein, and
routinely used as the main marker to assess LTPs sensitization (7).
High Pru p 3 sIgE has been related with systemic reactions and a
higher prevalence of hazelnut, peanut, and walnut allergy (4, 8).
Pastorello et al. established Pru p 3 2.69 KU/L to discriminate
patients at risk of reactions (4), but other authors have found
overlapped values between allergic and tolerant (9). Nevertheless,
Pru p 3 allergic patients have also been reported with sIgE levels
< 0.35 KUA/L (10). We aimed to evaluate the clinical relevance
of low levels of Pru p 3 sIgE by ImmunoCAP®,

MATERIALS AND METHODS
Study Population

Adult patients evaluated in the Allergy Section of Hospital Clinic
(Barcelona, Spain) between 2012 and 2019 with an LTPs food
allergy and Pru p 3 sIgE > 0.1 KU4/L were selected. Serum
samples obtained following routine practice were analyzed in
the Immunology Department of the same hospital. Pru p 3 sIgE
(by ImmunoCAP®, Thermo Fisher Scientific) is measured per
protocol in all LTPs allergic patients regardless of the presence of
symptoms with peach. Sensitization to other plant food allergens
was analyzed by microarray ImmunoCAP® ISAC (Thermo
Fisher Scientific.) Patients sensitized to other panallergens (PR-
10; TLP; Profilin) were excluded. The study was approved by the
local ethic committee (HCB/2020/0373).

Clinical Characterization

Demographical and epidemiological data were retrospectively
recorded from clinical history. Peach allergy symptoms were
classified as: local (gastrointestinal symptoms-GI-, Oral Allergy
Syndrome-OAS-, and contact urticaria-CU-) and systemic
(generalized urticaria and/or angioedema-U/AE-, anaphylaxis-
AN-). Peach tolerance (-TOL-) and peach avoidance (-AV-;
due to medical advice, fear, or dislike) were also recorded
and also the involvement of cofactors, including exercise,
alcohol, non-steroidal anti-inflammatory drugs (NSAIDs),
and/or menstruation.

Basophil Activation Test

Pru p 3 basophil activation test (BAT) was performed in some
patients to assess sIgE functionality. Briefly, after the patient
informed consent, 10 ml of heparinized peripheral blood was
obtained and immediately taken to the laboratory for BAT using
the Flow2CAST™ kit (Bithmann Laboratories AG, Switzerland)

and following the manufacturer’s procedures. Purified Pru p 3
(1 mg/ml, Bial Aristegui, Bilbao, Spain) was tested at 25, 12.5,
5, and 2.5 ng/ml final concentrations. Basophils were identified
by flow cytometry (FACS-Canto II, BD Biosciences, Germany).
A minimum of 500 basophils was gated and those CD63+
were defined as activated (>15% was considered a positive test).
Basophil reactivity (BR, i.e., number of basophils responding
to a stimulus) was calculated as the CD63+ expression post-
stimulus minus basal CD63+ expression, represented as %
CD63+. Basophil sensitivity (BS) is calculated as CD-sens, i.e.,
inversion of EC50 (concentration inducing 50% of maximum
response) x 100 (11).

Statistical Analysis

Pru p 3 sIgE centralization and dispersion measurements
were calculated considering a quantitative and asymmetric
distribution. Free distribution was considered in our analysis so
non-parametric tests were used to verify heterogenicity between
our variables. Quantitative data were compared using the Mann
Whitney U-test or the Kruskal-Wallis test. Qualitative data were
compared using the chi-squared test and Fisher’s exact test for
a small sample size. P values lower than 0.05 were considered
statistically significant. The GraphPad Prism 8.0.2 software (Inc.,
CA, USA) was used for the statistical analysis.

RESULTS

Groups Characterization

A total of 496 subjects with Pru p 3 sIgE > 0.1 KUs/L were
recorded between 2012 and 2019. A total of 284 (57.3%) subjects
were women, median [Interquartile range, IQR] age 0of 42 (17-92)
years. Of 496 subjects, 114 (23.0%) had Pru p 3 sIgE between 0.1

TABLE 1 | Clinical picture.

grLOWn =114 grBn =328 Pvalue
Peach allergic 44.7% 59.9% ns
Peach tolerant 20.2% 25.9% ns
Peach avoidance 35.1% 14.1% RO
Peach-related symptoms
Local 50.4% 55.1% ns
cu 21.9% 25.1% ns
OAS 23.7% 24.6% ns
a 4.4% 5.5% ns
Systemic 22.8% 25.4% ns
U/AE 21.2% 17.5% "
AN 1.9% 8.1% ns

Clinical relevance frequencies among stuaied patients. grLOW, Pru p 3 sige from 0.1
t0 0.34 KUp/L; grB, Pru p 3 SIgE >0.35 KUa/L; CU, contact urticaria; OAS, oral allergy
syndrome; GI, gastrointestinal symptoms; U/AE, generalized urticaria or angioecema; AN,
anaphylaxis. Chi-squared test and Fisher's exact test for small simple size were used to
testp ("0.017 to 0.05, ****< 0.0007 and ns, non-significant). Patients avoiding peach were
not included on the symptom statistical analysis because tolerance or allergy could not
be guaranteed.
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TABLE 2 | Prup 3 slgE values distribution.

classification Peach slgE median Pru p 3 sigE Pru p 3/Peach sigE Pru p 3/Total sigE Pru p 3 slgE on CCD+

[IQR] KU, /L median [IQR] median [IQR] median [IQR] median [IQR] KU,/L

KUa/L
grLOW 0.20 [0.14-0.28] 0.19[0.07-0.26] 1.16 [0.92-1.46] 0.00 [0.00-0.01] 0.29[0.22-0.31] ns
[0.1-0.35]
grB 3.73[1.35-10.28] 3.37 [1.16-9.67] 1.19[1.04-1.38] 0.03 [0.01-0.07] 16.30 [4.58-20.85] p*
[=0.35]
P P s o

IgE values distribution among groups: gr.OW (Pru p 3 SIgE fiom 0.1 to 0.34 KUa/L) and grB (Pru p 3 SIgE >0.35 KUa/L). Pru p 3, peach and Pru p &/Peach ratio sigE median and
IQR (interquartie range) results are incluced as well as CCD+ Pru p 3 SIgE median [IQR). Differences between gr.OW/grB and between CCD+/CCD- Pru p 3 SIgE in grLOW/grB were
statistically evaluated with the Mann-Whitney—test (10.01 to 0.05, *0.0001 to 0.001, ns, non-significant).

and 0.34 KU 4 /L (grLOW = group low levels) and 382 (77.0%) >
0.35 KU4/L (grB = group high levels).

44.7% of patients of grLOW and 59.9% in grB were allergic
(p > 0.05), with similar peach-related symptoms and a higher
presence of local symptoms. However, U/AE was more frequent
in grLOW (p = 0.020). Peach avoidance was statistically superior
in grLOW (p < 0.0001) (Table 1).

Pru p 3 slgE Levels and Symptoms

Peach sIgE values were higher in grB, as well as Pru p 3/total
IgE ratio (p < 0.05), whereas no differences were observed
in Pru p 3/Peach sIgE (ratio) between groups (Table2). In
grLOW (Figure 1A), Pru p 3 sIgE was higher in patients with
local compared to systemic symptoms (p = 0.0385). In grB
(Figure 1B), Pru p 3 sIgE was higher in allergic compared to
tolerant (p = 0.0009). The medians from the ratios Pru p 3/peach
sIgE were superior to 1 for either grLOW or grB. Moreover,
when classifying patients according to their clinical symptoms,
no statistically significant differences were found. Pru p 3/Total
IgE ratios were lower than 1% in grLOW, unlike grB. In both
groups, these ratios were statistically higher (p < 0.0001) in
allergic compared to tolerant (Supplementary Table 1).

Co-sensitization

Co-sensitization to other LTPs was analyzed in 70 patients
of grLOW and 318 of grB (Supplementary Figure I;
Supplementary Table 2). In grLOW, co-sensitization was
statistically less frequent (64.3 vs. 95.9%). Mal d 3, Arah 9, and
Jug r 3 were the most frequent ones, and Tri a 14 the rarest in
both groups.

Cross-reactive carbohydrate determinants (CCD) reactive
sIgE may cause false-positive results in Pru p 3 measurements
by binding the test cellulose matrix (12). CCD sensitization
data were available for 80 (70.2%) patients of grLOW and 226
(59.2%) of grB. In grLOW, of the 7 CCD+ (8.7%), 5 avoided
eating peach, 1 tolerated and 1 referred local symptoms. In
grB, of the 19 CCD+ (8.4%), four avoided the ingestion of
peach, three tolerated, six had local, and six systemic symptoms
(two anaphylaxis). Tolerant and allergic frequencies were not
statistically different between CCD+ and negative (Table 2). In
grB, were found significant differences on sIgE to Pru p 3 from
CCD+ compared with CCD-, being higher on CCD+-.

Basophil Activation Test Results

nPru p 3 BAT was performed on 12 patients per group as
previously reported (10). All in grB were BAT+, being 3 (25%)
tolerant and 9 (75%) allergic (5 local/4 systemic reactions). In
grLOW (Table 3), 7 (58.3%) were BAT+: 6 (85.7%) allergic (2
local/4 systemic reactions) and 1 (14.3%) avoided peach. In BAT-:
2 (40%) were tolerant and 3 (60%) allergic (2 local/1 systemic
reactions). The median [IQR] for Pru p 3 sIgE for grLOW was
0.26 [0.10-0.28] KUA/L. The ratio Pru p 3/peach sIgE median
was 0.99 [0.79-1.09]. In addition, from these BAT- patients were
0.21 [0.18-0.23] (Pru p 3 sIgE) and 0.98 [0.97-0.99] (Pru p
3/peach sIgE ratio). BAT reactivity (BR, %CD63+ basophils)
was not statistically different between groups (BR median: 17.8%
grLOW/ 27.3% grB), neither when only allergic patients of each
group were compared. In grLOW, BR was significantly higher on
allergic individuals vs. tolerant ones (p = 0.0286), and on those
having systemic symptoms vs. local (p = 0.0286). No statistically
significant differences in basophil sensitivity were found between
groups, although being higher in grLOW (CD-sens median: 819.0
grLOW/ 75.4 grB).

CONCLUSION

In summary, the ratio Pru p 3/Peach was similar in both groups
and superior to 1, which would confirm a sensitization due to
Pru p 3 on our population (13). About 45% of our patients of
grLOW are allergic, highlighting the importance of considering
Pru p 3 sIgE > 0.1 as potentially clinically relevant, despite 0.35
has traditionally been used as the cut-off, BAT reactivity (similar
in both groups) demonstrated the presence of functional sIgE in
patients with low levels.

Besides the theory reported by Kleine-Tebbe and Jakob (14)
exposing that a 0.01 or greater ratio of specific IgE to total IgE,
translated as a fraction of 1% of bound total IgE, is enough for
basophil half-maximal activation, we observe basophil activation
with a lower percentage. Thus, reliable quantitative detection of
sIgE and the ratios analysis of specific and total IgE on these
patients is relevant for an accurate diagnosis (13, 15).

A definite answer for the reason why Pru p 3 sIgE levels
are higher on patients with local symptoms compared with
those with systemic is not clear. Little is known about the real
correlation between LTP sIgE levels and symptoms severity,
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FIGURE 1 | Levels of Pru p 3 sIgE per group. Pru p 3 sIgE distribution, median, and IQR (interquartile range) values from grLOW (A) and grB (B) according to
symptom classification (tolerance vs. allergy, local vs. systemic). The Mann-Whitney test was used to test p (*0.01 to 0.05, **0.0001 to 0.001).
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TABLE 3 | Characteristics and BAT results of the alergic patients from grLOW.

BAT EC50 % CD63+ Symptoms Pru p 3sigE Ratio
(KUA/L) Pru p 3/peach
25 5 125 25 sigE
ng/mLPrup3

P1 - 329 0.60 0.40 0.20 1.40 TOL 0.26 NA

P2 - 3.7 0.60 0.50 0.00 0.20 TOL 0.20 20
P3 - 3248 0.20 0.00 0.00 0.00 CU, OAS 0.25 0.96
P4 - - 0.00 0.00 0.00 0.00 OAS 0.30 0.73
P5 + 0.04 16.60 26.80 31.90 37.20 OAS 0.34 0.97

P6 + 0.13 16.70 240 14.80 0.20 GID 0.22 NA
P7 - - 0.00 0.00 0.00 0.00 AN 0.16 1.00
P8 + 0.02 41.70 25.70 16.90 84.30 U/AE 0.12 0.52
P9 - 0.00 57.80 66.20 62.40 55.90 U/AE (exercise) 0.12 1.09
P10 - 0.09 9.20 17.40 19.60 25.20 U/AE 0.26 1.18
P11 - 0.00 54.10 48.40 59.40 60.40 SHOCK 0.29 1.07
P12 - 0.22 12.80 15.70 12.10 0.70 AVOID 0.28 043

Characteristics and BAT results of the grLOW patients (n = 12) tested under a Pru p 3 stimulation. %CD63+, % of activated basophils; EC50, the concentration inducing 50% of
maximum response. Tolerance (TOL), local (CU, contact urticania; OAS, oral allergy synarome; Gl, gastrointestinal symptoms) and systemic symptoms (U/AE, generalized urticana or
angioedema; AN, anaphylaxis). In parentheses the presence of cofactors is oetailed. Pru p 3 and Pru p 3/peach SIgE are included. A ratio =1 indicates a greater proportion of sige Pru

P 3 compared to peach sige. NA, not available.

and conflicting results have been published (9, 16, 17). It has
been reported that high Pru p 3 sIgE concentrations correlate
with an increased risk of reactions (18). Ciprandi et al. (19)
described Pru p 3 sIgE levels variation as an age-dependent event.
They reported an increase from infancy to young adulthood
(highest from 21 to 30 years) that posteriorly decreased. Also,
values have been inversely related with an early onset peach
allergy (16).

Moreover, it has been described that mono-sensitization to
LTP correlates with a more severe clinical reactivity (20) which
could be explained by the fact that IgE receptors are mostly
occupied by LTP sIgE, which would induce a more efficient cross-
linking of the FceRI and effector cell activation, but not actually
related to sIgE levels.

In the previous studies from our group and collaborators
(21-23), a trend to lower levels of sIgE has been observed
in those groups with severe symptoms compared with those
with mild symptoms. From our point of view, we think
that this might be explained by the differential affinity of
sIgE to the antigen and differential efficiency on the cross-
linking in effector cells in which the ratio of sIgE to total
IgE of 0.01 is enough for half-maximal activation of the
effector cells.

CCD sensitization was similarly distributed in both the
groups, ruling out that low levels detected were merely artifacts
of CCD interaction not deserving clinical consideration.

Finally, a lower co-sensitization to other LTPs was
found on grLOW although sensitization profiles (peanut,
walnut, and apple) were similar in both the groups. This
study has some limitations, besides being retrospective.
Mainly, oral food challenges could not be done to
confirm food diagnosis due to logistic limitations;
and the fact that avoidance may have caused sIgE

concentrations to decrease in patients with a history of a
severe reaction.

In conclusion, our data show that, regardless of patients
with low Pru p 3 sIgE may represent a minority in our
daily practice, this sensitization can be clinically relevant,
with up to 20% of systemic reactions. Therefore, Pru p 3
sensitizations should be carefully evaluated even when sIgE levels
are low.
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Improving In Vitro Detection of Sensitization to Lipid
Transfer Proteins: A New Molecular Multiplex IgE Assay

Balsells-Vives Sara, Fliigge Ulrike, Brix Bettina, Weimann Yvonne, Peralta Teresa,
San Bartolomé Clara, Araujo-Sdnchez Giovanna, Casas-Saucedo Rocio, Torradeflot Maria,
Lara Rocio, Munoz-Cano Rosa, Bartra Joan, Suer Waltraud, and Pascal Mariona*

Scope: LTP-syndrome is characterized by sensitization (IgE) to multiple
non-specific lipid transfer proteins (nsLTPs) with a variable clinical outcome.
The treatment is primarily based on offending food avoidance. However, the
determination of Pru p 3-specific IgE is currently the main diagnostic tool to
assess sensitization to nsLTPs. Herein, the study evaluates improvement of
LTP-syndrome diagnosis and clinical management using a new IgE
multiplex-immunoblot assay with a high diversity of food nsLTPs.

Methods and results: An EUROLINE-LTP strip with 28 recombinant nsLTPs
from 18 allergenic sources is designed. In total the study investigates 38
patients with LTP-syndrome and compares results from the nsLTPs (LTP-strip)
with the respective food extracts of Prick-by-prick (PbP) testing. The
agreement exceeds 70% for most nsLTPs, e.g., Pru p 3 (100%), Mal d 3 (97%),
Pru av 3 (89%), Pha v 3 isoforms (87%/84%), Ara h 9 (82%), Cor a 8 (82%),

1. Introduction

Non-specific lipid transfer proteins
(nsLTPs) are the most frequent cause
of plant food allergy in adults living
in the Mediterranean area.l'?l Current
studies indicate a growing clinical rele-
vance of nsLTP sensitization in Northern
Europe®*! and also in certain areas of
Australia® and China.*?! These pro-
teins are highly conserved and widely
distributed throughout the plant king-
dom, representing an important family
of panallergens.*!01]

Their high degree of sequence and
structural homology leads to cross re-

and Jug r 3 (82%). The functionality and allergenic relevance of nine
recombinant nsLTPs are proven by Basophil activation testing (BAT).
Conclusions: The new IgE multiplex-immunoblot nsLTP assay shows a good
diagnostic performance allowing culprit food assessment. Negative results
from LTP-strip may indicate potentially tolerable foods, improving diet

intervention and patients’ quality of life.

activity amongst several nsLTPs!"*! from
taxonomically related or not plant foods
and pollen, thus sensitization to multi-
ple nsLTP is frequent not always having
the same clinical relevance all of them if
any'"*! (the so called LTP syndrome''*).
nsLTPs fold into a very compact struc-
ture enabling heat stability and resistance
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to proteolytic digestion.'! These features are often associated
with the induction of severe allergic symptoms. However, the
clinical expression varies from asymptomatic to severe anaphy-
laxis or anaphylactic shock.""”! Indeed, in some cases, the al-
lergic reactions are modulated or even only occur with the in-
fluence of cofactors (cofactor-enhanced food anaphylaxis).!316:17]
The clinical impact of single or multiple sensitizations against
nsLTPs is not fully described. Some reports indicate that patients
sensitized to five or more nsLTPs are more likely to have sys-
temic reactions.”’ Two main sensitization routes have been de-
scribed on LTP sensitization: gastrointestinal tract!®! and respira-
tory tract.'*° However, it was also demonstrated in mice models
that Pru p 3 is capable of inducing sensitization through skin.!?!!
And the fact that many patients present an allergic reaction the
first time they eat peach suggests that skin exposure could be a
principal sensitization route to peach.

Routine diagnosis of nsLTP food allergy is currently based on
anamnesis followed by sensitization studies either in vivo (skin
tests) and/or in vitro (determination of serum specific IgE-levels
[sIgE] towards the offending foods, whole extracts and/or compo-
nents) and in some cases, when there is not a convincing history,
on the result of an oral food challenge tests. As Pru p 3, the peach
LTP, has been considered the primary sensitizer in the Mediter-
ranean area,??! the in vitro measurement of sIgE to Pru p 3 is
frequently used in allergy diagnostics as a marker of LTP sensi-
tization. nsLTPs are highly cross-reactive with particular hierar-
chies of sensitization depending on the primary sensitization but
without a universal pattern of cross-reactivity.”!

Although Pru p 3 shares many IgE epitopes with other nsLTPs,
inhibition studies show that it does not diminish all IgE reactivity
for other food and plant LTPs. By implication, not all LTP sensi-
tizations can be detected with Pru p 3.1 This finding draws
attention to the need of a broader diagnostic approach including
the testing of multiple nsLTPs.

Similar to other food allergies, avoidance is currently the main
management for this condition, although it may compromise the
patient’s nutritional status and quality of life.l?*?°l Commercial-
ized sublingual immunotherapy with Pru p 3 has shown promis-
ing results and demonstrated efficacy and safety on LTP allergy
treatment./”7-’!

Today, one of the challenges for an accurate diagnosis and pa-
tient management of nsLTP-based food allergy is the somehow
limited diversity of commercially available allergens to allow pic-
turing a broad sensitization map of the patient and assessing its
clinical relevance to guide diet avoidance and /or immunotherapy
approaches.

This emphasizes the pressing need for further improvement
of molecular diagnostic tools. Nowadays, multiplex immunoas-
says allow the screening for sensitization towards multiple com-
ponents and/or extracts from different allergenic sources with
low sample volumes at the same time. A new multiplex im-
munoblot assay has been specifically designed by EUROIMMUN
AG (Liibeck, Germany) with various recombinant nsLTPs from
the main plant-food allergenic source frequently encountered as
offending foods in the Mediterranean area (EUROLINE-LTP).
The aim of the present study is to develop a robust efficient in
vitro tool to assess LTP sensitization in patients diagnosed with
LTP syndrome in the allergy clinic. Hereby, we provide the ana-
lytical validation of this new assay.
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2. Experimental Section

2.1. Recruitment and Characterization

This study included 38 patients diagnosed of LTP food allergy at
the Allergy Department of Hospital Clinic (Barcelona, Spain) be-
tween June 2017 and February 2020 and 28 healthy non-allergic
individuals as controls. Inclusion criteria were 1) the presence of
food-allergic reactions with at least two different plant-foods, not
taxonomically related, 2) sensitization to LTPs from peach (Pru p
3) and/or hazelnut (Cor a 8), and 3) no sensitization to any other
plant-food allergen (profilin, PR-10, thaumatin-like protein Act d
2, and storage proteins) tested with ImmunoCAP ISAC and/or
ImmunoCAP (ThermoFisher Scientific). Food-allergy diagnosis
in these patients was established based on a clinical history of
symptoms compatible with IgE food allergy (urticaria, oral al-
lergy syndrome (OAS), gastrointestinal disorders (GID), includ-
ing functional dyspepsia, crampy abdominal pain, nausea, vom-
iting and/or diarrhea, and/or anaphylaxis). The time period ac-
cepted for considering a potential relationship with food-allergic
reaction was 2 h after food ingestion. Demographic and clini-
cal data were recorded by experienced allergists from medical
records and by patient interview in systematic questionnaire. The
patients were cited for blood extraction and prick-by-prick test-
ing. For basophil activation test, the subset patients tested were
recontacted and a new blood sample obtained. The timeframe be-
tween test was not longer than 2 months. The Ethical Committee
of Hospital Clinic approved the study (HCB/2016/0361) and all
patients signed the informed consent.

2.2. Serum Specific IgE Detection to nsLTPs by EUROLINE-LTP

All serum samples from individuals included in the study
cohort were tested with the EUROLINE-LTP strips (EUROIM-
MUN Medizinische Labordiagnostika AG [Liibeck, Germany]).
The multiplex immunoblot assay was especially designed for
this study and contained seven membrane chips with 28 im-
mobilized recombinant nsLTP allergens from 18 allergenic
sources: 17 plant food allergens (including selected isoforms)
as well as a CCD sensitization marker; see allergen details
on Tables 1 and S1, Supporting Information and Figure S1,
Supporting Information. Proteins were expressed and puri-
fied as previously described”’! with some modifications: the
proteins contained an N-terminal 6x Histidine-tag and were
isolated by immobilized metal-affinity chromatography and size-
exclusion chromatography. The protein quality was assessed by
SDS-PAGE and mass spectrometry. The purity of the proteins
was >95%.

The strip included LTPs described as allergens in the litera-
ture but not available for routine testing, as well as different LTP
isoforms like the five from sesame (Ses i LTP 1-5) which were
chosen based on database and literature research,*!! and two iso-
forms for Tri a 14 (wheat LTP), Pru du 3 (almond LTP), Phav 3
(green bean LTP), and Lacs 1 (lettuce LTP).>2-3I

This multiplex immunoblot assay provided semiquantitative
information by measuring bands intensity correlating to sIgE
concentration range typified by the EAST class system, from 0 to
6. Class 1 or superior was the positivity criteria (>0.35 kU, L)
following manufacturer’s recommendation. The assay set up was
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Table 1. Recombinant nsLTP proteins included on the membrane strips of the multiplex immunoblot assay.

Allergen Uniprot ID/NCBI Allergenic source PbP BAT ImmunoCAPcomponent
Actd 10 P86137 Kiwi Kiwi pulp X

Lacs 1-1% AlE2H4 Lettuce Lettuce X

Lacs 1-2* ATE2HS Lettuce Lettuce X

Cucm LTP AOA1S3B5F4 Melon Melon pulp next to peel X

Cora8 Q9ATH2 Hazelnut Hazelnut Cor a 8 (f425)
Arah9 B6CG41 Peanut Peanut Ara h9 (f427)
lenc3 AOAT29 Lentil

Phav3.0101% D3W146 Green bean Green bean X

Phav 3.0201* D3W147 Green bean Green bean X

Piss3 COHJR7 Pea Mashed peas

Jugr3 C5H617 Walnut Walnut Jug r 3 (f442)
Mus a3 AOA304IQP6 Banana Banana pulp

Tria 14* Q8CZB0 Wheat Wheat flour

Tri a 14.0201% D2T2K2 Wheat Wheat flour

Zeam 14 P19656-2 Corn Corn flour

Mald3 Q5)026 Apple Apple peel Mal d 3 (f435)
Pruav3 QIM5x%8 Cherry Cherry peel

Prudu 3* B6CQU2 Almond Almond X

Prudu 3.0101% COLOIS Almond Almond X

Prup3 P81402 Peach Peach peel/pulp X Prup 3 (f420)
Solal 3 P93224 Tomato Tomato peel

Solal 6 AOA3Q7F7x3 Tomato Tomato peel

Solal 7 AOA3Q7EJP1 Tomato Tomato peel

SesilTP 1 A5)UZ7 Sesame Mashed sesame

SesiLTP 2 A5)UZ8 Sesame Mashed sesame

SesilTP3 ASJUZ9 Sesame Mashed sesame

SesilTP 4 A5JV00 Sesame Mashed sesame

SesilTP5 A5JVO1 Sesame Mashed sesame

CccD CccD

Description of the recombinant nsLTPs used in this study with Uniprot ID or NCBI gene bank identifier, native source used for PbP. Isoforms are marked as asterisks and
proteins which are not mentioned on IUIS were highlighted with a grey background. BAT, Basophil activation test; PbP, prick by prick.

done as described before.**! Briefly, the EUROLINE-LTP strips
were incubated overnight with 100 uL of serum diluted 1:11 in
universal buffer at room temperature (RT) according to manu-
facturer’s instructions. All reagents were included on a kit pro-
vided by EUROIMMUN AG. The strips were washed with di-
luted universal buffer three times and incubated 1 h at RT with
enzyme conjugate (alkaline phosphatase-labeled anti-human IgE
antibody). Afterwards, strips were washed three times again and
incubated 10 min at RT with chromogen substrate solution. The
reactions were stopped with distilled water and, after placing on
evaluation protocol, strips were dried on air and finally evaluated
with “EuroLineScan” software by EUROIMMUN AG.

2.3. Prick by Prick Testing

Prick by prick test (PbP) with fresh plant foods as well as canned
lentils, obtained from a local market in Barcelona (Table 1) were
performed following EAACT'’s guidelines.***”] Results were ob-
tained after 15 min of testing. A 3 mm mean weal diameter

Mol. Nutr. Food Res. 2023, 2200906 2200906 (3 of 10)

was considered positive. Histamine 10 mg mL~! and phosphate
buffered saline were used as positive and negative controls, re-
spectively. All plant foods had been previously prepared in 1 cm’
cubes and stored frozen (—25 °C) and thawed at room tempera-
ture the same day of testing. All patients and controls had been
tested with the same stock of plant foods. The number of PbP
tested plant food varies among patients. The majority was tested
in at least 36 patients (Table 2). Only for pea and sesame the
number of patients was reduced (pea: 14, sesame: 15). Both plant
foods were less common allergic sources and therefore only in-
cluded in a smaller set of patients.

2.4. Serum Specific IgE Detection by Immunocap

Serum specific IgE to hazelnut (Cor a 8), peanut (Ara h 9), wal-
nut (Jug r 3), peach (Pru p 3), apple (Mal d 3), and wheat (Tri
a 14) nsLTP have been tested with ImmunoCAP (ImmunoCAP,
ThermoFisher Scientific, Uppsala, Sweden; Table 1). sIgE >0.1
kU, L™ was considered positive.

© 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Table 2. Plant-food sensitization detected by prick-by-prick test.

Allergen source n (total) PbP Positive
n %

Peach peel 38 38 100%
Apple peel 38 35 92%
Peanut 38 34 89%
Hazelnut 38 33 87%
Green bean 38 3 87%
Cherry peel 36 31 86%
Corn flour 38 32 84%
Melon pulp 37 30 81%
Walnut 38 30 79%
Peas (mashed) 14 10 7%
Tomato peel 38 27 7%
Almond 37 25 68%
Kiwi pulp 38 25 66%
Lettuce 38 25 66%
Wheat flour 38 15 39%
Peach pulp 38 13 34%
Banana 38 13 34%
Lentil (boiled) 38 10 26%
Sesame (mashed) 15 3 20%

2.5. Basophil Activation Test

Heparinized peripheral blood obtained and immediately taken to
the laboratory from the patients was used for Basophil Activation
Test (BAT) procedure (using the kit Flow2 CAST from Bithlmann
Laboratories AG, Switzerland)."*®! The positive control used was
the “Stimulation control” reagent of the Flow2CAST kit for BAT
(Bithlmann Laboratories AG, Switzerland), which corresponded
to a monoclonal anti-FceRI antibody.

Certain purified nsLTPs (Pru p 3; Pru du 3 and Pru du 3.0101;
Pha v 3.0101 and Pha v 3.0201; Lac s 1-1 and Lac s 1-2; Cuc m
LTP; Act d 10) provided by EUROIMMUN Medizinische Labor-
diagnostika AG (Liibeck, Germany) were used on 1,0.1, 0.01, and
0.001 pg mL~! final concentrations in 13 nsLTP sensitized indi-
viduals and three healthy donors of the study cohort. Atleast 500
basophils were acquired and the expression of CD63 identified
by flow cytometry, using a FACS-Canto II flow cytometer (Bio-
sciences, Heidelberg, Germany) and the FACSDiva software.

2.6. Statistical Analysis

The diagnostic performance of the EUROLINE-LTP strips was
determined relative to PbP results. PbP was considered the gold
standard in in vivo sensitization test, due to the impossibility to
perform oral food challenges (OFC) with all plant foods included
in this study.

The outcome of the multiplex immunoblot assay was quali-
tatively compared (positive /negative test result) to the PbP out-
come. Thus, strip results were classified into four group as fol-
lows: true positive (TP, Euroline: positive; PbP: positive), false
positive (FP, Euroline: positive; PbP: negative), true negative

Mol. Nutr. Food Res. 2023, 2200906 2200906 (4 of 10)

www.mnf-journal.com

(TN, Euroline: negative, PbP: negative); false negative (FN, Eu-
roline: negative; PbP: positive). The Microsoft Excel 14.0 (Mi-
crosoft, USA), Add-In Analyse-it 5.90 (Analyse-it Software, Ltd.),
and GraphPad Prism 8.0.2 software (Inc., CA, USA) were used
for the statistical analysis.

BAT results were presented as %CDG63 for each individual al-
lergen concentration. The maximal %CD63 at an allergen con-
centration of 1 ug mL~! were shown as Box plots calculated with
Analyse-it Software, Ltd. (5.11 / 2.30 (Win) / 2018 Operating sys-
tem, Windows). Basophil sensitivity for each individual allergen
and patient were expressed as CD-sens (100/EC;,) calculated as
previously described by Santos et al.**! and Di Veroli et al.l*’!
Only dose-dependent curves with an inflection point could be an-
alyzed.

3. Results

3.1. Patient Characterization

Thirty eight adults (age median [IQR]: 43*°! years; female: 27
(71%)) with LTP syndrome diagnosis were included in this anal-
ysis (Table S2, Supporting Information).

The reactivities to the plant-food allergenic sources found by
PbP are reported in Table 2. All patients showed a positive PbP
to peach peel, whereas 13 (34%) of them also reacted to the
pulp. Other most frequent sensitizations found were apple peel
(92%), peanut (89%), hazelnut (87%), green bean (87%) followed
by cherry peel (86%), corn (84%), melon (81%), walnut (79%),
tomato peel (71%), almond (68%), lettuce (66%), and kiwi pulp
(66%). Although pea was only tested in 14 patients, the sensiti-
zation was quite high (71%). Wheat, peach pulp, banana, lentil,
and sesame showed low sensitization (<40%).

3.2. EUROLINE-LTP Immunoassay Validation

In the EUROLINE-LTP immunoblot assay, each of the recombi-
nant nsLTPs could evoke a positive sIgE response confirming a
suitable epitope presentation (Figure 1). The measured sIgE in-
tensities are presented in EAST classes (Figure 1), spanning from
low sIgE reactivity for Ses i LTP1 and Tri a 14, to highly reactive
components such as Prup 3, Pruav 3, and Mal d 3.

Two subjects (patients 2 + 3) showed IgE sensitization to every
recombinant protein included in the EUROLINE-LTP strip while
all other subjects recognized at least four nsL'TPs from different
allergenic sources, although not following any particular pattern.
Most patients were sensitized to allergens of the Rosacae family,
like Prup 3, Pruav 3, Prudu 3, and Mal d 3. Isoforms (as, i.e., Pru
du 3) showed different IgE reactivity patterns justifying the need
of working with various homologous forms of the allergens. Ses
LTP 5 is the most frequently recognized isoform (26/38) from the
sesame LTPs. Interestingly, 29 patients had high sIgE levels for
the LTP from melon (Cuc m LTP).

The analytical performance of the EUROLINE-LTP strip was
assessed considering the PbP data as the reference test result,
due to logistic and practical limitation to challenge the patients
for all allergenic sources via OFC. As whole food may contain
more LTP than processed extracts the PbP got preference over
SPT (see Tables S3, S4, Supporting Information).
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Figure 1. Heatmap of sIgE reactivities against nsLTPs measured by the nsLTP immunoblot assay in 38 patient sera. nsLTPs recognized from the same
individual are shown in rows. The level of sIgE reactivity is indicated in different shades of blue. Every shade is exemplary for a class (Class: 0 negative;
Class: 1-6 positive). The nsLTPs are arranged by the total sum of the slgE reactivity from all patients (left: highest sIgE levels, right: lowest sigE levels).

Strip reactivity (positive /negative) was classified qualitatively — mance is shown by Pru p 3 (100%) and Mal d 3 (97%), Pru av
in comparison to PbP outcome (Figure 2). 3 (89%), Pha v 3.0101/0201 (87%, 84%), Ara h 9 (82%), Cor a

The proportion of correctly classified (TP and TN) subjects ex- 8 (82%), and Jug r 3 (82%). Interestingly, the newly introduced
ceeds 70% for the majority (17/28) of the recombinant nsITPs  nsLTPs, Cuc m LTP, and Ses i LTP1 correlate well with the PbP
(Table S5, Supporting Information). Particularly good perfor-  outcome (76% and 67% agreement, respectively).
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Figure 2. nsLTP immunoblot assay performance in comparison to PbP results. For qualitative analysis of the sIgE levels they were subdivided into four
groups: true positive (TP, blue), true negative (TN, orange), false positive (FP, grey) and false negative (FN, yellow). The allergens are sorted in the
descending order according to the relative amount of true positive and true negative reactions.

Even though, many patients were sensitized against Pru du
3 and Len c 3 in the immunoblot assay without a positive PbP
outcome.

To validate the reliability of the measured IgE reactivities in
the cohort of patients tested, sera of 28 healthy blood donors
were analyzed with the EUROLINE-LTP strips. These subjects
had no clinical history of food or respiratory allergy, were Pru p 3
sIgE negative (<0.1 KU, L™' ImmunoCAP, ThermoFisher Scien-
tific) and/or had negative SPT to peach peel extract (Leti Pharma,
Madrid, Spain).

28 healthy donors were tested with the EUROLINE-LTP strips
and no IgE reactivity above the cut-off with the tested LTPs was
found. Only sera from four individuals reacted close to the cut-
off (0.35 kUA L") for certain proteins (Jug r 3 (2/28), Pruav 3
(1/28), Sola 17 (1/28), Pru du 3 (1/28), and Pha v 3.0201 (1/28),
Table S6, Supporting Information).

3.3. Recombinant nsLTPs Induced Allergic Reaction in BAT

Nine recombinant nsLTPs (Pru p 3, Lac s 1-1, Lac s 1-2, Pha v
3.0101, Pha v 3.0201, Pru du 3, Pru du 3.0101, Act d 10, Cuc m
LTP) of the EUROLINE-LTP strips frequently recognized by LTP
allergic patients were used for basophil activation testing (BAT) in
a group of individuals (n = 16; 13 patients + 3 healthy donors) to
assess their functionality, i.e., ability to crosslink receptor-bound
sIgE and cause cell activation (assessed as CD63 expression by
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flow cytometry). In our hands it was only feasible to test several
proteins at a time per each patient in BAT guarantying the cor-
rect performance of the test. Thus we selected the proteins to use
in BAT based on several premises: 1) we wanted to test nsLTPs
which were clinically relevant in patients of our area with LTP al-
lergy with little or no data reported in the literature to gain knowl-
edge and experience on them in terms of basophil activation (i.e.,
first we started with Lac s 1, Pru du 3, and Phav 3 and then when
proteins were available for BAT we added Act d 10, Cuc m LTP,
this is why we have less individuals tested for these two proteins),
2) we also wanted to compare the functional impact of different
isoforms of a particular nsLTP that had been included in the EU-
ROLINE LTP strip (Lac s 1-1 vs Lac s 1-2, Pru du 3 vs Pru du
3.0101, and Pha v 3.0101 and Pha v 3.0201), 3) we tested also all
the individuals with Pru p 3 as a reference of basophil activation
since we are familiar with the basophil activation performance
with this protein in LTP allergic patients. Thus, we could have
data on the activation of new LTPs compared to the activation
caused by Pru p 3.

Basophils were stimulated with four concentrations (1, 0.1,
0.01, and 0.001 ug mL™) for each protein.

All proteins were able to induce the expression of CD63 on
the cell surface, and thus, are all allergenically active molecules.
At the highest allergen dose, the median of %CD63 for all tested
recombinant proteins is above 60% (Figure S2, Supporting Infor-
mation). All patients showed a high basophil reactivity to Pru p
3, Prudu 3, and Pha v 3.0201.

© 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 3. CD-sens values distribution. CD-sens values of the BAT for a selected set of allergens and patients. In front the mean CD-sens value is shown

inred.

Pru du 3 induced CDG63 expression at very low allergen con-
centrations followed by Lac s 1-2, Lac s 1-1, Pru p 3, and Pha v
3.0101 (Figure S3, Supporting Information). These results show
that trace amounts of allergens induce basophil activation which
could trigger an allergic reaction.

Based on the slope of the dose-response curves (Figure S3,
Supporting Information) the CD-sens values, as a marker for ba-
sophil sensitivity, were estimated*”! and averaged for the selected
allergens (Figure 3). In Figure S4, Supporting Information is pre-
sented the BAT data for healthy controls, showing no activation.

In this study, the CD-sens was used as a criterion for the
allergy-inducing property of the target protein. For Act d 10 and
Cuc mLTP only three sera were tested. Thus, the results for these
two allergens should be treated like a first indication which needs
further confirmation by a larger cohort.

Pru du 3 induced the highest basophil sensitivity in the se-
lected patients followed by Lac s 1-2, Lac s 1-1, Pru p 3, and Pha
v 3.0101, although, the basophil reactivity differed significantly
between all patients. Patient 1, i.e., shows a very strong basophil
response to Pru du 3, Pru p 3, Pha v 3.0101, Pru du 3.0101, and
Act d 10, whereas for patient 17 the CD-sens values were very
low and only Pru du 3 and Pru p 3 elicited a slight basophil
stimulation.

The patient ID from Figure 3 is consistent with the heat map
in Figure 1. The patients (1-38) are ordered by their sIgE level re-
sponse in the EUROLINE-LTP strips. A low ID means high sIgE
reactivity. Patient 1, 2, 4, and 5 showed the highest basophil reac-
tivity which correlates with EUROLINE-LTP strips results.

Mol. Nutr. Food Res. 2023, 2200906 2200906 (7 of 10)

Table 3. Correlation between immunoCAP and Euroline data considering
EAST-classes via Spearman’s rank correlation.

LTP rg p-value n (total)
Prup3 0.875 <0.0001 38
Arah9 0.890 <0.0001 24
Cora8 0.602 0.0019 24
Jugr3 0.698 0.0001 24
Mal d 3 0.857 <0.0001 33

r,, Spearman’s rank correlation coefficient; p, significance level (a = 0.05).

3.4. Comparison of EUROLINE-LTP Strips with an Established In
Vitro Assay

To verify the data from the EUROLINE-LTP strip, the results were
compared to an established in vitro assay based on sIgE determi-
nation, the ImmunoCAP system (ThermoFisher Scientific). The
degree of concordance between the EAST classes from EURO-
LINE (semi-quantitative) versus ImmunoCAP (quantitative) was
analyzed for five well-characterized LTPs (Pru p 3, Mal d 3, Cor
a8, Jugr 3, and Ara h 9) by Spearman’s rank correlation (Table
3). There is a positive relation between the two diagnostic tests
for the examined components. The Spearman’s rank coefficient
varies from 0.6 to 0.89. The informative value of this correlation
is limited because of the small case number.

© 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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4. Discussion

In this study the diagnostic performance of a new multiplex
nsLTP immunoblot assay in a cohort of patients with diagnosed
LTP-syndrome from the Mediterranean area was evaluated and
a good concordance with the PbP outcome was found. The as-
say was especially designed including the most relevant and fre-
quent allergenic sources in LTP-syndrome in our area with the
aim to cover the clinical need of assessing sIgE sensitization to
a broader panel of nsLTPs from taxonomically related and un-
related allergenic sources compared to the already commercially
available tests to improve the allergological management of these
patients.

An accurate allergy diagnosis is crucial to define the most ap-
propriate treatment for each subject.*!! The use of a multiplex
test may facilitate the implementation of a more precise molecu-
lar diagnosis coupled with an improved clinical management and
diet intervention of the patients. Although sIgE reactivity does
not always correlate with the clinical reactivity and it refers to
sensitization, a reliable in vitro tool providing data on true pres-
ence and absence of nsLTP sensitization to a broad panel of al-
lergenic sources could be a valuable aid for the clinical manage-
ment of patients with LT P-syndrome, addressing specifically the
diet intervention.!?!

Despite being a rather small cohort of patients, since this is
intended as a validation study of a novel in vitro tool, the high di-
versity of sIgE recognition profiles among them emphasizes the
convenience of a broad panel of nsL'TP in a multiparametric test
for the diagnosis and clinical characterization of LTP syndrome.
Indeed, most patients were sensitized to Rosaceae LTPs (Pru p 3,
Mald 3, Pru av 3, Pru du 3), however sensitization to other plant
food which are not closely related cannot be assumed by taxon-
omy also frequently occurs. The inclusion of several isoforms of
one protein has also provided relevant information. Isoforms of
one protein (e.g., Pru du 3, Lac s 1, Pha v 3) possessed individ-
ual IgE-binding properties and cellular activation, leading to dif
ferent sensitization pattern. Importantly, we demonstrate hereby
that sensitization to nsLTP not included in current commercially
available multiplex tests are frequently recognized by LTP allergic
patients and thus should be considered (i.e., lettuce, green bean,
almond, etc.).

All individuals of the cohort showed sensitization to peach peel
when PbP-tested, the approach considered as the gold standard
for the analysis, and all of them showed positive sIgE reactivity in
the immunoblot assay to at least four different nsLTPs. A subset
of nine nsLTP allergens was further analyzed by BAT. In all pa-
tients that IgE sensitization was detected in the EUROLINE-LTP
strip, basophil activation was observed upon stimulation with the
corresponding nsLTP, meaning that the serum specific IgE de-
tected with the strip corresponded with IgE functionality at ba-
sophil level. Also, to our knowledge it is the first time to report
BAT data on the performance of nsLTPs from lettuce, green bean,
almond, melon, and kiwi.

When compared to PbP, the proportion of correctly classified
subjects exceeds 70% for the majority of the recombinant nsLTPs
in the immunoblot assay. Pru p 3 and Mal d 3 correlate very
well with the PbP outcome (100% and 97% agreement, respec-
tively). Considering the different implementations and allergen
presentation between PbP testing and in vitro detection of sIgE,
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this correlation between the two assays systems is actually very
good.

Some proteins (i.e., Prudu 3 and Len ¢ 3) show a high amount
of false positive reactions when comparing the immunoblot sIgE
levels and the PbP outcome. Interestingly, the BAT results for
patient 23 and patient 33 which where both PbP negative for
almond seeds, clearly showed an activation for Pru du 3 sup-
porting the results from the immunoblot assay. Nevertheless, we
looked further into possible explanation for potential false posi-
tive sIgE reactivity. On the one hand, nsLTP share a high amino
acid sequence similarity which results in a high degree of cross-
reactivity (e.g., Pru du 3 and Pru p 3 have a sequence similar-
ity of 94.5%).1* Pru du 3 shares three major IgE-binding epi-
topes which are reported for Pru p 3 in previous studies.*! In-
terestingly, the isoform Pru du 3.0101 only has one shared epi-
tope. These findings were supported by the heatmap and by the
BAT data, where Pru du 3 shows similar reactivity to Pru p 3
whereas Pru du 3.0101 deviates from this pattern. To what ex-
tend the cross-reactivity may be clinically relevant has to be fur-
ther investigated. Even though the cross-reactivity has to be con-
sidered, it does not explain the negative PbP outcome. The latter
may be caused by the different antigen presentation of the two
test systems. Whereas the immunoblot contains exclusively re-
combinant proteins, fresh fruits, nuts, and vegetables were used
for the PbP. Plant-based food shows variable concentrations of
nsLTPs, depending on cultivar, storage, maturity conditions, and
processing.!**! This fact is very significant, since the fresh food
source that we were testing may not contain the nsLTP or have it
in a very low quantity with the consequent false negative of PbP.
Also, the PbP test with lentil, e.g., was done with canned lentils
which have been cooked in advance. Previous studies showed re-
duced IgE-binding capacity after heating of rLen ¢ 3.1*I Maybe the
amount of IgE-reactive Len ¢ 3 was too low to induce an allergic
reaction in the PbP.

Inanother previous study, the nsLTP of almond tree (Pru du 3)
could be detected in the almond leaf and the epicarp/mesocarp
which coats the almond seeds. Similar to our own findings, the
prick test with three types of almond seeds had a negative out-
come. Presumably, the LTP quantity in the seeds is reduced com-
pared to other tissues.*!

In this study novel LTPs which are not described as allergens
yet where included. Cuc m LTP and the Ses i LTP 1-5 do not
have an especially high amino acid sequence similarity to Pru p
3 (~50%). Nevertheless, a lot of patients showed a Cucm LTP sen-
sitization. The sIgE reactivity for Cuc m LTP in the immunoblot
assay was even higher than for Pru p 3 in a few patients. The
clinical relevance for this data has to be further analyzed. Pre-
vious studies also hinted for LTP as culprit in melon allergy.*’!
The LTPs of sesame were recognized by a fair number of sub-
jects. The interpretation of these data is difficult as there was just
a small number of patients which was pricked (PbP) with sesame
and just six of them had a positive outcome.

There are some limitations in our study. We highlight that we
are considering PbP results as the reference test whereas oral
challenge outcome is the real gold standard for food allergy di-
agnosis, but this approach was not logistically feasible for this
project in our hands. Thus we selected a possibilistic approach to
be able to test sensitization to a broad panel of allergenic sources
and also we believed based on our experience and reported data
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on the field of allergology that diversity of proteins to assess sen-
sitization would be more preserved in PbP than in commercial
SPT extracts. The analysis of the outcome of prick by prick and
the LTP strip with the anamnestic data shows that the perfor-
mance of the in vitro approach with LTP Euroline for sensitiza-
tion screening was superior to PbP for particular allergen sources
like lentil, sesame, Jug r 3, Cuc m LTP and Tri a 14.02. Thus, it
is noteworthy to have as many high quality recombinant nsLTP
from a broad range of allergenic sources as possible to improve
LTP syndrome diagnosis and management.

The selection of our nsLTP allergic patients was according to
Pru p 3 sensitization, considering it to be an universal LTP for the
diagnosis of TP sensitized patients in general, independently
of the allergenic source. Only serum samples from the Mediter-
ranean area were included, which is representative for South-
ern Europe but means the generalization of the data to non-
Mediterranean areas is limited. Furthermore, the PbP was only
conducted in patients with LTP syndrome, and negative controls
were only skin tested by peach-peel and ImmunoCAP tested to
confirm absence of LTP sensitization. As this was a pilot study,
only a small cohort was used for preliminary results. Indeed, all
these observations have to be confirmed with larger cohorts of
LTP allergic individuals tested and with as much oral food chal-
lenges as possible.

In conclusion, our results revealed that this new multiplex test
could be successfully used for detection of specific IgE against
nsLTPs. In this rather small validation cohort, the qualitative per-
formance of the LTP-strip when compared to PbP was valuable. A
wider scope of assessing nsLTP plant food sensitizations, not only
has the value of the true positives that improve patient diagnosis
but also offers the value of the true negatives, which represent
allergenic sources that could be potentially tolerated by patients
and consequently improve their clinical management and quality
of life.l*-3"1

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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