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SUMMARY 

 

The term “biomarker” can be defined as any characteristic which can be objectively measured 

and evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacological responses to a therapeutic intervention. Biomarkers can be highly diverse, and 

include specific molecules such as proteins (protein biomarkers), which can be used in screening 

tests for diagnosis. Proteomics consists of the large-scale characterization of all the expressed 

proteins in a cell, tissue or living organism at a specific moment and condition, using techniques 

such as two-dimensional electrophoresis (2-DE), mass-spectrometry (MS) and protein 

microarrays. During the last years, these high-throughput screening techniques have been 

extensively used for the discovery of multiple protein biomarkers, as they allow for the 

identification and quantification of a high number of proteins in a single sample and with high 

sensitivity.  

Alzheimer’s disease (AD) is a chronic, progressive and unremitting neurodegenerative 

disorder affecting fundamental brain areas for memory and cognition, mainly the neocortex and 

the hippocampus. It is the most common form of dementia worldwide, with an estimated 

prevalence between 10% and 30% in the aging population which is expected to double in the next 

years. Two main histopathological hallmarks define AD: extracellular amyloid β peptide (Aβ) 

deposits known as amyloid plaques, and intracellular aggregates of hyperphosphorylated tau 

known as neurofibrillary tangles (NFTs). Currently, the only useful biomarkers for AD diagnosis 

are based on cerebrospinal fluid (CSF) analysis and neuroimaging techniques, which restricts 

their use to specialty clinics. Therefore, AD diagnosis is mainly based on clinical symptoms, 

sometimes leading to misdiagnosis. Besides, this method fails to detect the disease at early 

stages. To counter these problems, new biomarkers useable in primary care settings, such as 

blood-based biomarkers, are needed in the field and are the focus of many research groups 

worldwide.  

Allergic diseases, also known as type I hypersensitivity disorders, constitute another group of 

chronic diseases whose prevalence has alarmingly increased in the population of developed 

countries. It is estimated that up to 25% of the population of these countries suffer from respiratory 

allergies such as rhinitis, conjunctivitis and asthma, which involve the production of high-affinity 

Immunoglobulin E (IgE) antibodies against generally harmless environmental antigens known as 

aeroallergens. While in tropical areas mites are the main cause of respiratory allergies, in North 

America and Europe pollen plays a major role in allergic sensitization (pollinosis). In Spain, olive 

(Olea europaea L.) pollen is the second leading cause of pollinosis after grass pollen, becoming 

the first one in regions like Andalusia, where olive is extensively cultivated. Besides, the 

continuous advertising of the Mediterranean diet has boosted olive cultivation in regions of the 

United States, Japan, China, South Africa and South America, where it will presumably become 
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a main allergenic source. Although olive pollen allergens have been deeply characterized during 

the last years, some allergens potentially relevant for the diagnosis and management of this 

allergy have remained unidentified due to technical restrictions and limited genomics and 

proteomics data. 

In this context, the general objective of this thesis has been the identification of new candidate 

biomarkers for the diagnosis of AD and olive pollen allergy using proteomics approaches such as 

protein microarrays and MS. This main objective has been further divided into two blocks with the 

following specific objectives: 

Block 1. Identification of new candidate biomarkers for the diagnosis of AD. 

1. Identification of protein alterations in the prefrontal cortex of AD patients (Article I).    

2. Characterization of the humoral response in AD for the identification of protein targets of 

autoantibodies with diagnostic value (Article II and Article III (unpublished)). 

Block 2. Identification of new candidate biomarkers for the diagnosis of olive pollen allergy. 

1. Proteomic profiling of cultivated olive pollen for the identification of new potential allergens 

(Article IV). 

2. Cloning, recombinant production and biochemical and immunological characterization of 

the new potential allergens identified by proteomics (Article IV and unpublished data 

related to Article IV). 

3. Identification of the main surface areas of Ole e 15 contributing to IgE-binding in individual 

patients (Article V).  

In the Article I, the identification of protein alterations in the prefrontal cortex of AD patients 

was assessed by the high-throughput analysis of 706 molecules mostly implicated in cell-cell 

communication and cell signaling processes using antibody microarray platforms. Prefrontal 

cortex samples corresponding to three AD pathological groups -each one containing four pooled 

samples from Braak stages IV, V and VI, and three control groups from two healthy subjects, five 

frontotemporal dementia (FTD) and two vascular dementia (VD) patients were screened onto 

Panorama and L-Series antibody microarrays to identify AD-specific alterations not common to 

other dementias. Forty altered proteins between control and AD groups were detected and 

validated by meta-analysis of mRNA alterations, Western blot and immunohistochemistry of an 

AD-specific tissue microarray. Altered proteins in AD not common to other dementias, like 

TOPORS, Layilin and MICB, were identified. Besides, the association to AD of previously 

controverted proteins like DDIT3 and XIAP was verified. All these altered proteins constitute 

interesting targets for further analyses using serum, plasma and CSF to test their value as AD 

fluid biomarkers, and to perform functional analyses to determine their specific role in AD. 

Protein microarray technologies and phage display were combined in the Article II to identify 

target proteins of serum AD autoantibodies. Firstly, two T7 phage libraries displaying peptides 

and proteins encoded by brain tissue mRNA of AD patients and healthy individuals were enriched 
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in immunoreactive phages against the serum immunoglobulins G (IgGs) of AD patients in three 

to four rounds of a process called biopanning. Then, 1,536 monoclonal phages were printed on 

microarrays to probe them against 8 AD and 8 healthy control sera. A total of 57 phages displaying 

44 unique amino acid sequences showed higher seroreactivity in AD. Of them, 13 were selected 

for further validation. They were cloned, expressed in Escherichia coli as C-terminal His6-HaloTag 

fused peptides and used in a self-tuned validation assay based on the capture of HaloTag for the 

subsequent analysis of their immunoreactivity. A total of 68 AD and 52 healthy control sera were 

used for validation. Peptides from Anthrax toxin receptor 1 (ANTXR1), Nuclear protein 1 (NUPR1), 

Glycogen phosphorylase B (PYGB), and Olfactory receptor 8J1 (OR8J1) showed a statistically 

significant ability to discriminate between AD patients and controls. The identified panel of AD 

autoantibody targets might be useful for the blood-based diagnosis of the disease. 

With the same aim pursued the Article II, in the Article III the autoantibody profiling of serum 

samples from AD patients at different Braak stages (n=76, Braak stages from II to VI) and healthy 

subjects (n=52) was performed using different proteomics strategies and different types of 

antigens in collaboration with the Division of Affinity Proteomics Unit of SciLifeLab (Solna, 

Sweden). Firstly, we combined the use of large and 384 planar microarrays with a self-designed 

immunoprecipitation method coupled to mass spectrometry analysis (IP-MS/MS), for the 

untargeted screening of: 42,000 different protein-epitope signature tags (PrESTs) from the 

Human Protein Atlas (HPA) Platform, which are highly specific protein-derived antigenic 

fragments mainly conserving linear epitopes (planar arrays); and left prefrontal cortex protein 

extracts from AD patients (IP-MS/MS). Thus, potential autoantibody targets presenting linear or 

conformational epitopes could be identified. In total, 377 unique PrESTs corresponding to 338 

potential autoantibody target proteins from the screening phase were used for validation by 

suspension bead arrays. A PrEST corresponding to the mitochondrial enzyme Isovaleryl-CoA 

dehydrogenase showed a statistically significant higher IgG-seroreactivity in the tested AD 

patients than in healthy subjects. Alternative validation methods using a higher number of serum 

samples from AD patients, healthy subjects and patients with other dementias; and native 

antigens should be further used for the validation of autoantibody targets, including IVD, as AD-

specific serum biomarkers. 

In the Article IV, a comprehensive proteomic analysis of cultivated olive (Olea europaea 

subsp, europaea var. europaea) pollen was performed, taking advantage of the wild olive (Olea 

europaea subsp. europaea var. sylvestris) genomic data. Firstly, an extensive proteomic profiling 

of olive pollen was obtained by an in-depth bottom-up proteomics approach using liquid 

chromatography coupled to a Q Exactive mass spectrometer. The Proteome Discoverer 1.4 

software was used for peptide and protein identifications against the NCBI RefSeq database of 

the wild olive proteins predicted from the genome using the SEQUEST engine. Protein 

identifications were filtered to a false discovery rate of 1% using the Percolator algorithm. A total 

of 1,907 proteins were identified. Later, these proteins were functionally catalogued according to 

Gene Ontology terms using Blast2GO. The analysis was next extended to the definition of the 

olive pollen allergen families by local protein Blast of the proteomics data against Allergome, 
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World Health Organization and International Union of Immunological Societies (WHO/IUIS), and 

AllFam allergen databases. A total of 203 proteins distributed into 47 allergen families, 20 not 

previously described in this source, were identified. Four potential allergens belonging to the 

newly described olive pollen allergen families were chosen for the verification of their allergenicity. 

Olive pollen cyclophilin was confirmed as a new relevant allergen and named Ole e 15 according 

to the WHO/IUIS official nomenclature. Enzyme linked immunosorbent assays, Western blot and 

IgE inhibition assays revealed its significance, high potency, and wide range of cross-reactivity 

with cyclophilins from other pollen, plant food and animals, including its human counterparts. 

The analysis of the IgE-epitopes of an allergen may allow for the better prediction allergic 

reactions due to IgE cross-reactivity. In that case, the detection of IgEs against certain allergen 

epitopes can be considered as prognosis biomarkers. Ole e 15 belongs to the cyclophilin allergen 

family, which includes highly cross-reactive allergens from non-related plant, animal and mold 

species due to a high-degree of sequence conservation. The objective of the Article V was the 

identification of the main regions of the Ole e 15 surface contributing to IgE-binding. Firstly, a 

weak cross-reactivity between Ole e 15 and its human counterpart, PPIA, was confirmed by 

ELISA and inhibition IgE ELISA experiments in vitro. Then, after structure comparison and 

calculation of solvent-accessible surface areas in silico for both molecules, nine chimeras carrying 

specific regions from PPIA were designed using Ole e 15 as scaffold. Of these Ole e 15-PPIA 

chimeras, eight were successfully produced in E. coli, purified and tested by ELISA using 20 sera 

from Ole e 15-sensitized patients with olive pollen allergy. The contribution of linear epitopes was 

analyzed using twelve overlapping peptides spanning the entire Ole e 15 sequence. All patients 

displayed a diverse reduction of the IgE-reactivity to the chimeras, revealing a highly polyclonal 

and patient-specific response to Ole e 15. IgE-epitopes were distributed across the entire Ole e 

15 surface, and two main surface areas containing relevant conformational epitopes were 

characterized. To our knowledge, this is the first study to identify important IgE-binding regions 

on the surface of an allergenic cyclophilin.  

Collectively, in this Doctoral Thesis we have demonstrated the relevance of the use of 

different proteomics techniques for the identification of new protein biomarkers in the research 

areas of Alzheimer’s disease and respiratory allergies. Thus, we have successfully used protein 

microarrays for the identification of deregulated proteins in the prefrontal cortex of Alzheimer’s 

disease patients, and for the discovery of a panel of AD autoantibody targets with diagnostic 

value. Besides, we have performed a comprehensive proteomic profiling of olive pollen by mass 

spectrometry, which led to the discovery of a new relevant allergen, Ole e 15. Finally, we showed 

that the IgE response against this allergen is highly polyclonal and patient specific, and 

determined two main surface regions of the allergen containing relevant conformational IgE-

epitopes.  
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RESUMEN 

Se define como biomarcador a toda aquella característica que puede medirse de forma objetiva 

y que pueda servir como indicador de un proceso biológico, patológico o de una respuesta 

farmacológica tras una intervención terapéutica. Los biomarcadores son muy diversos, e incluyen 

moléculas específicas como las proteínas (biomarcadores proteicos), útiles para el diagnóstico 

de enfermedades. La proteómica consiste en la caracterización a gran escala de todas las 

proteínas de una célula, tejido u organismo vivo en un momento o condición determinada, 

mediante técnicas como la electroforesis bidimensional, la espectrometría de masas y los 

microarrays de proteínas. En los últimos años, estas técnicas de alto rendimiento han 

demostrado ser válidas para el descubrimiento de múltiples biomarcadores proteicos, ya que 

permiten la identificación y cuantificación de un alto número de proteínas a partir de una sola 

muestra y con gran sensibilidad.   

La enfermedad de Alzheimer (EA) es una patología neurodegenerativa crónica, progresiva y 

no reversible que afecta a áreas fundamentales para la memoria y la percepción, especialmente 

al neocórtex y al hipocampo. Se trata de la forma de demencia más común, con una prevalencia 

mundial estimada de entre el 10% y el 30% en la población de edad avanzada y que se duplicará 

en los próximos años. La EA se diferencia de otras demencias por la presencia de dos marcas 

histopatológicas bien definidas: depósitos extracelulares de péptido β-amiloide conocidos como 

placas amiloides; y agregados intracelulares de la proteína tau híper-fosforilada conocidos como 

ovillos neurofibrilares. En la actualidad, los únicos biomarcadores con validez clínica para el 

diagnóstico de la EA se basan en el análisis de líquido cefalorraquídeo y en técnicas de 

neuroimagen, por lo que su uso se restringe a centros médicos especializados. Por lo tanto, el 

diagnóstico de la EA se realiza principalmente en base a los síntomas clínicos, lo que a veces 

provoca diagnósticos erróneos. Además, este método de diagnóstico no permite detectar la 

enfermedad en sus fases tempranas. Para contrarrestar estos problemas, son necesarios nuevos 

biomarcadores que puedan utilizarse en centros de atención primaria, como los biomarcadores 

en sangre. 

Otras enfermedades crónicas cuya prevalencia se ha incrementado de forma alarmante en 

la población de los países desarrollados son las alergias, también conocidas como reacciones 

de hipersensibilidad de tipo I. Se estima que hasta el 25% de la población de los países 

desarrollados sufre algún tipo de alergia respiratoria como la rinoconjuntivitis o el asma, que 

implican la producción de anticuerpos de tipo inmunoglobulina E (IgE) de alta afinidad contra 

moléculas ambientales generalmente inocuas y conocidas como aeroalérgenos. Mientras que en 

las regiones tropicales los ácaros son la causa principal de las alergias respiratorias, en Europa 

y Norte América el polen juega un papel más relevante. En España, el polen de olivo (Olea 

europaea L.) es la segunda causa de polinosis por detrás del polen de gramíneas, y alcanza la 

primera posición en regiones como Andalucía, donde este árbol se cultiva de forma extensiva. 

Además, como consecuencia de la creciente popularidad de la dieta mediterránea, el cultivo del 

olivo se ha extendido a regiones de Estados Unidos, China, Japón, Sudáfrica y Sudamérica, 
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donde se convertirá en una fuente alergénica importante. Aunque el conjunto de alérgenos del 

polen de olivo se ha estudiado en profundidad en los últimos años, algunos alérgenos 

potencialmente relevantes para el diagnóstico y el tratamiento de esta alergia han permanecido 

sin identificar debido a restricciones técnicas y a la limitada información genómica y proteómica 

disponible sobre este polen. 

En este contexto, el objetivo general de esta tesis ha sido la identificación de nuevos 

biomarcadores para el diagnóstico de la enfermedad de Alzheimer y la alergia al polen de olivo 

utilizando técnicas proteómicas como los microarrays de proteínas y la espectrometría de masas. 

Este objetivo principal se ha dividido en dos bloques con los siguientes objetivos específicos: 

Bloque 1. Identificación de nuevos biomarcadores para el diagnóstico de la enfermedad de 

Alzheimer.  

1. Identificación de proteínas alteradas en la corteza prefrontal de pacientes con la EA 

(Artículo I). 

2. Caracterización de la respuesta humoral en la EA para la identificación de proteínas 

diana de autoanticuerpos con valor diagnóstico (Artículo II y Artículo III (inédito)). 

       Bloque 2. Identificación de nuevos biomarcadores para el diagnóstico de la alergia al olivo. 

1. Análisis proteómico del polen del olivo cultivado para la identificación de nuevos 

potenciales alérgenos (Artículo IV). 

2. Clonaje, producción recombinante y caracterización bioquímica e inmunológica de los 

nuevos potenciales alérgenos identificados mediante espectrometría de masas (Artículo 

IV e información inédita) 

3. Identificación de las principales regiones de la superficie del alérgeno Ole e 15 que 

contribuyen a la unión de IgE en pacientes (Artículo V). 

En el Artículo I, la identificación de proteínas alteradas en la corteza prefrontal de pacientes 

con EA se abordó mediante el análisis de la expresión de 706 moléculas implicadas 

principalmente en procesos de señalización y comunicación celular utilizando microarrays de 

anticuerpos. Concretamente, tres muestras agrupadas de corteza prefrontal de pacientes con EA 

en estadios Braak IV, V y VI (cuatro pacientes por grupo), y tres muestras agrupadas usadas 

como control y pertenecientes a dos individuos sanos, cinco pacientes con demencia 

frontotemporal y dos pacientes con demencia vascular, se cribaron mediante microarrays de 

anticuerpos comerciales Panorama y L-series para identificar alteraciones específicas de la EA 

y no de otras demencias. Tras el análisis, se identificaron un total de 40 proteínas alteradas en 

los grupos de la EA con respecto a los grupos control, de las cuales se consiguieron validar 11 

mediante meta-análisis de alteraciones a nivel de mRNA, Western blot  e inmunohistoquímica de 

microarrays de tejido. Se encontraron alteraciones específicas de la EA en algunas proteínas 

como la E3-ubiquitín ligasa TOPORS y proteínas integrales de membrana como Layilin y MICB. 

Además, se verificó el tipo de alteración de los niveles de proteínas como XIAP y DDIT3, que 

previamente habían sido descritas como proteínas alteradas en la EA. Las proteínas identificadas 
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constituyen potenciales dianas de análisis en sangre y líquido cefalorraquídeo para su uso como 

biomarcadores. Además, el estudio funcional de estas proteínas puede permitir identificar 

mecanismos moleculares alterados en la EA no descritos previamente.  

En el Artículo II, se combinó la tecnología phage display con los microarrays de proteínas 

para la identificación de proteínas diana de autoanticuerpos específicos de la EA en el suero de 

pacientes. Primero, dos bibliotecas de fagos T7 que desplegaban péptidos y proteínas 

codificadas por el mRNA de tejido cerebral de pacientes con la EA o individuos sanos se 

enriquecieron, en un proceso llamado biopanning, en fagos inmunorreactivos frente a 

inmunoglobulinas G (IgGs) purificadas de sueros de pacientes con la EA. Después, 1.536 fagos 

monoclonales se imprimieron en microarrays de nitrocelulosa y se testaron frente a 8 sueros de 

pacientes con la EA y 8 sueros de individuos sanos. Un total de 57 fagos de ambas bibliotecas 

que desplegaban 44 péptidos únicos mostraron mayor reactividad en la EA. Los péptidos 

desplegados en 13 de esos fagos se clonaron, se expresaron en Escherichia coli fusionados al 

extremo C-terminal de la proteína His6-HaloTag y se utilizaron en un ensayo de validación basado 

en la captura de la proteína HaloTag para el posterior análisis de su inmunorreactividad. Un total 

de 68 sueros de pacientes con la EA y 52 individuos sanos se utilizaron en la validación. Péptidos 

con alta identidad de secuencia con el receptor 1 de la toxina del ántrax (ANTXR1), la proteína 

nuclear 1 (NUPR1), la enzima glucógeno fosforilasa B (PYGB) y el receptor olfatorio 8J1 (OR8J1) 

mostraron validez para discriminar entre pacientes con la EA y controles. El panel identificado de 

péptidos diana de autoanticuerpos específicos de la EA podría ser de utilidad para el diagnóstico 

basado en biomarcadores de sangre.  

Siguiendo el mismo objetivo que en el Artículo II, en el Artículo III se llevó a cabo el estudio 

del perfil de autoanticuerpos de muestras de suero de pacientes con la EA en diferentes estadios 

(n=76, estadios Braak del II al VI) e individuos sanos (n=52) utilizando diferentes estrategias 

proteómicas y diferentes tipos de antígenos en colaboración con la Unidad de Affinity Proteomics 

del SciLifeLab (Solna, Suecia). Con la intención de llevar a cabo un primer cribado para identificar 

potenciales proteínas diana de autoanticuerpos que presentasen epítopos tanto lineales como 

conformacionales, se combinó el uso de microarrays planos de tipo 384 y de alta densidad con 

un protocolo de inmunoprecipitación seguido de análisis por cromatografía líquida de alta eficacia 

acoplada a espectrometría de masas. Mediante los microarrays planos, se consiguió el cribado 

de 42,000 antígenos de tipo PrEST (protein-epitope signature tags) de la plataforma Human 

Protein Atlas (HPA), que son altamente específicos de la proteína de la que procede su secuencia 

y conservan principalmente epítopos lineales; y mediante la inmunoprecipitación, el cribado de 

extractos proteicos de la corteza prefrontal de pacientes con la EA. Un total de 377 PrESTs que 

correspondían a 338 potenciales proteínas dianas encontradas en el primer cribado, se utilizaron 

para su validación mediante microarrays de esferas en suspensión. Un PrEST derivado de la 

secuencia de la enzima mitocondrial isovaleril-CoA deshidrogenasa (IVD) mostró una mayor 

sero-reactividad de tipo IgG en los pacientes con EA testados que en los individuos sanos. 

Métodos alternativos que permitan el uso de un mayor número de sueros, incluyendo pacientes 

con otras demencias, y de antígenos en su forma nativa, deberían utilizarse para la validación 
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final de las dianas de autoanticuerpos encontradas, incluyendo IVD, como biomarcadores de 

suero específicos de la EA.  

En el Artículo IV, se realizó un análisis proteómico completo de polen del olivo cultivado 

(Olea europaea subsp. europaea var. europaea) utilizando los datos recientemente publicados 

del genoma del acebuche (Olea europaea subsp. europaea var. sylvestris). Primero, los datos 

proteómicos se obtuvieron a partir de un análisis bottom-up utilizando cromatografía líquida 

acoplada a espectrometría de masas en tándem en un espectrómetro de masas Q Exactive. El 

software Proteome Discoverer 1.4 se utilizó para la identificación de la secuencia de los péptidos 

y proteínas detectados en el análisis utilizando el motor de búsqueda SEQUEST sobre la base 

de datos RefSeq del NCBI de las proteínas predichas a partir de los datos genómicos del 

acebuche. Las proteínas identificadas se filtraron con una tasa de falsos descubrimientos del 1% 

utilizando el algoritmo Percolator. Se identificaron un total de 1.907 proteínas fueron 

identificadas. Posteriormente, las proteínas se catalogaron de acuerdo a términos de ontología 

génica (GO) utilizando el programa Blast2GO. Después, el análisis se extendió a la identificación 

de las familias de alérgenos mediante Blast local contra bases de datos de secuencias de 

alérgenos como Allergome, WHO/IUIS y AllFam. Se hallaron un total de 203 proteínas 

distribuidas en 47 familias de alérgenos. De entre todas ellas, 20 no estaban previamente 

descritas en el polen del olivo. Un total de cuatro potenciales alérgenos se seleccionaron para 

validar su alergenicidad. Los resultados mostraron que la ciclofilina del polen de olivo era un 

nuevo alérgeno capaz de unir IgEs de pacientes, y se le dio el nombre de Ole e 15 de acuerdo a 

la nomenclatura oficial. Técnicas de tipo ELISA y Western blot permitieron su caracterización 

inmunológica y demostraron su relevancia y su amplio rango de reactividad cruzada con 

ciclofilinas de otros pólenes, alimentos, ácaros y con sus homólogos humanos.  

El análisis de los epítopos IgE puede permitir una mejor predicción de las reacciones 

alérgicas causadas por fenómenos de reactividad cruzada. En ese caso, la detección de IgEs 

frente a determinados epítopos puede ser considerada un biomarcador del pronóstico de la 

enfermedad. Ole e 15 pertenece a la familia de las ciclofilinas, que incluye alérgenos con un alto 

grado de conservación en la secuencia de amino ácidos y la estructura tridimensional entre 

especies, lo que provoca que estén implicados en procesos de reactividad cruzada. El objetivo 

principal del Artículo V fue la identificación de las regiones principales de la superficie de Ole e 

15 que contribuyen a la unión de IgEs. Primero, se confirmó un bajo grado de reactividad cruzada 

IgE entre Ole e 15 y su homólogo en humanos, PPIA. Después, tras la comparación in silico de 

las estructuras tridimensionales de ambas moléculas y del cálculo de las áreas de su superficie 

accesibles al solvente, se diseñaron ocho quimeras sustituyendo regiones de Ole e 15 por 

regiones específicas de PPIA. Las quimeras Ole e 15-PPIA se produjeron en E. coli, se 

purificaron y se testaron utilizando 20 sueros de pacientes alérgicos al polen de olivo y 

sensibilizados a Ole e 15 se analizó mediante ensayos de tipo ELISA y de ELISA de inhibición. 

La contribución de regiones lineales a la unión de IgEs se analizó utilizando doce péptidos 

solapantes. Todos los pacientes mostraron una reducción de su reactividad IgE frente a las 

quimeras, lo que demostró que la respuesta IgE frente a Ole e 15 es altamente policlonal y 
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específica de cada paciente. Los epítopos IgE estaban distribuidos por toda la superficie de la 

molécula, y se identificaron dos regiones principales con epítopos conformacionales. Este es el 

primer estudio que identifica experimentalmente regiones relevantes para la unión a IgE en la 

superficie de una ciclofilina alergénica. 

En definitiva, en esta tesis doctoral se ha demostrado la validez del uso de diferentes técnicas 

proteómicas para la identificación de nuevos biomarcadores proteicos en áreas de investigación 

como la EA o las enfermedades respiratorias. Así, hemos utilizado con éxito microarrays de 

proteínas tanto para la identificación de proteínas desreguladas en la corteza prefrontal de 

pacientes con la EA, como para la identificación de un panel de dianas de autoanticuerpos 

específicos de la EA que pueden contribuir a su diagnóstico. Además, se ha llevado a cabo un 

análisis proteómico completo del polen de olivo, que ha llevado al descubrimiento de un nuevo 

alérgeno de este polen, Ole e 15. Finalmente, utilizando quimeras proteicas de Ole e 15 y su 

homólogo humano PPIA, se ha demostrado que la respuesta IgE frente a este alérgeno es 

altamente policlonal y específica de cada paciente, y se han determinado dos regiones de su 

superficie que contienen epítopos conformacionales de tipo IgE.    
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ABBREVIATIONS 

 

1-DE   One-dimensional electrophoresis 

2-DE  Two-dimensional electrophoresis 

Aβ   Amyloid β peptide 

ABCA7  ATP-binding cassette transporter subfamily member 7 

ABP   Albumin-binding protein  

AD  Alzheimer’s disease 

ADAM10  Disintegrin and metalloproteinase domain-containing protein 10 

ADRDA Alzheimer’s disease and related disorders association 

AICD   APP intracellular domain 

AllFam  Database of allergen families 

Allergome  The platform for allergen knowledge 

ANTXR1 Anthrax toxin receptor 1 

ANX7  Annexin 7 

APCs   Antigen presenting cells 

APH1  Aph-1 Homolog A 

ApoE  Apolipoprotein E 

APOE4  Apolipoprotein E-ε4 allele 

APP  Amyloid β protein precursor  

APPsα   α-secretase-generated APP ectodomain fragment 

APPsβ   β-secretase-generated APP ectodomain fragment 

ATP   Adenosine triphosphate 

BACE1  Beta-site amyloid precursor protein cleaving enzyme 1 

BACE2  Beta-site amyloid precursor protein cleaving enzyme 2 

BCL7B  B-cell CLL/lymphoma 7 protein family member B 

BS3   Bis(sulfosuccinimidyl) suberate 

BRE   Blocking reagent for ELISA 

BSA   Bovine serum albumin 

cAMP   Cyclic adenosine monophosphate 

CAP   Cysteine rich secretory protein, Antigen 5 and Pathogenesis-related PR-1   

CD  Circular dichroism/Cluster of differentiation 

CHAPS  3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate 

CI   Confidence interval 
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CRAPome Contaminant Repository for Affinity Purification 

CsCyp   Citrus sinesis divergent cyclophilin 

CsA   Cyclosporin A 

CSF  Cerebrospinal fluid  

CTFα   C-terminal fragment α 

CTFβ   C-terminal fragment β 

CTLA4   Cytotoxic T-lymphocyte antigen 4  

Cy   Cyanine 

CYFIP1  Cytoplasmic FMR1-interacting protein 1 

CYFIP2  Cytoplasmic FMR1-interacting protein 2 

DAPA   DNA to Protein Array 

DCs   Dendritic cells  

DDIT3  DNA damage-inducible transcript 3 

DEPC   Diethyl pyrocarbonate 

DIA   Data-independent acquisition  

DIAD   Dominant inherited familial AD  

DIGE   Differential image gel electrophoresis 

DNA   Deoxyribonucleic acid 

DTT   Dithiothreitol 

ECL   Enhanced chemiluminescence reagent 

EDC   1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDTA   Ethylenediaminetetraacetic acid 

EEA1  Early endosome antigen-1 (human) 

ELISA  Enzyme-linked immunosorbent assay 

ENCODE Encyclopedia of DNA Elements 

EO-FAD  Early-onset familial AD 

ESI   Electrospray ionization 

Fab   Antigen-binding fragment 

FcεRI   Constant fragment ε receptor I/high affinity IgE receptor 

FDG-PET Fluorodeoxyglucose positron emission tomography 

FISH  Fluorescence in situ hybridization 

FKBPs   FK506-binding proteins 

FT-ICR   Fourier transform ion cyclotron resonance 
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FTD   Frontotemporal dementia 

FTL  Ferritin light chain 

FUS   Fused in sarcoma 

GASA   Gibberellic acid-stimulated arabidopsis (protein) 

GATA-4 GATA-binding protein 4 (human) 

GELFrEE  Gel-elution liquid fraction entrapment electrophoresis 

GEO  Gene expression omnibus (NCBI) 

GO   Gene ontology 

GST   Glutathione S-transferase 

GTP   Guanosine triphosphate 

GUI   Graphical user interface 

HA   Human influenza hemagglutinin  

HBD   Heparin binding domain 

HCAbs  Heavy (H)-chain antibodies  

HPA  Human protein atlas 

HRP   Horseradish peroxidase 

Hsp70   Heat shock protein 70  

HUPO   Human proteome organization 

IDO   Indoleamine 2,3-deoxygenase oxidase 

IgG   Immunoglobulin G 

IgA   Immunoglobulin A 

IgE   Immunoglobulin E 

IgM   Immunoglobulin M 

IHC   Immunohistochemistry  

IL   Interleukin 

ILC2   Type 2 innate-lymphoid cell 

iNKTs   Invariant natural killer T cells 

IPTG   Isopropyl β-D-1-thiogalactopyranoside  

ITASSER Iterative threading assembly refinement 

iTRAQ   Isobaric tags for relative and absolute quantification 

iTreg   In vitro and in vivo-induced FOXP3+ Treg cells 

IVD  Isovaleryl-CoA dehydrogenase 

IVTT   In Vitro transcription-translation 

KEGG  Kyoto encyclopedia of genes and genomes  
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KPI   Kunitz-like protease inhibitor domain 

LAG3   Lymphocyte-activation Gene 3  

LB   Luria-Bertani medium 

LBD   Lewy body dementia  

LC-MS/MS  High performance liquid chromatography coupled to tandem mass spectrometry 

LGALS3BP Galectin-3-binding protein 

LIT   Lineal ion trap 

LTQ   Lineal trap quadrupole 

m/z   Mass-to-charge ratio 

mAb   Monoclonal antibody 

MAD  Mean absolute deviation 

MAP1  Microtubule-associated protein 1  

MAP2  Microtubule-associated protein 2 

MAPT   Microtubule-associated protein tau 

MBL2  Mannose-binding lectin 2 

MDLC   Multidimensional liquid chromatography  

MES   2-(N-Morpholino)ethanesulfonic acid hydrate 

MFI  Mean fluorescence intensity 

MHC-II   Major histocompatibility complex-II 

MICU1   Mitochondrial calcium-uptake protein 1 

MnSOD  Manganese superoxide dismutase 

MOPS   3-(N-morpholino)propanesulfonic acid 

MRI  Magnetic resonance imaging 

mRNAs  Messenger ribonucleic acid 

MS   Mass-spectrometry 

MS/MS  Tandem mass spectrometry   

MYH9  Myosin-9 (human) 

MYH10  Myosin-10 (human) 

α-NAC   Nascent-polypeptide associated component α-subunit 

NAPPAs  Nucleic-acid programmable protein arrays 

NCBI   National center for biotechnology Information 

NCKAP1 Nck-associated protein 1 (human) 

NCT  Nicastrin 

NFTs  Neurofibrillary tangles 

nHPLC  Nano high performance liquid chromatography 
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NHS  N-Hydroxysuccinimide 

NIA-AA  National institute on aging and the Alzheimer’s association  

NINCDS National institute of neurological and communicative disorders and stroke 

Ni-NTA  Nickel-Nitrilotriacetic 

NLRs   NOD-like receptors 

NMR  Nuclear magnetic resonance  

nsLTPs  Non-specific lipid transfer proteins 

NUPR1  Nuclear protein 1 (human) 

OD  Optical density 

OR8J1  Olfactory receptor 8J1 (human) 

pAb   Polyclonal antibody 

PBS   Phosphate buffered saline 

PD1   Program death-1 

PEG   Polyethylene glycol 

PEN-2  Presenilin enhancer 2 

PET  Positron emission tomography 

PFA   Paraformaldehyde 

pI   Isoelectric point 

PISA   Protein in situ array 

PKC  Protein kinase C 

PMSF   Phenylmethylsulfonyl fluoride 

POPS  Parameter optimized surfaces 

PPIA/CypA  Peptidyl-prolyl cis-trans isomerase A/Cyclophilin A (human) 

PPIB/CypB  Peptidyl-prolyl cis-trans isomerase B/Cyclophilin B (human) 

PRD   Proline-rich domain 

PrESTs  Protein-epitope signature tags 

PRIDE   Proteomics identifications database 

PRM   Parallel-reaction monitoring  

PrPSc    Scrappie prion protein 

PSEN1  Presenilin 1  

PSEN2  Presenilin 2 

PSMs   Peptide-spectrum matches 

pTreg,   Peripherally induced Treg cells 

PUCAs  Puromycin capture arrays 
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PYGB  Glycogen phosphorylase B 

Q   Quadrupole   

QIT   Quadrupole ion trap  

qPCR   Quantitative PCR 

RefSeq  Reference sequence from NCBI 

RNA   Ribonucleic acid 

ROS  Reactive oxygen species 

R-PE   R-Phycoerythrin 

RPPAs  Reverse-phase protein arrays 

RSLC   Rapid separation liquid chromatography 

RT   Room temperature 

RT-qPCR  Reverse-transcription quantitative PCR 

SASA  Solvent-accessible surface areas 

SB   Storage buffer 

scFvs   Single-chain variable fragments 

SD  Standard deviation 

SDS   Sodium dodecyl sulphate  

SEM  Standard Error of the Mean 

sIEF  Solution isoelectrofocusing 

SILAC   Stable isotope labeling by amino acids in cell culture 

SNP  Single nucleotide polymorphism 

SNUT-1  U4/U6.U5 tri-snRNP-associated protein 1 

SOC   Super optimal broth with catabolite repression 

SOPs   Standard-operating procedures 

SP   Signal peptide 

SRM   Selected-reaction monitoring 

SSTR2  Somatostatin receptor 2 

SYNJ1  Synaptojanin-1 (human)   

SVD   Small vessel disease 

TAE   Tris-acetate-EDTA 

TDP43  Tar DNA binding protein-43  

TGF-β   Transforming-growth factor β 

TH2   T helper cell type 2 

TH3   Transforming-growth factor β-expressing regulatory T cells 



ABBREVIATIONS 

49 
 

TH9   T helper cell type 9 

TLP  Thaumatin-like protein 

TLRs   Toll-like receptors 

TMA  Tissue microarray 

TN  Conventional naïve T cells 

TOF   Time-of-flight   

TOPORS TOP1 Binding Arginine/Serine Rich Protein 

Tr1   CD4+ FOXP3- interleukin 10-producing type 1 regulatory T cell 

Treg   Regulatory T cell 

tTreg   Thymus-derived regulatory T cells 

TSLP   Thymic stromal lymphopoietin 

UniProt  Universal protein resource  

VD   Vascular dementia 

WASF3  Wiskott-Aldrich syndrome protein family member 3 

WB   Western blot 

WHO/IUIS  World health organization and International union of immunological societies 

X-gal   5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

XIAP  X-linked inhibitor of apoptosis protein 

YPD   Yeast extract-peptone-dextrose medium  

YPDS   Yeast extract-peptone-dextrose medium with Sorbitol  

Zeo   Zeocin 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 
 

 

  



 

 
 

 

 

  



 

 
 

 

            

 

 

 

 

 
 

INTRODUCTION 

  



 

 
 

 
 

 

 

 

 

 

 

  



INTRODUCTION 

55 
 

1. PROTEINS, GENOMES AND PROTEOMES 

Proteins perform and coordinate the main cellular processes, and are considered the most 

abundant, versatile and diverse biological macromolecules. For this reason, the functional and 

structural study of proteins is fundamental to understand the mechanisms of the biological 

processes in health and disease. This major role of proteins among the components of the cellular 

machinery is due to certain properties (1): 

1. Proteins are linear polymers of amino acids which fold into a three-dimensional (3D) 

structure directly related to their function. 

2. As polymers of amino acids, they possess a wide variety of functional groups with 

different physico-chemical properties, including alcohols, thiols, thioethers, carboxylic 

acids and carboxamides. The combination of these properties within different amino acid 

sequences is responsible for the multiple protein functions. 

3. Proteins are capable of interacting with other molecules of the cellular machinery, such 

as lipids, DNA, RNA and metabolites. 

4. Proteins are not rigid molecules, and they can alter their conformation to perform their 

functions.  

The term ‘protein’ (from the Greek proteios, meaning ‘first rank’ or ‘first position’) was 

suggested by the Swedish analytical chemist Jöns Jacob Berzelius (1779-1848) to the Dutch 

chemist Gerardus Johannes Mulder (1802-1880), who started using it in 1838 to define a chemical 

compound he found in high amounts when analyzing different biological products (2). After the 

big progress made for the identification of the twenty amino acids forming proteins, being 

threonine the latest to be characterized in 1938, protein chemistry focused on the analysis of 

protein sequences and the relationship between protein structure and function. The first big step 

was the sequencing of the protein insulin by Frederick Sanger (1918-2013) in 1953, which proved 

that each protein has a precise and unique sequence (3). Shortly after, studies on the structure 

and folding of bovine pancreatic ribonuclease (ribonuclease A) by Christian B. Anfinsen (1916-

1995), Frederick M. Richards (1925-2006) and other researchers confirmed the tight relationship 

between protein structure and function, and led to the idea that all the information required to 

enable a protein to fold resided in its specific amino acid sequence (4-9). Finally, between 1956 

and 1959,  Max F. Perutz (1014-2002) and John C. Kendrew (1917-1997) solved the 3D 

structures of the sperm whale (Physeter macrocephalus) myoglobin and the horse (Equus 

caballus) hemoglobin by X-ray diffraction. This was a major milestone in protein chemistry and 

allowed for the study of these and other related proteins at the atomic level (Figure 1).   
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Figure 1. Relevant proteins in the history of protein chemistry. Three-dimensional X-ray structures of 

human insulin (PDB:4ins), sperm whale myoglobin (PDB:1mbn), horse hemoglobin (PDB:2dhb) and bovine 

pancreatic ribonuclease A (PDB:5rsa) obtained from Protein Data Bank (PDB) (10).  

 

Subsequent advances in molecular biology, like the elucidation of the genetic code and the 

formulation of the central dogma (11, 12), as well as the design of the recombinant DNA 

techniques (13, 14), the polymerase chain reaction (15) and the new DNA-sequencing techniques 

(16, 17) produced an exponential increase in the knowledge of protein sequences, structures and 

functions.  

In 1995, multiple efforts led to the sequencing of the first complete DNA (genome) of a living 

organism, the bacteria Haemophilus influenzae. Five years before, in 1990, the so-called 

‘genomic era’ had officially started with the design of the Human Genome Project, which was 

completed in 2003. The enormous amount of information obtained from this achievement is still 

being analyzed today. At the very moment this thesis is written, a non-definitive total of 20,645 

protein-coding genes, 22,229 non-coding genes and 15,171 pseudogenes have been identified 

in the human genome and deposited in the Ensembl database (18). Moreover, more than 400 

eukaryotic genomes have already been fully sequenced and deposited in the Kyoto Encyclopedia 

of Genes and Genomes (KEGG) (19, 20). Despite the huge advantage given by the access to 

genomic data, especially to the human genome, some things must be considered regarding the 

available information: 

- Most of the genomic sequences of higher organisms do not correspond to protein-coding 

genes but to functional elements and other regions with a role in processes like regulation 

of transcription, chromatin accessibility, DNA methylation or transcription factor binding. 

Most of the investigations on this area are related to the ENCODE (Encyclopedia of DNA 

Elements) project  (21, 22). 

- Most of the functional annotations of genome-encoded proteins come from homology-

based computational methods, but their actual functions have never been experimentally 

confirmed. Moreover, it is estimated that about 30 to 50% of the proteins encoded by the 

human, Escherichia coli and Arabidopsis thaliana genomes remain without any identified 

function (23).    
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Figure 2. Classification of certain well characterized post-translational modifications by the 
type of modification. Chemical modifications are reversible and include phosphorylation, 
acetylation, methylation and redox-based modifications. Polypeptide modifications are also 
reversible and include ubiquitination, SUMOylation and modifications with proteins related to 
ubiquitin (ubiquitin-like modifications). The modifications by complex molecules are also reversible 
and include glycosylation and isoprenylation, among others. Finally, there are modifications of 
amino acids, like proteolysis or elimination of chemical groups, which are irreversible. 
 

- The number of proteins produced by an organism is higher than the protein-coding genes 

contained in its genome. This is the result of multiple processes acting post-

transcriptionally (e.g. alternative splicing or editing of mRNAs) and post-translationally 

(e.g. phosphorylation, ubiquitination or glycosylation of proteins, Figure 2). Thus, the 

theory postulated by George Beadle and Edward Tatum of ‘one gene, one polypeptide’ 

and assumed until the 80’s (24), has been largely refuted. The term proteoform is used 

nowadays to designate all the different molecular forms in which the protein product of a 

single gene can be found, encompassing all forms of genetic variation, alternative splicing 

of RNA transcripts, as well as post-translational modifications (Figure 3) (25). It is 

estimated that more than 100,000 proteoforms exist in the human proteome (26). 

- Whereas the genome of all cells in an organism is constant, the entire set of proteins an 

individual can produce (proteome) varies depending on the cell type and then, presents 

a much higher complexity. Besides, the proteome is very dynamic and changes 

continuously, being adapted to the cell requirements in each specific moment and 

environment.  
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Figure 3. Proteoforms. The functional proteins derived from the amino acid sequence encoded by a single 
gene, including genetic variants and post-transcriptional (e.g. RNA edition) and post-translational 
modifications (e.g. glycosylation and ubiquitination), are known as proteoforms. Ub, ubiquitin. 

 

Hence, there are still huge amounts of information to decipher from the genomic data. We 

are now in the post-genomic era, and one of the biggest scientific challenges is the understanding 

of all the functional elements of the genome. In 2001, the Human Proteome Organization (HUPO) 

was funded to promote, coordinate and support studies focused on the proteomes of living 

organisms (proteomics studies). With this aim, in 2010 the Human Proteome Project started, 

with two main objectives: the identification and quantification of all human proteins; and the 

characterization of the main proteins involved in health and disease.  

Nevertheless, although there is no doubt that all biological functions are coordinated by 

proteins and then, the description of the proteome is of major interest, there are other components 

in the cell machinery which interact with proteins and are necessary for cells to be alive and 

adapted to their environment, like lipids, carbohydrates and multiple metabolic products. The 

continuous advances in bioinformatics and analytical techniques such as mass spectrometry and 

next generation sequencing allow not only for the quick and large-scale analysis of genomes, 

transcriptomes and proteomes, but also for the analysis of the complete set of metabolites 

(metabolome), carbohydrates (glycome), lipids (lipidome) and their interactions (interactome) 

in cells. Thus, molecular biology has evolved to systems biology, which tries to understand the 

whole interactions and processes occurring in cells and tissues considering simultaneously all the 

cellular components (Figure 4) (27-29). 

 

 

Figure 4. Systems biology integrates the different ‘omics’ techniques by bioinformatics and mathematical 
models. 
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2.  PROTEOMICS 

Proteomics consists of the large-scale characterization of all the expressed proteins in a cell, 

tissue or living organism at a specific moment and condition. The term “proteome” was firstly used 

by Marc R. Wilkins in 1995 to refer to all the PROTEins encoded by the genOME (Wilkins, 

Pasquali et al. 1996, Wilkins, Sanchez et al. 1996).  

This discipline uses multiple techniques, like two-dimensional electrophoresis (2-DE), 

mass-spectrometry (MS) and protein microarrays, to analyze hundreds to thousands of 

proteins from a single biological sample. Depending on the goal of the analysis, three types of 

proteomics approaches can be distinguished: descriptive proteomics, which focuses on the 

identification of the proteomic profile of biological samples; comparative proteomics, which 

focuses on the analysis of quantitative and qualitative differences between the proteomic profiles 

of samples exposed from different physiological and pathological conditions and treatments; and 

functional proteomics, which focuses on the identification of subcellular locations, post-

translational modifications and molecular interactions of the identified proteins (30). 

2.1. Proteomics as a tool to identify protein biomarkers 

The term “biomarker” refers to an ample set of medical signs (which in contrast to medical 

symptoms, are objective indications of medical state not dependent on the subject perceptions) 

that can be measured accurately and reproducibly. In 1998, the National Institutes of Health 

Biomarkers Definitions Working Group defined a biomarker as “a characteristic which is 

objectively measured and evaluated as an indicator of normal biological processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention” (31, 32). Thus, biomarkers 

can be highly diverse, from pulse and blood pressure (physical biomarkers) to specific tissue 

metabolites (molecular biomarkers).  

Biomarkers can be classified as early-stage biomarkers, if they can be used for the early 

detection of a disease; diagnostic biomarkers, when they can be used in screening tests for 

diagnosis; prognostic biomarkers, when they help to predict disease outcome; and response 

biomarkers, if they reflect any specific change as a result of a medical treatment (33). The ideal 

biomarker would have 100% sensitivity (proportion of true positives that are correctly identified 

by the test) and 100% specificity (proportion of true negatives correctly identified by the test) 

(34).  

As master orchestrators of cellular processes, the levels and the specific molecular 

modifications of certain proteins are frequently altered in pathological states, turning them into 

potential biomarkers. Then, the study of protein profiles by different proteomics approaches can 

be very useful for biomarker discovery and has been extensively used in highly prevalent diseases 

like cancer (33), multiple sclerosis (35) or osteoarthritis (36).    
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2.2. General proteomics strategies for the discovery and validation of 

biomarkers 

It takes a long time since a potential disease protein biomarker identified in the laboratory is 

validated and reaches the clinics. In this process, three main phases can be distinguished 

(Figure 5): a discovery phase, in which thousands of proteins from biological samples belonging 

to a few patients are screened to identify candidate biomarkers; a validation phase, in which 

candidate protein biomarkers are tested using a higher number of patients from different cohorts; 

and a final clinical phase, in which the tests to detect the validated biomarkers are produced and 

commercialized to be used under standard-operating procedures (SOPs).  

 

Figure 5. General workflow for the discovery of biomarkers using proteomic-based approaches. The 
identification of valid biomarkers from biological samples is a long process with three well-differentiated 
phases: discovery, validation and clinical use. Mass spectrometry (MS) or protein microarray-based methods 
are mainly used in the discovery phase. While the number of candidate proteins decreases over time, the 
number of samples needs to be increased for validation. SRM, selected-reaction monitoring, PRM, parallel-
reaction monitoring; DIA, data-independent acquisition; SOPs, Standard-Operating Procedures.   

 

High-throughput screening techniques based on proteomics approaches such as mass 

spectrometry and protein microarrays are especially useful for the biomarker discovery phase, as 

they allow for the identification and quantification of a high number of proteins in a single sample 

and with high sensitivity. The MS-based techniques most commonly used in this phase are known 

as shotgun bottom-up proteomics approaches, in which complex protein mixtures are firstly 

digested into small peptides prior to mass analysis (37, 38). Besides, in the last two decades 

other platforms like protein microarrays have been proven to be useful for high-throughput 

screening and biomarker discovery (39).  
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Once several candidate protein biomarkers have been selected, proteomics techniques such 

as targeted MS approaches and protein microarrays can be used for validation. Targeted MS 

approaches like selected-reaction monitoring (SRM), parallel-reaction monitoring (PRM) and 

data-independent acquisition (DIA) are emerging techniques which, in contrast to classical 

shotgun MS techniques by data-dependent acquisition, allow for the selective detection and 

quantification of predetermined (SRM, PRM) or non-predetermined (DIA) proteins with known 

fragmentation patterns in complex backgrounds (40-42). On the other hand, protein microarrays 

are also used in this phase, because they are suitable multiplexed platforms for the high-

throughput analysis of multiple samples against a few specific targets and using small sample 

volumes.  

2.3. Proteomics strategies based on microarrays 

Microarray technologies materialize the idea of miniaturizing thousands of different molecules 

to be assayed in the same slide. Thus, with these tools, hundreds to thousands of biomolecules 

like DNAs, peptides, proteins, small molecules like metabolites, and even cells, can be arrayed 

on a single slide or microplate and analyzed simultaneously. Although the microarray concept 

was firstly proposed by Roger Ekins in 1989 as a candidate format to test thousands of protein 

and DNA samples which could revolutionized medical diagnosis (43), it was not until 1995 and 

1999 that the first DNA and protein microarrays were constructed, respectively (44-46). Lots of 

improvements in the microarray technology over the last two decades have transformed 

microarrays into suitable platforms for large-scale analysis of protein-functioning and protein-

interacting events, and have been extensively used in basic research, drug-discovery and clinical 

diagnosis. In the field of proteomics, they have been successfully used for studies related to 

protein expression, protein-protein, protein-DNA and protein-ligand interactions, post-

translational modifications and biomarker discovery (47). 

Despite the numerous advantages offered by microarrays, these techniques have several 

limitations. The scope of protein microarrays relies on the availability of known open-reading 

frames (ORF) of the protein-coding genes of interest. Besides, the printed molecules do not 

always retain their native structures after printing (a critical issue especially for full-length 

proteins), and this issue usually produces off-target interactions. Then, microarray findings must 

always be validated using other methods like ELISA or immunoprecipitation. Another important 

drawback is the high cost of both, commercial and manufactured microarrays (48).  

2.3.1. Microarray formats 

Protein microarrays can be classified as planar when the arrayed molecules are printed on a 

solid surface; or suspension, when they are in a liquid phase.  

2.3.1.1. Planar arrays 

In the planar array format, which is the most commonly used, very small volumes (~pL) of 

individual biological samples (up to 2,000/cm2) are placed in discrete positions (spots smaller than 
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300 μm in size) following a predetermined order onto solid supports like coated glass or silicon 

slides (49).  

The ideal solid supports would have a treated surface allowing for the immobilization of all 

kind of molecules while preserving their 3D conformation. Although there is no perfect surface, 

there are many different solid support surfaces with very different properties which have been 

successfully used in microarray systems depending on the assay conditions (Table 1). The 

selection of the correct surface is determinant for subsequent results.    

  

Table 1. Common surfaces used in microarray fabrication. Adapted from (50). 

 

 

Other factors to take into account during microarray fabrication are array printing, blocking 

and signal development and detection. Microarrays can be printed in a wide variety of 

configurations using two main printing devices: contact or non-contact (Table 2). Whereas in 

contact printing very small volumes of liquid samples retained into pin-like structures are 

deposited onto the slide surface after direct contact, in non-contact printing a sensor is used to 

deposit fluid above the surface of the slides. Regarding blocking of the slide surface to avoid off-

target interactions, solutions with bovine serum albumin (BSA) or skimmed milk are the most used 

(50, 51).  

 

Table 2. Overview of the printing mechanisms for microarray fabrication. Adapted from (51). 

 

 

Detection systems can be classified if the signal is developed by a label-dependent or a 

label-independent mechanism. In label-dependent detections, fluorescent dyes with narrow 
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excitation-emission ranges like Cyanine 3 (Cy3), Cyanine 5 (Cy5) and the Alexa Fluor set (e.g. 

Alexa Fluor 555 and 647) are commonly used because they provide multicolor detection. In label-

independent mechanisms, mainly used to avoid changes in protein activity, techniques like 

surface-plasmon resonance spectroscopy, imaging optical ellipsometry and reflectometric 

interference spectroscopy have been used to detect changes in the chemical and physical 

properties of the analyte printed on the spots (50). Importantly, samples acting as controls of the 

printing process must be included for quality and reproducibility assessment.  

 2.3.1.2. Suspension arrays 

Suspension arrays (also known as bead arrays) involve the attachment of the analytes or the 

capture reagents on the surface of microspheres which are later detected by flow cytometry. The 

microspheres contain thiol (-SH) or carboxyl (-COOH) groups which are activated with EDC (1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS (N-Hydroxysuccinimide) before covalent 

coupling. One of the main advantages of suspension arrays is that they can be multiplexed using 

beads differing in size and excitation-emission properties (52). 

Nowadays, the most widely used multiplex technology for suspension bead arrays is the 

Luminex® XMap® Technology (Figure 6), which has developed up to 500 different polystyrene 

beads internally dyed with three different fluorophores and coated with a porous polymer 

containing about 108 carboxyl groups. These beads can be of different types depending on the 

assay and the instrument of analysis. Magnetic microspheres (with a sublayer of magnetite) are 

the most used because they are easily washed during the assay, avoiding non-specific 

interactions (53).   

For detection, this technique uses a flow cytometer with a laser emitting at two different 

wavelengths (λ): at λ638 nm (classification laser excitation), which is used to identify the type of 

bead; and at λ532 nm (reporter laser excitation), which is used to detect R-Phycoerythrin (R-PE)-

conjugated molecules (e.g. antibodies) specific of the assay. Then, the software reports the 

number of bead counts and the mean fluorescence intensity (MFI) of the excited reporter for each 

bead.     

Suspension arrays show clear advantages in comparison to standard not multiplexed 

laboratory techniques like Enzyme-Linked Immunosorbent Assay (ELISA), quantitative PCR 

(qPCR) and reverse-transcription quantitative PCR (RT-qPCR): they allow for the qualitative and 

quantitative analysis of multiple analytes simultaneously using small volumes of sample, and the 

collection of data from numerous beads, giving statistical information. Besides, some studies 

suggest a good correlation between the results obtained from ELISA experiments and suspension 

arrays when the same samples, antibodies and other assay reagents are used, so suspension 

arrays might become good alternatives for standardized diagnosis and patient monitoring.  
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Figure 6. Schematic representation of a suspension array using XMap® Technology. In the same well 
of a 96 or a 384-well microplate, up to 500 different beads coupled with different antigens can be assayed. 
The different sections of a magnetic bead are also shown.  

 

2.3.2. Microarray classes  

Microarrays can be classified into three main types depending on the kind of molecules 

immobilized on their surface: antibody, antigen and reverse-phase protein microarrays.  

2.3.2.1. Antibody microarrays 

Antibody microarrays, also known as analytical protein microarrays, display antibody 

molecules immobilized on their surface which are used for protein profiling of complex samples, 

biomarker identification, target protein analysis or post-translational modification profiling 

(Figure 7A and B) (54). Depending on the number of amino acid regions of the target protein they 

can recognize, they are named polyclonal (a mix of antibodies recognizing different epitopes) or 

monoclonal (an antibody recognizing a unique epitope) (55). Polyclonal antibodies are normally 

produced by the immunization of goats or rabbits using purified target proteins or protein 

fragments. For monoclonal antibodies, the most common production technique is the hybridoma 

technology (56). Nevertheless, recombinant antibody-derived molecules of smaller size like 

genetically modified antigen-binding fragments (Fabs), single-chain variable fragments (scFvs), 

and nanobodies (fragments consisting of the variable domains of the camelid functional heavy 

(H)-chain antibodies (HCAbs)), have been successfully produced (57, 58).  

There are several types of antibody microarrays depending on the methodology used for 

detection of binding (Figure 7B). When direct labeling is used, antigens are labeled with 

fluorophores like Cy3 and Cy5 before the assay. In indirect labeling, samples are firstly labeled 

with non-fluorescent molecules like biotin, which can be later detected using another fluorophore-

labeled molecule (e.g. Streptavidin-RPE to detect biotin). Another type of assay is the sandwich 

antibody microarray. In this case, the antigen-binding to the immobilized antibody (capture 
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antibody) is detected using a secondary antibody which can be fluorescent-labeled (direct 

sandwich microarray) or which is later detected using a tertiary antibody (59).  

The main advantage of direct and indirect labeling with respect to sandwich arrays is that only 

the capture antibodies are necessary for the detection of the antigen, reducing assay costs and 

limitations regarding antibody availability. However, sample labeling restricts the sensitivity to 

medium and high abundance proteins. Moreover, direct sample labeling with fluorophore 

molecules may cause a progressive reduction of the labeling efficiency and stability. Thus, the 

use of two antibodies recognizing different epitopes of the same antigen is the most sensitive and 

specific method. Unfortunately, this is not possible for most antigens.       

 

 

Figure 7. Antibody  microarrays. (A) Structure and different regions of a typical IgG-antibody (PDB: 1igt). 
(B) Different types of antibody microarrays discussed in the text. 

 

The use of antibody arrays can be considered an affinity proteomics approach. Affinity 

proteomics is based on the use of protein-binding reagents able to detect relevant features of 

proteins, like intracellular localization or specific interactions, in a proteome-wide scale. The main 

drawback of these approaches is their dependence on the availability of reliable, specific 

protein-binding reagents and sensitive detection methods. A large number of commercial 

antibodies exist, but they only cover a small fraction of the human proteome, and their quality and 

batch reproducibility is a matter of concern among researchers (60). The Human Protein Atlas 

(HPA), a Swedish initiative part of the Human Proteome Organization (HUPO), has demonstrated 

that the generation of validated polyclonal antibodies at a whole-genome scale is a feasible idea. 

The HPA platform started in 2003 as a large-scale effort to produce antibodies against all the 

proteins encoded by the human genome to generate an “atlas” of the human proteome across 

cells, tissues and organs (https://www.proteinatlas.org/). Firstly, the HPA makes an in silico 

selection of antigens, choosing protein regions of 50 to 150 amino acids with the lowest sequence 

identity (less than 60%) with other human proteins, and avoiding transmembrane regions and 

signal peptides. This proteins are called PrESTs (Protein-epitope signature tags) (61). For 

recombinant production, PrEST-specific oligonucleotides are designed to generate PrEST-coding 
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DNA fragments from human cDNA libraries to be subsequently cloned and expressed in E. coli 

Rossetta DE3 cells as recombinant fusion proteins with an N-terminal His6-ABP tag (Albumin-

Binding Protein with a hexa-histidine tag at the N-terminal end) to facilitate affinity purification and 

solubility (62) (Figure 8). Once purified, the PrEST sequence is confirmed by MS and used for 

rabbit immunization. Finally, obtained antisera is purified by affinity chromatography to remove 

contaminants using the corresponding immobilized PrEST (63). Resultant polyclonal HPA 

antibodies are sequentially validated using PrESTs arrays, Western blot analysis with specific cell 

lines, immunohistochemistry (IHC) analysis and finally, high-resolution confocal microscopy.   

 

 

Figure 8. Protein epitope signature tags (PrESTs). Schematic view of the 3D structure of a PrEST 
corresponding to the human nuclear protein 1 (NUPR1) created by I-TASSER (64). The PrEST sequence is 
expressed at the C-terminal end of an 18 kDa 6xHis-tagged albumin binding protein (ABP, PDB: 1gjs) for 
affinity purification and to increase the solubility of the PrEST.    

 

 2.3.2.2. Antigen microarrays 

Antigen microarrays, also known as functional microarrays, are constructed by immobilization 

of a large number of purified proteins and used to analyze protein-peptide (65), protein-DNA (66) 

and antigen-antibody (67) interactions. Due to the high number of immobilized proteins on their 

surface, these microarrays are also called high-density protein microarrays. 

With a very complex chemistry, proteins must normally maintain their native structure after 

immobilization for functional analysis. Hence, antigen arrays are difficult to produce and 

standardize, and they require methods for high-throughput protein production. Depending on the 

method used, antigen microarrays can be classified as in vivo (proteins are produced in 

recombinant expression systems like E. coli, Saccharomyces cerevisiae, A. thaliana or 

baculovirus, purified and immobilized on the array), or in situ (protein-coding DNA molecules are 

printed on the array and produced by using in vitro protein expression systems).  

The first in vivo antigen arrays consisted of 5,800 S. cerevisiae ORFs overexpressed with a 

GST-His6 tag (68). Since then, several commercial high-density protein microarrays appeared in 

the market (69). The most complete is the HuProt™ Proteome Array (v4.0), which contains 16,793 

different purified GST-tagged recombinant proteins and has been successfully used for 

autoantibody profiling (70) and identification of specific protein-binding methylated DNA 
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sequences (71). Besides, arrays with immobilized PrESTs (high density PrEST arrays) have been 

produced by the HPA platform using more than 42,000 unique protein fragments covering 19,000 

protein-coding genes from Ensembl (72). In spite of these few examples, this type of microarrays 

is very laborious to fabricate, and the cloning, production and purification of so many proteins is 

far beyond the capacity of most laboratories.  

An alternative to the above described in vivo antigen arrays are phage microarrays. These 

arrays are fabricated by immobilization of unique phage clones displaying peptides or bigger 

protein fragments on their capsids. Phage libraries can be generated to display random peptides 

(M13 phage, (73)) or protein-derived peptides (T7 phage, (74)) encoded by cDNAs from a 

specific cell-type or tissue (a group of techniques known as phage display technology) (75). 

Thus, the use of phages avoids individual cloning, expression and purification of proteins. The 

combination of phage display and protein microarrays has been used for the characterization of 

antigen-antibody interactions and biomarker identification (76, 77). One of the main advantages 

of using phage display is the possibility to enrich the phage libraries in those phages displaying 

specific immunoreactive peptides, by a process called biopanning. Later, phages from the 

enriched libraries are monoclonally amplified and printed on the arrays (Figure 9).     

 

 

Figure 9. Summary of the construction of a T7 phage library and its subsequent biopanning process. 
cDNA libraries from tissue samples are directionally inserted into DNA phage vectors in frame with the C-
terminal end sequence of the 10B capsid protein. Then, the phage library is assembled and amplified by 
E. coli infection. Later, the biopanning process is performed. Immunoreactive phages against control 
antibodies are removed, and phages binding to the antibodies of interest are recovered and re-amplified. 
The biopanning process can be repeated three to four times for a higher enrichment. Finally, the enriched 
phage library is amplified, and monoclonal phages are isolated, individually re-amplified and printed on the 
microarrays.     
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Although phage arrays are a good alternative to high-density protein microarrays, the 

fabrication process is still very laborious, and may present problems of reproducibility due to the 

random process of selection and amplification of monoclonal phages from the enriched libraries. 

Besides, this technique shows a protein inference problem. Usually, the displayed peptides do 

not match with any known protein sequence, but present different grades of sequence identity 

with more than one protein. Therefore, they act as mimotopes rather than epitopes of the target 

proteins. This problem has now been solved with the construction of T7 phage libraries using up 

to 413,000 36-residue, overlapping peptides covering all the ORFs of the human genome and 

which can be sequenced by next-generation techniques (T7-Pep libraries). This avoids the 

presence of phages displaying non-coding DNA sequences which may act as mimotopes (78).  

 

Table 3. Characteristics of the main in vitro protein expression systems. Adapted from (79). 

 

 

As previously mentioned, another system for the fabrication of antigen microarrays is the 

immobilization of protein-coding DNA sequences on the surface of microarray slides for their 

subsequent recombinant protein expression by in vitro expression systems. This type of 

microarrays are known as in situ or self-assembling protein microarrays (80). At the moment, 

most in vitro expression systems use cell-free extracts for coupled transcription/translation 

(known as in vitro transcription/translation (IVTT) systems) of protein-coding genes cloned 

into specific vectors (Table 3). The crude extracts contain all the macromolecular components 

(ribosomes, tRNAs, translation factors), energy sources (ATP, GTP), energy regenerating 

systems (e.g. creatine phosphate or phosphoenolpyruvate) and cofactors for protein expression. 

Moreover, they include efficient RNase inhibitors and T7 or SP6 RNA polymerases for production 

of mRNAs templates. These systems are very useful for quick (less than two hours) just-in-time 
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high-throughput protein expression in proteomics studies, and are a valid option for those proteins 

which are toxic for cells, need complex post-translational modifications, are target of intracellular 

proteases or have a very complex folding. Nevertheless, most of these systems reach low to 

medium yields (0.05 to 10 mg/mL) and are very expensive, which restricts their use to expression 

of low amounts of protein (79, 81).         

Several types of in situ microarrays have been produced over the last two decades 

(Figure 10). The first type, called PISA (Protein in situ array), was designed in 2001 (82). In PISA 

arrays, DNA molecules (purified and unpurified PCR-amplified products) with a strong 

transcription promoter (T7, SP6 or araB) and encoding tagged-proteins (e.g. His6-tag) are 

attached to specific array surfaces (e.g. nickel chelate surfaces), which immediately bind to the 

protein tags after IVTT expression. Improved PISA arrays using multiple spotting techniques can 

render up to 13,000 different gene-coding sequences (83, 84). A newer version derived from PISA 

arrays is the DAPA (DNA to protein array) (85). In this approach, two slides and a membrane are 

used. The first slide has the DNA molecules covalently attached on its surface, and the second 

has the affinity reagent to which protein tags will bind after translation. The membrane, containing 

the IVTT system components, is placed between the two slides so that the expressed proteins 

diffuse towards the second slide. Another type of in situ protein arrays are the PUCAs (puromycin 

capture arrays), which use a 3’-biotinylated and 5’-puromycin coupled oligonucleotide 

complementary to the 3’-end of the linear protein-coding DNA sequences. Whereas the DNA 

fragments remain bound to a streptavidin-covered surface through biotin, the synthesized 

proteins get covalently attached to the puromycin-coupled end of the oligonucleotide during 

translation and therefore, get immobilized on the slide (86).  

Although these strategies have been shown to be useful for the immobilization of a relatively 

high number of proteins, the most used type of in situ microarrays are NAPPAs (nucleic-acid 

programmable protein arrays), designed between 2004 and 2008 (80, 87). In this approach, 

protein-coding sequences are part of purified supercoiled plasmids which are printed on amino 

silane-coated slides in a buffer containing BSA, to reduce non-specific binding; an anti-tag 

antibody (normally anti-glutathione S-transferase antibody (anti-GST)) to capture the synthesized 

proteins; and BS3 (bis(sulfosuccinimidyl)suberate), an amine-to-amine homobifunctional cross-

linker to help antibodies, DNA and expressed proteins maintain a correct orientation and avoid 

diffusion.  
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Figure 10. Schematic view of the different in situ protein arrays. PISA, Protein in situ array; DAPA, DNA 
to protein arrays; PUCA, puromycin capture arrays; NAPPA, nucleid acid programmable protein arrays. 
Image adapted from (88). Image partially created using BioRender™. 

 

NAPPA arrays take advantage of: (i) the higher yields of in vitro protein expression when 

using supercoiled plasmid DNA as template; and (ii), the thousands of protein-coding genes 

cloned into in vitro expression plasmids by the high-throughput Gateway® technology (89) and 

available in repositories like DNAsu (https://dnasu.org/DNASU/). NAPPA arrays have been widely 

used for the identification of serum biomarkers in cancer (90, 91), osteoarthritis (36) or ankylosing 

spondylitis (92), and for characterization of protein-protein interactions (93). Although a C-terminal 

GST-tag was originally used to capture the expressed proteins, other fusion proteins like Flag, 

HA and c-myc have been used. Besides, to avoid the low-efficiency of protein capture using anti-

tag antibodies, a new type of NAPPA arrays using HaloTag has been created (94, 95). HaloTag 

is a genetically engineered haloalkane dehalogenase from Rhodococcus rhodochrus (96), which 

forms a stable covalent bond with haloalkane chains. Then, proteins fused to HaloTag can be 

directly immobilized after their expression on surfaces functionalized with different specific 

HaloTag ligands (97).  
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2.3.2.3. Reverse-phase protein arrays 

Reverse-phase microarrays (RPPAs), also known as cell lysate microarrays, are based on the 

printing of cell-lysates on the microarray slide for the subsequent analysis of the presence and 

the levels of specific proteins using antibodies. The first RPPAs were designed in 2001 to obtain 

the cell-signaling profile of laser captured microdissected pre-malignant prostate lesions (98). 

Since then, reverse-phase protein arrays have been used for multiple purposes, like the 

identification of the molecular effects of anthrax in lung cells (99), tumor-stroma interactions (100) 

or candidate biomarkers in cancer (101). Besides, reverse-phase arrays of serum samples have 

been used to measure the abundance of proteins like IgA (102). 

 

2.4. Proteomics strategies based on mass spectrometry analysis 

Like microarray technologies, mass spectrometry (MS)-based methods are powerful tools for the 

identification of biomarkers from complex protein mixtures. Although these techniques offer a 

great specificity for the detection of proteins, the complexity of the sample can largely affect the 

resolution and sensitivity of the results and the detection of proteins at concentrations lower than 

1 μg/mL. Then, for high-throughput purposes, protein samples must undergo several separation 

treatments before they get to the mass-spectrometer. In bottom-up proteomics approaches, 

proteolytic enzymes are used to digest proteins into peptides before mass analysis. The digestion 

can be performed after proteins are separated by polyacrylamide gels (in-gel digestion), or directly 

in the protein mixture (in-solution digestion). Once digested, peptides are further separated using 

nano-high performance liquid chromatography (nHPLC)-columns and finally, run in the mass-

spectrometer (Figure 11A). On the other hand, in top-down proteomics approaches, the 

proteolytic step is forgone, so complete proteins, and therefore their different proteoforms, reach 

the mass spectrometer intact. In this approach, samples follow sequential prefractionation by 

alternative isoelectric point and mass separation techniques, like solution isoelectrofocusing 

(sIEF) and gel-elution liquid fraction entrapment electrophoresis (GELFrEE). Then, the obtained 

fractions are further separated by nano-HPLC columns before mass analysis (Figure 11B) (103, 

104). 

As bottom-up proteomics approaches are the most widely used in the field, and have also 

been the ones used during this thesis, this section will be focused on the steps followed in the 

bottom-up workflow for biomarker discovery, rather than on top-down proteomics approaches. 

2.4.1. Sample preparation and protein digestion for MS 

Sample quality is essential for reliability, quality and throughput of the mass spectrometry 

analysis. Thus, it is important to choose carefully the protein extraction method before the 

analysis, as it will have a large effect on the results. For example, the analysis of low-abundance 

or membrane proteins usually requires special buffers and previous depletion of high-abundance 

proteins, interfering substances like pigments and other organic-soluble molecules (105).  



INTRODUCTION 

72 
 

 

Figure 11. Schematic view of the followed workflows in bottom-up (A) and top-down (B) proteomics 
approaches. 2-DE, two-dimensional electrophoresis; Nano-HPLC, nano-high performance liquid 
chromatography; sIEF, solution isoelectrofocusing; GELFrEE, gel-elution fraction liquid fraction enrichment 
electrophoresis; pI, isoelectric point. Top-down workflow adapted from (104). Some figures were taken from 
BioRenderTM.  

 

As well as protein extraction methods, protein digestion methods have a big influence on 

the number and quality of results during protein identification. Thus, they have been improved 

and standardized over the last years. Classical approaches for protein digestion include 

enzymatic digestion and non-enzymatic digestion. Enzymatic methods are the most widely used 

and involve the use of different proteases. Trypsin is considered the gold standard in proteomics, 

and it has been improved for better activity, low-cost production and autolysis-resistance. 

Besides, this serine protease shows a high specificity for the hydrolysis of peptide bonds 

C-terminal to the basic amino acids arginine, and lysine, which are quite abundant and well-

distributed in proteins of many organisms. A typical standardized protocol for in-solution or in-gel 

trypsin involves previous protein denaturation using ionic detergents like sodium dodecyl sulphate 

(SDS) or chaotropic agents like urea or guanidine chloride, reduction of disulfide bonds with 

dithiothreitol (DTT), and alkylation of reduced cysteines by iodoacetamide or chloroacetamide 

(106, 107). Then, buffers are changed and the digestion is performed at neutral pH and 37 ºC up 

to 18 h. Finally, the reaction is stopped with agents like formic acid, and the resultant peptides 

are desalted using chromatography media fixed to pipette tips (ZipTip® methods). Although trypsin 

is the most used enzyme, other enzymes like chymotrypsin, pepsin and bacterial endoproteases 

with different specificities can be used if different peptides and conditions are required (108, 109). 

2.4.2. Protein separation methods for MS analysis 

The enormous complexity of the majority of biological samples prepared for proteomics studies 

normally require proteins and peptides to be previously separated in less complex fractions before 

mass analysis to achieve a higher resolution and sensitivity. The main protein separation methods 

used in proteomics are gel-based electrophoretic methods like one-dimensional (1-D) and two-



INTRODUCTION 

73 
 

dimensional (2-D) SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis), or 

chromatographic methods like the different HPLC-separation strategies.  

2.4.2.1. Gel-based electrophoretic methods 

Protein separation strategies based on gel electrophoresis are usually used as protein 

prefractionation methods before protein digestion. In 1-D SDS-PAGE, or just 1-DE, complex 

mixtures of denatured proteins with virtually the same mass-to-charge ratio are separated by size 

in response to an electrical field through polyacrylamide pores (110). 

 

 

Figure 12. Gel-based electrophoretic methods. (A) Silver-stained gel of a complex protein mix after 2-DE. 
IEF, isoelectrofocusing; MM, molecular mass. (B) Workflow used for differential in-gel electrophoresis 
(DIGE). Adapted from (111). 

  

This method was further improved with the addition of a previous step which separates 

proteins according to their isoelectric point (pI) by isoelectrofocusing. The combination of both 

separation steps was called 2-D SDS-PAGE, or just 2-DE (Figure 12A) (112). 2-DE is a powerful 

method for separating thousands of proteins at once, and gives information about protein purity 

and quantity. Besides, it allows for the identification of different isoforms (113). The visualization 

of proteins is made by MS-compatible staining methods like the anionic dye colloidal Coomassie 

Brilliant Blue G-250, with detection limits of 100 ng, silver-staining (detection limits of 1 ng but 

problematic for MS analysis) or by highly-sensitive fluorescent dyes like SYPRO-ruby.   

Although 2-DE is useful for protein separation, it presents clear limitations in terms of 

reproducibility (immobilized pH gradients for isoelectrofocusing might vary from batch to batch 

and depend on the electric field), throughput (too laborious process when many different proteins 
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need to be analyzed) and resolution for highly basic or acidic proteins. To improve sensitivity, a 

2-DE derived method called differential in-gel electrophoresis (DIGE) approach was designed for 

the direct detection of specific protein expression using 2-DE. In this method, fluorescent dyes 

like Cy2, Cy3 and Cy5 are used for direct labeling of different protein samples, which are then run 

in the same 2-DE experiment. Differential protein patterns in the samples are further analyzed 

using specific visualization tools (Figure 12B) (114).  

2.4.2.2. Chromatographic methods for MS: liquid chromatography 

Molecules can be separated by liquid chromatography according to their interactions with a 

stationary phase (chromatographic material) and a mobile phase (solvents). This step is 

essential for MS analysis of peptides obtained from the digestion of complex protein mixtures, 

and is also a useful step previous to protein digestion to decrease sample complexity or for the 

removal of highly-abundant proteins. Different types of chromatography methods are 

distinguished according to the interaction established between the sample and the stationary 

phase. Reverse-phase chromatography is based on the use of columns which are packed with 

a stationary phase composed of silica resin covered with covalently attached saturated 

hydrocarbon (alkyl) chains of different lengths. Proteins can be separated according to their 

hydrophobicity using a mobile phase of at least two different solvents, one more hydrophobic (e.g. 

acetonitrile) than the other (e.g. water or isopropanol). Using an acetonitrile gradient, they elute 

from lower to higher hydrophobicity. By ion exchange chromatography, the stationary phase 

presents ions which interact with oppositely charged ions of peptides and proteins. Elution of 

retained molecules is achieved by increasing the ionic strength of the mobile phase. Proteins can 

also be separated by their size using size-exclusion chromatography. In this case, the 

stationary phase is composed of porous beads of dextran polymers (Sephadex) or agarose 

(Sepharose), which can only be crossed by molecules smaller than a specific pore-size, so 

molecules with a larger size elute first, and for those which can penetrate, the higher the size of 

the molecule, the shorter is the travelled path across the stationary phase and the earlier the 

molecule elutes. Another way of separating proteins is the use of affinity chromatography, in 

which the stationary phase contains a molecule with a high binding-capacity to specific proteins. 

For example, columns with immobilized protein-specific antibodies or packed with hexahistidyl-

binding Ni-nitrilotriacetic (Ni-NTA) resins (115, 116).  

A major problem of bottom-up proteomics is the generation of too many peptides after protein 

digestion for MS analysis. To increase the range of protein detection, samples with highly-

abundant proteins in the sample should be depleted before digestion with affinity 

chromatography. Besides, multiple chromatographic methods, like ion-exchange 

chromatography followed by reverse-phase chromatography of peptides, can be combined to 

increase the chances to detect low-abundance peptides by the mass spectrometer. This 

approach, called multidimensional liquid chromatography (MDLC), is incorporated to many 

HPLC-coupled tandem MS (see below) systems (LC-MS/MS systems), which allow for the 
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complete automation of sample injection, separation, mobile phase flow, peak detection and 

recovery, and is the most used chromatography platform in proteomics (117).    

2.4.3. Methods of MS analysis applied to proteomics 

Mass spectrometry is a highly sensitive analytical technique which consists of the identification 

and quantification of molecules by their mass-to-charge ratio after transformation into gas-phase 

ions and magnetic or electrical isolation. Thus, a mass-spectrometer includes, by definition, an 

ion source, a mass analyzer that measures the mass-to-charge ratio (m/z) of the ionized 

analytes and a detector that registers the number of ions at each m/z value (118).  

2.4.3.1. Ion source and ionization techniques 

The ion source is the compartment in which the samples to be analyzed, coming from LC systems 

or directly injected, are firstly introduced. Two main methods of soft ionization are used in 

proteomics, electrospray ionization (ESI) and matrix-assisted laser desorption/ionization 

(MALDI).  

 

 

Figure 13. Main ionization techniques used in proteomics. Electrospray ionization (ESI) and matrix-
assisted laser desorption/ionization (MALDI). Adapted from (118). 

 

In ESI, the sample, preferably in a polar solvent, is infused into the ionization source with a 

thin needle while a high potential is applied (3-4 kV), resulting in the formation of highly charged 

droplets (nebulization). These droplets are later driven electrically and vaporized using a warm 

neutral gas. Two models explain the formation of gas-ions by ESI. In the ion evaporation model, 

the electric field make the droplets reduce their size. Then, repulsive forces between the ions 

become very high, exceeding the surface tension of the droplets and resulting in ions that desorb 

into the gas phase. In the charge residue model, the solvent is continuously evaporated while the 

droplet is fragmented, so single ions with multiple charges are finally generated. In MALDI, the 

sample is solved in a suitable solvent, mixed with an excessive amount of matrix, placed on a 

MALDI plate and air-dried. Under these conditions, the sample and the matrix co-crystalize. Then, 

using a laser beam, the energy is absorbed by the matrix and the analytes in the samples desorb 
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into the gas phase as charged ions (Figure 13) (119). One of the main differences between ESI 

and MALDI is the state in which the sample is introduced into the ion source, as ESI uses solvated 

samples and MALDI uses the solid state. Thus, ESI is more suitable for highly complex peptide 

mixtures because it can be coupled to liquid chromatography systems, while MALDI is mainly 

used for simpler protein and peptide mixtures.       

2.4.3.2. Mass analyzers 

In mass analyzers, ions are separated based on their m/z values by using electric forces. 

Currently, four main types of mass analyzers are used in proteomics: quadrupole (Q), quadrupole 

ion trap (QIT), time-of-flight (TOF), and Fourier transform ion cyclotron resonance (FT-ICR) 

(Figure 14) (118).  

Quadrupole: this type of analyzers is composed of four parallel cylindrical rods. A direct 

current potential is applied to two of these rods, while the other two are linked to an alternating 

radio-frequency potential. This generates an electric field called quadrupole. Ions generated in 

the ion source are pulsed towards the quadrupole, where they undergo complex oscillation 

changes which allow for further filtering by m/z towards the detector.  

Quadrupole ion trap: in this type of mass analyzers, ions generated in the ion source are 

also pulsed towards the quadrupole, but in this case, all the ions at all the m/z ranges are retained 

until further selection. The lineal ion trap (LIT) and the lineal trap quadrupole (LTQ) are the most 

used. One special type of ion trap is the Orbitrap, in which the trap is formed by a central electrode 

which generates a voltage ramp to capture the ions, and two outer electrodes which maintain the 

ions at their positions forming circular orbits.  

Time of flight: these analyzers rely on the free flight of the ionized molecules through a 1-2 

meter-long tube. At the end of a tube, a reflector turn ions towards the detector, correcting 

differences in the kinetic energy not caused by the difference in m/z. The lower the mass, the 

earlier the ions reach the detector. TOF analyzers are usually coupled to MALDI instruments and 

are mainly used for the exact mass calculation of big macromolecules.  

Fourier transform ion cyclotron resonance: in this type of analyzers, the m/z calculations 

are based on the cyclotron frequency of the ions in a fixed magnetic field. The ions are retained 

in a trap called Penning trap where their resonant cyclotron frequencies (circular movements) are 

altered after application of an electric field. The change in their cyclotron frequencies is detected 

over the time and is related to their m/z spectra, which can be obtained after application of Fourier 

transformations during data processing.   
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Figure 14. Main types of mass spectrometers used in proteome research. Two examples of tandem-
in-space hybrid analyzers are shown: QqQ and Q-TOF. In QqQ analyzers, the second quadrupole acts as 
collision cell, where the precursor ion fragmentation is achieved by collision-induced dissociation (CID). In 
the Q-TOF analyzer, de third quadrupole is substituted by a TOF analyzer, and can be used with MALDI and 
ESI ionization techniques.  

 

Although individual mass analyzers reach high resolution and sensitivity values, they are 

usually used in the proteomics field in hybrid configurations, which allow for tandem MS, also 

known as MS/MS. Tandem MS consists of the isolation of a specific m/z ion (precursor ion, MS1 

spectra) which is then subjected to fragmentation and subsequent production of fragment ions 

(MS2 spectra), facilitating peptide identification. Three fragmentation methods are widely used 

in proteomics to generate MS2 spectra: collision induced dissociation (CID), higher energy 

induced dissociation (HCD) and electron transfer dissociation (ETD). To achieve tandem MS, 

several mass analyzers can be connected so that the isolation of the precursor ions is performed 

by the first analyzer (applying a mass filter so that only ions with a mass range have a stable 

trajectory), the fragmentation performed in a collision chamber (second analyzer) and the final 

m/z separation and calculation of the fragment ions is performed in a third analyzer. This is called 

tandem-in-space, and is used by quadrupoles and TOF analyzers, mainly coupled to MALDI-

based ionization techniques. Another type of tandem configuration is tandem-in-time, used in 

instruments where the precursor ion can be selected applying external fields to stabilize a specific 

ion populations, and then fragmented. This configuration can only be achieved by ion trap, 

orbitrap and FT-ICR analyzers. Some examples of hybrid configurations are QqQ (triple 

quadrupole), Qq-TOF, LTQ TOF, LTQ Orbitrap and Qq-Orbitrap (Q Exactive). This last 
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example is the one which has been used during this thesis. In the Q Exactive mass spectrometer, 

the third quadrupole of a QqQ analyzer is substituted by an Orbitrap (120).  

 2.4.3.3. MS-based quantitative approaches 

Differences in post-translational modifications, peptide length, charge and amino acid 

composition provoke variations in the ion intensity, which makes the absolute quantification of 

proteins by MS difficult. Thus, MS-based quantitative approaches are relative quantification 

methods and rely on the detection of small changes in the intensities of peptides with identical 

m/z ratio obtained in the same conditions during LC-MS/MS analysis. These strategies can be 

classified as stable-isotope labeling and label-free approaches (121).  

 2.4.3.3.1. Stable-isotope labeling methods 

Stable isotope-labeling is based on the assumption that although peptides labeled with stable 

isotopes can be equally separated by chromatography as their non-labeled counterpart, they 

display different m/z so they can be distinguished by mass analysis. Labeling can be introduced 

during the growth of the cells through the culture media (metabolic labeling), or through a 

chemical reaction after protein digestion (chemical labeling).  

The most used metabolic labeling in proteomics is SILAC (stable isotope labeling by amino 

acids in cell culture). In SILAC, two cell lines or the cell culture conditions to be compared are 

grown in amino acid-enriched culture media (122). In the so-called forward experiments, one of 

the cell lines/conditions is grown with media presenting stable isotope-labeled (13C and 15N) amino 

acids (mainly arginine and lysine to assure the presence of the isotope after trypsin digestion), 

while the other one is grown in media where the amino acids are not labeled. Normally, a reverse 

experiment is performed in which the cell culture previously grown in stable isotope labeled media 

is now grown in non-labeled media to avoid labeling bias (123). Finally, the extracted or secreted 

proteins from both cultures are mixed 1:1, separated by SDS-PAGE and analyzed by LC-MS/MS 

and bioinformatics (Figure 15A).  

Chemical labeling in proteomics is mainly performed by isobaric mass tagging, in which the 

addition of mass tags initially produces no mass changes. Thus, peptides with different tags 

coelute after liquid chromatography but can later be quantified by the ratio of the intensities 

obtained from the mass tags after their separation from the peptides during tandem MS/MS. The 

isobaric mass tagging technique most used in proteomics is the iTRAQ (isobaric tags for relative 

and absolute quantification) method (Figure 15B), patented by Applied Biosystems (124). Three 

clear regions can be distinguished among the chemical components of iTRAQ tags: a reporter 

group (based on N-methylpiperazine), a mass balance group (carbonyl) and a peptide-reactive 

group (N-hydroxysuccinimide). The overall mass of the reporter and balance groups is 145.1 Da, 

but following fragmentation of the tag amide bond, the balance group is lost and the reporter 

group is liberated. Chemical labeling is performed after trypsin digestion. Then, samples are 

combined, fractionated by HPLC and analyzed by coupled MS/MS. Up to eight different iTRAQ 

tags are available. Then, in contrast to SILAC, this technique allows for the comparison of more 
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than two conditions, and it is not limited to cell culture, as the labeling is performed after trypsin 

digestion. However, the labeling process must be carefully performed to avoid any sample bias 

and is much more expensive. Besides, the isobaric mass tagging increases the complexity of the 

peptide samples, and the fractionation by HPLC becomes more complex and difficult to analyze.    

 

 

Figure 15. Stable-isotope labeling methods. (A) Workflow for the identification and quantification of the 
proteins of the secretome of a specific cell line under two different conditions by the SILAC method. Forward 
and reverse experiments are shown. Adapted from (123). (B) Workflow for the quantification of two different 
samples by iTRAQ labeling followed by LC-MS/MS analysis. A schematic view of the iTRAQ isobaric tag is 
shown (lower panel*). Adapted from (124).   
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 2.4.3.3.2. Label-free quantification methods 

Label-free methods are based on the idea that identical peptides across different LC-MS/MS 

experiments can be directly compared under well-controlled conditions. For relative quantification, 

ion intensity and spectral counting can be used. The area of the peak intensity at a specific m/z 

ratio from a mass spectrum represents the ion abundance, which is equivalent to the number of 

ions for that m/z detected by the mass analyzer. Although ion abundance depends on the 

ionization efficiency of each peptide, relative quantifications can be calculated using the ion 

abundance ratio between identical peptides. On the other hand, the spectral count for a protein 

is equal to the sum of the number of MS/MS spectra obtained for each peptide of that protein. 

The more abundant is the protein, the more abundant is each peptide of the protein and the more 

likely will the peptide be selected for MS/MS. With this premise, protein abundance correlates 

with spectral counting, and then it can be used for relative quantification (121, 125, 126).   

 

 

Figure 16. Ion abundance calculation from the same peptide of two samples. (A) Extracted 
chromatograms of the same peptide of two different samples with highly correlated retention times. Ion 
abundance can be calculated from the area under the ion intensity (peak volume). (B) MS2 fragment 
spectrum from sample 1 for peptide identification. (C) Complete MS1 spectra of the identified peptide in both 
samples, showing identical m/z and similar retention times. Adapted from (121). 

 

2.4.4. Protein identification from shotgun MS data  

The experimental data obtained from bottom-up proteomic experiments mainly consist of 

MS1 and MS2 spectra. These data have increased in number and complexity in the last years 

because of the emergence of high-acquisition hybrid mass spectrometers (e.g. LTQ-Orbitrap or 

Q Exactive) and the availability of genome sequences, reaching sizes ranging from thousands to 

millions of spectra. Then, the interpretation of these data cannot be done manually, and relies 

largely on the use of bioinformatics. Three main strategies have been defined for the identification 

of peptide-derived tandem mass spectra: spectrum sequencing, where peptide sequences are 

directly inferred from the spectra; spectral library searching, where the spectra are searched 
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against a library of spectra of characterized molecules; and sequence database searching, 

where the spectra are searched against a database of reference peptides or protein sequences 

using a so-called search engines (127). A summarized workflow of the peptide and protein 

sequence identification using database searching is depicted in Figure 17. The MS2 spectra firstly 

undergoes pre-processing, including the removal of low intensity peaks. Then, the database is 

also processed, using in silico digestion and fragmentation, obtaining theoretical spectra to 

compare with the experimental data. The comparison is performed under search-engine 

parameters provided by the user and the quality of the matches is evaluated by algorithm-derived 

scores. Finally, a list is obtained including scored peptides with their corresponding peptide-

spectrum matches (PSMs) and the identified protein candidates inferred from them (128).  

 

 

Figure 17. Summary of the workflow used by database search engines. The obtained experimental  
MS2 spectra is introduced into the search engine software and undergoes preprocessing to remove low-
quality spectra. Then, the protein sequences from the chosen database are digested in silico and their 
theoretical spectra are predicted. Filtered MS2 spectra and theoretical spectra are compared under specific 
parameters and scored, obtaining a final list of results with scored candidate peptide-sequence matches 
(PSMs). Adapted from (128). 

 

 The search engine election in proteomics is dominated by the two original search 

engines, SEQUEST (129) and MASCOT (130), followed by two more recent and open access 

alternatives, OMSSA (131) and X!Tandem (132). These engines are usually included in 

automated software packages for proteomic data analysis, which can be divided in two main 

groups: monolithic applications and modular workflow systems. Monolithic applications, which 

include free open source (e.g. Skyline (133)) and close source (e.g. MaxQuant (134)) tools, are 

designed for one or a few specific purposes and feature an easy-to-use graphical user interface 

(GUI). Although user friendly, these tools are quite rigid, and their use with workflows different 

from the specified by the developers is quite difficult. On the contrary, workflow systems consist 

of small computational tools, which can be combined to create user-designed workflows. 

However, that combination is sometimes too complex for most users (135). During this thesis, a 
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modular workflow system called Proteome Discoverer (PD)™ was used with a workflow in which 

peptide PSMs were assigned by SEQUEST, and the scores validated through the percolator 

algorithm (136).  

 

2.4.5. Interpretation of the bottom-up proteomic data 

LC-MS/MS approaches have achieved a higher throughput than other techniques, making 

the computational analysis and interpretation of the data much more challenging. The first main 

challenge is the identification of the peptide sequences from the thousands of generated MS/MS 

spectra, a problem now faced by the high-quality software tools and validation algorithms 

mentioned above. Nevertheless, the final goal of most proteomics experiments is to identify (and 

quantify if necessary) the proteins from the sample (protein inference), and this process can be 

challenging. Once the proteins are digested, the connectivity between proteins and peptides is 

lost, and this generates problems especially in higher eukaryote organisms, which may express 

many different proteoforms of the same gene-encoded protein. Many peptides can be present in 

multiple proteins (shared or degenerate peptides), so their identification can lead to ambiguities 

in the determination of the proteins. Then, the validation of protein identification must rely on the 

number of isoform-specific peptides. However, for proteoforms produced as a result of alternative 

splicing skipping consecutive exons, no conclusion for the shorter isoforms can be found by 

bottom-up proteomic approaches if the analysis is not previously accompanied by a technique 

giving additional information (e.g. theoretical molecular weight of the samples). Moreover, there 

are also artificial redundancies in most databases, like alternative sequences coming from 

sequencing errors, truncated sequences and existence of the same sequences under different 

names. These mistakes can only be resolved curating the databases prior to protein inference, 

and carefully analyzing the results. Another problem is the difficulty of assigning the correct 

sequence to a MS/MS spectrum when it contains similar mass amino acids (Asp/Asn and 

Glu/Gln/Lys) and identical mass amino acids (Ile/Leu). In the first case, only high-quality MS/MS 

spectra obtained with high-resolution mass analyzers can be assigned with the correct sequence. 

However, Ile/Leu substitutions are impossible to assign correctly, so this can also lead to incorrect 

protein identifications. Besides, if the sequence coverage is low, there are less possibilities to 

distinguish between proteins with a high sequence identity. This is the case for many proteins, 

because the number of identifiable peptides depends on sequence length, enzymatic digestion, 

mass range detection and also on unexpected post-translational modifications. As a result, many 

proteins are identified with only one shared peptide and the information is lost (137).   
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OBJECTIVES 

 

The general objective of this thesis has been the identification of new candidate biomarkers for 

the diagnosis of Alzheimer’s disease (AD) and olive pollen allergy using proteomics approaches 

such as protein microarrays and mass spectrometry. Besides, different biochemical, molecular 

cloning, spectroscopy and immunological techniques have been used. This main objective has 

been further separated into two blocks with the following specific objectives: 

 

Block 1. Identification of new candidate biomarkers for the diagnosis of 

Alzheimer’s disease. 

1. Identification of protein alterations in the prefrontal cortex of AD patients (Article I).   

Two sets of commercial antibody microarrays were used for the relative quantification of 

the expression of 706 different proteins in prefrontal cortex tissue samples from AD 

patients at Braak stages IV, V and VI in comparison to frontotemporal dementia and 

vascular dementia patients and healthy subjects to identify specifically deregulated 

proteins in the prefrontal cortex of AD patients.    

2. Characterization of the humoral response in AD for the identification of protein 

targets of autoantibodies with diagnostic ability (Article II and Article III). 

Phage display and protein microarray technologies were combined for the construction 

of phage arrays which were tested against serum samples from AD patients and healthy 

subjects to identify proteins targets of specific AD autoantibodies with diagnostic ability 

(Article II). Besides, other technologies such as immunoprecipitation coupled to mass 

spectrometry, PrEST planar arrays and suspension bead arrays were used for the 

analysis of the humoral response of AD patients.     

 

Block 2. Identification of new candidate biomarkers for the diagnosis of olive 

pollen allergy. 

4. Proteomic profiling of cultivated olive pollen for the identification of new potential 

allergens (Article IV). 

A bottom-up proteomics approach consisting of liquid chromatography coupled to a high-

resolution mass spectrometer was combined with a comprehensive bioinformatic 

analysis to obtain a functional protein profile of the olive pollen extract and identify its 

allergen families and new potential allergens.    
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5. Characterization of the new potential allergens identified by proteomics (Article IV 

and unpublished related data). 

The cDNAs encoding new potential allergens were cloned into expression vectors and 

recombinantly produced in E. coli for their biochemical and immunological 

characterization to identify and validate new olive pollen allergens. 

6. Identification of the main surface areas of the olive pollen cyclophilin, Ole e 15, 

contributing to the IgE-binding (Article V).  

The contribution of specific surface areas to the IgE-binding was assessed by the 

immunological characterization of eight protein chimeras generated by grafting specific 

amino acid differences between Ole e 15 and its human homolog PPIA.  
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MATERIALS 

 

Solutions and materials for general use 

 

Phosphate Buffer Saline (PBS): 0.8% NaCl (w/v), 0.02% KCl (w/v), 0.02% KH2PO4 (w/v) and 

0.3% Na2HPO4ꞏ12H2O (w/v), pH 7.3. 

Ammonium bicarbonate (ABC): 0.02, 0.15 or 2 M NH4HCO3, pH ~ 8.0. 

20 mM sodium phosphate buffer, pH 7.5. 

10 mM Tris-HCl pH 8.5 (Sigma Aldrich). 

Bovine Serum Albumin (BSA) (Sigma Aldrich). 

Agarose and low-melting point agarose for DNA and RNA analysis (Conda). 

PMSF (phenylmethylsulfonyl fluoride) (Sigma Aldrich) 

cOmplete™ Protease Inhibitor Cocktail (Roche) 

Protein G-Plus agarose beads (Santa Cruz Biotechnology) 

Coomassie Brilliant Blue R-250 (Sigma-Aldrich) and Coomassie Brilliant Blue G-250 (Merck, 

Darmstadt, Germany) 

WesternBrigh™ Quantum (Advansta) and Pierce ECL Western blotting substrate (Thermo 

Fisher Scientific). 

PD10 desalting columns (GE Healthcare, Chicago, IL). 

 

DNA agarose gels 

 

Tris-acetate-EDTA (TAE) running buffer for agarose electrophoresis: 40 mM Tris base, 

20 mM acetic acid and 1 mM EDTA, pH 8.5.  

DNA loading buffer (6X): 30% glycerol (v/v), 0.025% xylencyanol blue (w/v) for PCR products 

shorter than 2,000 bp; and supplemented with 0.025% bromophenol blue (w/v) for longer PCR 

products or plasmids. 

Staining solution: 1 μg/mL ethidium bromide in Milli-Q water. 

 

RNA agarose gels  

 

0.1% DEPC-treated water: 1 mL diethyl pyrocarbonate (DEPC) (Sigma Aldrich) in 1 L Milli-Q 

water, stirred 4 hours at 37 ºC and autoclaved 20 min for inactivation.   

10X Running MOPS buffer: 1 M MOPS (3-(N-morpholino)propanesulfonic acid) (Sigma Aldrich), 

50 mM Sodium acetate, 10 mM EDTA. 

Agarose-formaldehyde solution (100 mL): 10 mL 10X running MOPS buffer, DEPC-treated 

water up to 86 mL. Then agarose is added (1% or 2% (w/v)) and the solution heated. Finally, 

16 mL formaldehyde (37%, Sigma Aldrich) are added.   
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1.5X RNA loading buffer: 45% formamide (v/v) (Sigma Aldrich), 16% formaldehyde, 5% glycerol, 

1 μg/mL ethidium bromide, 0.025% bromophenol blue. 

 

One-dimensional sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (1-DE/1D SDS-PAGE) 

 

SDS-PAGE running buffer: 25 mM Tris base pH 8.4, 0.14% glycine (w/v) and 0.1% SDS (w/v).  

Protein loading buffer: 50 mM Tris-HCl pH 6.8, 10% glycerol, 0.1% bromophenol blue (w/v) with 

0.1% SDS (w/v).  

Staining solution: 0.25% Brilliant Blue R-250 (w/v), 45% methanol (v/v) and 9% acetic acid (v/v) 

from glacial acetic acid. 

Destaining solution: 7.5% acetic acid (v/v) from glacial acetic acid.  

 

Enzyme-linked immunosorbent assay (ELISA) 

 

ELISA wash buffer: 0.5% Tween-20 (v/v, Sigma-Aldrich) in PBS. 

ELISA blocking buffer: 3% skim milk powder (w/v) (Central Lechera Asturiana) in PBS 

supplemented with 0.1% Tween-20 (v/v). 

ELISA solution for signal development: 0.1 M sodium citrate, 4% methanol (v/v), pH 5.0 with 

0.063% (w/v) o-phenylenediamine chloride (Merck) and 0.16% (v/v) hydrogen peroxide (30%) 

(Merck).  

ELISA 1N H2SO4 to stop signal reaction. 

 

Western blot (WB) assays 

 

Transfer buffer: 48 mM Tris-base, 0.0375% SDS (w/v), 39 mM glycine and 20% methanol (v/v).  

WB wash buffer: : 0.1% Tween-20 (v/v) in PBS (PBS-T). 

WB blocking buffer: 3% skimmed milk powder (w/v) in PBS supplemented with 0.1% Tween-20 

(v/v). 

 

Two-dimensional electrophoresis (2-DE) 

 

Rehydration solution: 8 M urea, 2% CHAPS (v/v) and 0.08% DTT (w/v). 

Equilibration buffer I: 6 M urea, Tris-base 0.375 M pH 8.8, 2% SDS, 2% DTT (w/v) and 20% 

glycerol.  

Equilibration buffer II: 6 M urea, Tris-base 0.375 M pH 8.8, 2% SDS, 2.5% iodoacetamide (w/v) 

and 20% glycerol. 
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Purification of HaloTag fusion phage peptides and potential allergens  

 

Equilibration buffer: 20 mM phosphate, 300 mM NaCl, pH 8.0. 

Lysis buffer: 20 mM phosphate, 300 mM NaCl, 1 mM PMSF, pH 8.0. 

Wash buffer: 20 mM phosphate, 300 mM NaCl, 2.5/10 mM imidazole (for fusion 

peptides/allergens, respectively), pH 8.0.  

Elution buffer: 20 mM sodium phosphate, NaCl 300 mM, 500 mM imidazole, pH 8.0. 

 

Purification of Ole e 15-PPIA chimeras and HaloTag fusion Ole e 15-derived 

peptides 

 

Super Ni-NTA agarose resin (Qiagen/Generon SpA) 

Equilibration buffer: 50 mM phosphate, 300 mM NaCl, pH 7.0. 

Lysis buffer: 50 mM phosphate, 300 mM NaCl, 1 mM PMSF, pH 7.0. 

Wash buffer: 50 mM phosphate, 300 mM NaCl, 10 mM imidazole, pH 7.0.  

Elution buffer: 50 mM sodium phosphate, NaCl 300 mM, 250 mM imidazole, pH 7.0. 

 

Luminescence beads immunoassay 

 

HaloTag magnetic beads 50-80 μm ø (MagneBeads, MBs Magne® Halo Tag® beads, Promega 

Biotech Ibérica, Madrid).  

Bio-Plex Pro Flat bottom plates (Bio-Rad). 

Lysis buffer: 50 mM phosphate, 300 mM NaCl, 1 mM PMSF, pH 7.0. 

Blocking buffer: PBS-Tween 0.1% supplemented with 3% BSA (BPBS-T). 

Wash buffer: 0.1% Tween-20 (v/v, Sigma-Aldrich) in PBS. 

Elution buffer: glycine 0.1 M pH 2.7. 

 

Phage arrays 

 

Equilibration buffer: PBS.  

Blocking buffer: 5% skimmed milk powder (w/v) in PBS supplemented with 0.1% Tween-20 

(v/v). 

Wash buffer: 0.5% Tween-20 (v/v) in PBS. 
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Large planar and 384 PrEST planar arrays for autoantibody profiling 

 

Complex assay buffer (for serum dilution): 5% milk, 3% BSA and 0.1% Tween-20 in PBS 

supplemented with 150 μg/mL His6-ABP before use.  

Wash buffer: 0.1% Tween-20 in PBS. Used also for dilution of secondary antibodies. 

 

Antigen suspension bead array for autoantibody profiling 

 

384-well plates (Greiner) 

96-well plates (Greiner) 

SELMA robot 

Magnetic plate washer (EL406, Biotek) 

0.2% (v/v) paraformaldehyde (PFA) (Sigma-Aldrich) 

Blocking reagent for ELISA (BRE) (Roche).  

Storage buffer (SB): BRE supplemented with 0.1% proclin (Sigma-Aldrich)   

Activation buffer: 0.1 M phosphate buffer pH 6.1. 

MES buffer: 0.5 M 2-(N-Morpholino)ethanesulfonic acid hydrate pH 5.0 (Sigma-Aldrich). 

Complex assay buffer with or without His6-ABP (see above). 

Wash buffer: 0.05% Tween-20 in PBS. Used for dilution of secondary antibodies. 

NHS, N-Hydroxysuccinimide (Thermo Fisher Scientific). 

EDC, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (Thermo Fisher Scientific). 

 

Immunoprecipitation (IP) followed by liquid chromatography coupled to 

tandem mass spectrometry analysis (LC-MS/MS) for autoantibody profiling 

 

Lysis Buffer: 1% Triton X-100, 150 mM NaCl, 50 mM HEPES, 5 mM NaF, 5 mM Na4P2O7  and 

1 mM Na3VO4 supplemented with 1X cOmplete protease inhibitor cocktail (Roche). 

Elution Buffer 1: 0.1 M Glycine 2 M urea pH 2.7. 

Elution Buffer 2: 0.1 M Glycine pH 2.7. 

TBS: 50 mM Tris-HCl, 150 mM NaCl, pH 7.5. 

Wash buffer: 0.2% Triton X-100, 50 mM HEPES, 150 mM NaCl, pH 7.5. 

200 mM triethanolamine:  1.3 mL triethanolamine (Sigma-Aldrich) in 50 mL Milli-Q water. 

Ethanolamine (Sigma-Aldrich). 

Protein G HP SpinTrap (GE-Healthcare Life Sciences). 

50 mM DMP: 1.3 mL 200 mL triethanolamine with 0.017 g dimethyl pimelimidate dihydrochloride 

(DMP) (Sigma Aldrich). 
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Phage purification and phage DNA isolation  

 

2% gelatin (w/v) (filtered) (gelatin from pocin skin, Sigma-Aldrich). 

10X Protease Inhibitor Cocktail (Sigma-Aldrich). 

5 M NaCl. 

50% PEG-8000 solution (w/v). 

1 M MgCl2 

0.5 M EDTA. 

10% SDS (filtered). 

Phenol−chloroform−isoamyl alcohol 25:24:1 (v/v/v) (Sigma-Aldrich). 

 

DNA purification  

 

Absolute ethanol (>99%, Merck). 

70% ethanol (v/v). 

Glycogen (20 mg/mL) (Thermo Fisher Scientific). 

3 M Sodium acetate pH 5.2. 

Phenol−chloroform−isoamyl alcohol 25:24:1 (v/v/v) (Sigma-Aldrich). 

4 M LiCl 0.1 M MgCl2 solution. 

10 mM Tris-HCl pH 8.5. 

 

Plasmid screening by colony cracking 

 

Colony lysis buffer: for 25 mL, 0.25 mL 1 M Tris-HCl pH 7.4, 0.25 mL 10 M NaOH, 0.5 mL 0.5 M 

EDTA, 1.25 mL 20% SDS and 22.75 mL autoclaved Milli-Q water.  

1N HCl neutralization solution, per 100 mL, 91.8 mL Milli-Q water and and 8.2 mL 37% (w/w) 

HCl stock solution. 

DNA loading buffer (6X): 30% glycerol (v/v), 0.025% xylencyanol blue (w/v), 0.025% 

bromophenol blue (w/v). 

 

Microorganisms 

 

Bacterial strains for DNA propagation and cloning 

One Shot™ TOP10 Cells (Thermo Fisher Scientific) [F- mcrA Δ (mrr-hsdRMS-mcrBC) 

φ80lacZΔM15 ΔlacΧ74 recA1 araΔ139 Δ(ara-leu) 7697 galU galK rpsL (StrR) endA1 nupG λ-]. 

Used during this doctoral thesis for highly efficient transformation after DNA assembly reactions 

and ligation reactions, and for high quality superociled plasmid DNA production.  
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DH5αF' (Thermo Fisher Scientific). [F´ φ80lacZΔM15 Δ (lacZYA-argF) U169 recA1 endA1 

hsdR17 (rk-, mk+) phoA supE44 λ- thi-1 gyrA96 relA1]. Used alternatively to One Shot™ TOP10 

Cells. 

One Shot™ ccdB Survival™ 2 T1R Competent Cells (Thermo Fisher Scientific) [F-mcrA 

Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 araΔ139 Δ(ara-leu)7697 galU galK rpsL 

(StrR) endA1 nupG fhuA:IS2]. Used for the propagation of ccdB vectors (Gateway® and 

Gateway®-derived vectors).  

 

Bacterial strains for phage amplification 

BLT5615 (Novagen) [ompT gal hsdSB (rB− mB−) dcm lac pAR5615 (ampR)]. The pAR5615 

gene allows for isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible expression of the T7 10A 

capsid protein before infection, helping 10B capsid subunits with large peptide inserts encoded 

by the 10-3b vector to form functional infective T7 phage particles with a mixture of 10A and 10B 

proteins.  

BL21 (Novagen) [fhuA2 [lon] ompT gal [dcm] ΔhsdS]. It lacks IPTG-inducible expression of 

the T7 10A capsid protein before infection, only allowing for the production of T7 phage particles 

with multiple 10B capsid proteins subunits with small peptide inserts.   

 

Bacterial and yeast strains for recombinant production of proteins 

One Shot® BL21 (DE3) (Thermo Fisher Scientific) [F- ompT hsdSB (rBmB-) gal dcm (DE3)]. 

Protease-defficient E. coli strain for the inducible expression of proteins cloned under the T7 

phage promoter (e.g. into pET vectors). These cells contain the T7 RNA polymerase gene under 

the control of the lacUV5 promoter (DE3 DNA fragment) inserted into their genome. T7 RNA 

Polymerase expression can be induced by IPTG, which acts as a molecular mimic of allolactose, 

triggering the lac operon expression, and therefore, genes controlled by the lacUV5 promoter.  

KM71H (Thermo Fisher Scientific) [aox1::arg4, arg4]. Pichia pastoris yeast strain obtained 

from the original KM71 strain (arg4, his4) with the AOX1 gene disrupted by the insertion of the 

Arg4 gene and transformed with the His4 gene. This strain has a limited growing in medium 

supplemented with methanol (MutS phenotype). Compatible with the expression of genes 

controlled by the AOX1 promoter.  

 

Commercial T7 Phage libraries and antibody microarrays 

 

Panorama Antibody Microarrays-Cell Signaling Kit (Sigma Aldrich) 

RayBio Label-Based (L-series) Human Antibody Arrays 493 (RayBiotech) 

T7 Phage Display libraries displaying the mRNA repertoire of Alzheimer’s disease patients 

or controls (Novagen) 
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Plasmids 

pCR2.1: a 3.9 kbp plasmid with the kanamycin resistance gene which has been used for the 

direct cloning of PCR-amplified cDNAs from pollen tissue libraries. This vector is linearized within 

the TOPO-TA cloning kit (Thermo Fisher Scientific), with 3’-end thymine overhangs and a 

covalently attached topoisomerase through a phospho-tyrosyl (Tyr274) bond. Linear DNA 

fragments with 3’-end adenine overhangs hybridize with the linear vector overhangs and get 

covalently bound by the topoisomerase, forming a circular product. The pCR2.1 plasmid includes 

the gene encoding for the α-donor β-galactosidase peptide, which complements the mutant β-

galactosidase gene of E. coli, producing a functional enzyme. DNA fragments disrupt the α-donor 

peptide gene when they get inserted, so no functional β-galactosidase is formed. Transformed 

cells with plasmids containing the insert form white colonies in the presence of X-gal (an analog 

of lactose), whereas those cells transformed with the empty re-ligated vector produce blue 

colonies after X-gal hydrolysis (blue-white colony screening). 

pET-28a: it is a 5.4 kbp pET E. coli expression vector which has been used for the expression 

of the different potential allergens and Ole e 15-PPIA chimeras as N-terminal His6-tagged 

recombinant proteins. An alternative version of this plasmid with the GST-coding gene between 

the NdeI and BamHI restriction sites and in frame with the His6-tag was also constructed during 

this thesis (pET-28aGSTf (Kan)), and its kanamycin resistance gene was changed by the 

ampicillin resistance gene (pET-28aGSTf (Ampi)). This plasmid was used as template for the 

construction of a Gateway® pDEST™ vector (pDEST™-HaloHis, see below).   

 

 

 
Figure 18. Maps of the pCR2.1, pET-28a and pET-28aGSTf (Amp) vectors obtained by SnapGene®.  
 

PPICZαA: it is a 3.6 kbp vector for secreted recombinant expression in P. pastoris under the 

control of the AOX1 promoter (inducible expression by methanol). It has resistance to bleomycin, 

phleomycin and Zeocin®. Proteins are cloned in frame with the α-factor secretion signal, so they 

are secreted out of the cell to the culture medium after expression. It allows for the possibility of 

adding a His6-tag at the C-terminal end of the protein of interest.  

pDONR™221: it is a 4.7 kbp vector with kanamycin and chloramphenicol resistance genes, 

a high-copy number replication origin (pUC-derived) and two AttP recombination sites. Used for 

the cloning of DNA inserts containing attB sites by the BP clonase II™ Gateway system. Stable 
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entry clones are generated with high efficiency, and are suitable for the subsequent subcloning 

into any of the Gateway® expression pDEST™ vectors.   

pDEST™-HisHALO: a 8.3 kbp Gateway® expression pDEST™ pET-derived vector designed 

and produced during this thesis work for the E. coli expression of peptides and proteins with an 

N-terminal hexa-histidine HaloTag tag (His6-HaloTag tag). It contains ampicillin and 

chloramphenicol resistance genes. This vector was assembled by HiFi DNA assembly (see 

Methods) using fragments obtained from the pET15b vector (template), the HaloTag coding gene 

from the pFN18a plasmid, and a Gateway cassette (containing attR recombination sites, the 

ccdB-coding sequence and a chloramphenicol resistance gene) obtained from the pDEST15 

vector.  

pDEST™-HaloHis: an 8 kbp Gateway® expression pDEST™ pET-derived vector designed 

and produced during this thesis for the E. coli expression of peptides and proteins with a 

C-terminal HaloTag hexa-histidine tag (HaloTag-His6 tag) as an alternative to the use of 

pDEST™-HisHALO. This vector was assembled from fragments obtained from the pET-28aGSTf 

(Amp) vector (template), the HaloTag coding gene from the pFN18a plasmid, and a Gateway 

cassette (containing the attR recombination sites, the ccdB-coding sequence and a 

chloramphenicol resistance gene) obtained from the pANT7-cGST vector (see Methods). 

 

 
Figure 19. Maps of the pPICZαA, pDONR™221, pDEST™-HisHALO, pDEST™-HALOHis, pFN18a, 
pDEST15, pET15b and pANT7-cGST vectors obtained by SnapGene®. 

 

Culture media  

 

All culture media were sterilized by autoclave unless indicated. Filtering was performed using 0.22 

μm filters (Thermo Fisher Scientific).  
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Culture media for preparation of chemically competent E. coli cells  

-Broth: 2% Tryptone (w/v), 0.5% yeast extract (w/v), 0.4 % Mg2SO4, 10 mM KCl, pH 7.6 with 

KOH.  

Tfb1: 100 mM RbCl, 50 mM MnCl, 30 mM potassium acetate, 10 mM CaCl2, 15% glycerol. The 

pH is adjusted to 5.2 with 0.2 M with acetic acid. Sterilized by filtering. Preserved at 4 ºC. 

Tfb2: 10 mM MOPS, 10 mM RbCl, 75 mM CaCl2, 15% glycerol. The pH is adjusted to 7.0 with 

KOH. Sterilized by filtering. Preserved at 4 ºC. 

 

Culture media for phage counting and amplification 

Top agar: per liter, 10 g Tryptone, 5 g yeast extract, 5 g NaCl, 0.6 g agar.  

K phosphate solution: per liter, 23.1 g KH2PO4, 125.4 g K2HPO4.  

Terrific Broth (TB): per liter, 900 mL deionized water, 12 g tryptone, 24 g yest extract, 4 mL 

glycerol. After 20 min autoclaving and cooling to 60 ºC, 100 mL of K phosphate solution are added. 

20X M9 Salts: per liter, 20 g NH4Cl, 60 g KH2PO4, 120 g Na2HPO4•7H2O. 

M9TB: per 100 mL TB, 5 mL 20X M9 Salts, 2 mL 20% glucose, 0.1 mL 1 mM MgSO4. 

 

Culture media for DNA amplification, bacterial transformation and bacterial protein 

production 

Luria-Bertani (LB): per liter, 10 g Tryptone, 5 g yeast extract, 10 g NaCl. 

Low salt Luria-Bertani (Low salt-LB): per liter, 10 g Tryptone, 5 g yeast extract, 2.5 g NaCl. It 

is used for liquid culture of bacteria containing a plasmid encoding Zeocin resistance (e.g. 

pPICZαA).  

LB-Agar: per liter, 10 g Tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar. 

Low salt LB-Agar: per liter, 10 g Tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar. For solid 

culture of bacteria containing a plasmid encoding Zeocin resistance.  

Super Optimal broth with Catabolite repression (SOC): per 200 mL, 160 mL Milli-Q water with 

4 g Tryptone, 1 g yeast extract, 0.12 g NaCl, 0.037 g KCl are autoclaved. After cooling, 20 mL 

100 mM MgCl2 and 20 mL glucose 200 mM sterilized by filtering are added.    

 

Culture media for Pichia pastoris for electroporation and protein production 

10X Dextrose: per liter, dissolve 200 g of D-glucose in 1 L water (20% dextrose). Filter for 

sterilization.    

Yeast extract-Peptone-Dextrose Medium (YPD): per liter, 10 g yeast extract and 20 g of 

peptone in 900 mL of water. Addition of 100 mL 10X Dextrose after autoclaving. 

YPD plates: YPD supplemented with 20 g agar before autoclaving. 

YPD sorbitol (YPDS)- Zeo: 10 g yeast extract, 20 g peptone, 20 g agar and 182.2 g sorbitol in 

900 mL of water. Addition of 100 mL 10X Dextrose and 100 μL Zeocin 100 mg/mL after 

autoclaving. Preservation in the dark and 4 ºC. Used for selection of electropored clones.  

BMGY (Buffered Glycerol-complex Medium): 1% yeast extract, 2% peptone, 100 mM potassium 

phosphate, pH 6.0, 1.34% Yeast Nitrogen Base, 4 × 10-5 % biotin, 1% glycerol. Per liter: 10 g 
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yeast extract and 20 g peptone. Autoclave. After cooling, 100 mL 10X stock potassium phosphate 

pH 6.0, 100 mL 10X YNB, 2 mL 500X biotin, 100 mL 10X glycerol. Used for yeast growing before 

protein expression. 

BMMY (Buffered Methanol-complex Medium): 1% yeast extract, 2% peptone, 100 mM potassium 

phosphate, pH 6.0, 1.34% Yeast Nitrogen Base, 4 × 10-5 % biotin, 0.5% methanol. Per liter: 10 g 

yeast extract and 20 g peptone. Autoclave. After cooling, 100 mL 10X stock potassium phosphate 

pH 6.0, 100 mL 10X YNB, 2 mL 500X biotin, 100 mL 10X methanol (5% methanol solution). Used 

for yeast protein expression. 

 

Antibiotics (1000X stocks) and other components for bacteria clone selection or protein 

expression 

30 mg/mL Kanamycin (Sigma Aldrich) in Milli-Q water (filtered).  

100 mg/mL Ampicillin (Sigma Aldrich) in Milli-Q water (filtered). 

34 mg/mL Chloramphenicol (Sigma Aldrich) in 100% ethanol (filtered).  

100 mg/mL Zeocin® (Thermo Fisher Scientific) in Milli-Q water (filtered). 

2% X-gal (w/v) (Sigma Aldrich) in dimethyl formamide (filtered).   

100 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma) in Milli-Q water (filtered). 

 

Commercial enzymes, cloning and nucleic acid purification kits, solutions 

for PCR and kits for measuring protein concentration 

T4 DNA Ligase (Thermo Fisher Scientific). 

DNase I (1 U/ μL) (Thermo Fisher Scientific). 

RNase A (100 mg/mL) (Qiagen). 

Proteinase K (2 mg/mL) (Thermo Fisher Scientific). 

Betaine (5 M stock) (Sigma Aldrich). 

Advantage 2 Polymerase mix (Clontech). 

TaKaRa Taq™ DNA Polymerase (rTaq, 250 U, 5 U/μL) (Clontech). 

DpnI (10 U/ μL) (Thermo Fisher Scientific). 

BstX I (10 U/ μL) (Thermo Fisher Scientific). 

TOPO-TA Cloning kit (Thermo Fisher Scientific). 

SMARTer RACE 5’/3’ kit (Clontech). 

Gateway® LR clonase and BP clonase Enzyme mix II (Thermo Fisher Scientific).  

Pierce BCA protein assay kit (Thermo Fisher Scientific, Pierce). 

NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs).  

In Fusion® HD Cloning kit (Clontech). 

TRIzol reagent (Thermo Fisher Scientific).  

RNeasy Plant Mini Kit (Qiagen). 

High Purity Plasmid Miniprep Kit (Neo-Biotech). 

Qiagen plasmid maxi kit (Qiagen). 

Wizard PCR Preps DNA Purification System (Promega). 
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Primary and secondary antibodies 

 

Table 4. Primary and secondary antibodies used in this thesis. 
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Biological material  

 

Prefrontal cortex tissue samples and serum samples from AD patients and healthy 

subjects 

Left prefrontal cortex tissue from the brain of post mortem healthy individuals, or with AD at Braak 

stages IV, V and VI, frontotemporal dementia or vascular dementia, were kindly donated by the 

BT-CIEN Tissue Bank of the Spanish Research Center for Neurological Diseases Foundation 

(CIEN Foundation). Samples derived from patients of the Alzheimer Patient Reina Sofia 

Foundation, where they receive continuous clinical assistance. Rapid brain autopsies are 

performed upon immediate call to the neuropathology unit staff with post mortem intervals 

between 2 to 4 h. The fresh brain is immediately divided into two symmetrical halves through a 

midsagittal cut. Whereas part of the left half is fixed in 4% phosphate-buffered formaldehyde for 

routine neuropathological assessment and diagnosis and classification of cases on the basis of 

international consensus criteria (138, 139), sections of both halves are cut in standard sections 

and rapidly frozen by immersion in −50 ºC isopentane (140). 

Serum samples from patients at AD Braak II, III, IV, V and VI stages, as well as from healthy 

subjects and other dementias, were also obtained from the BT-CIEN Tissue Bank. These samples 

were collected less than six months prior to post mortem histopathological assessment when AD 

patients were in moderate or advance clinical AD.  

 

Serum samples from olive pollen allergic patients and non-atopic individuals 

Serum samples were obtained from patients from the Unidad de Inmunología y Alergología del 

Hospital Reina Sofia de Córdoba (Spain), donated by Dr. Aurora Jurado Roger and Dr. Carmen 

Moreno; and from patients from the Servicio de alergia del Hospital La Paz, Madrid, Spain. All 

samples were handled anonymously according to the ethical and legal guidelines of these 

institutiuons. Written informed consent was obtained from all patients. Sera from olive pollen 

allergic patients were chosen according to their positive olive pollen skin prick test (SPT) and 

positive profile by ImmunoCAP 250 (Thermo Fisher Scientific, Uppsala, Sweden) measured 

according to standard operating procedures. Values > 0.35 kU/L by ImmunoCAP or  units of OD492 

> 0.1 as measured by ELISA were considered positive. SPTs were performed according to 

standard procedures. A wheal diameter <3 mm was considered negative. All patients included in 

the studies reported an immediate IgE-mediated allergic reaction (positive SPT) with olive pollen. 

Control (non-atopic) serum samples were obtained from healthy individuals reporting negative 

reactions after SPT with common standard protein extracts or allergens. 

 

Pollen and plant food material for preparation of protein extracts 

Olive pollen for proteomic analysis was purchased from Allergon  (Ängelholm, Sweden). This 

pollen had been collected from non-specified cultivated olive variants (Olea europaea subsp. 

europaea var. europaea) from a controlled area in California. Pollen from Arizona cypress 

(Cupressus arizonica), common saltwort (Sasola kali), lamb’s quarters (Chenopodium album), 
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London plane tree (Platanus × acerifolia), ash (Fraxinus excelsior), rye grass (Lolium perenne), 

birch (Betula pendula), black locust (Robinia pseudoacacia), mugwort (Artemisia vulgaris), wild 

privet (Lygustrum vulgare) and common lylac (Syringa vulgaris) were purchased from Allergon or 

from ALK-Abelló (Madrid, Spain). 

Plant food extracts were prepared using crude nuts such as hazelnut (Corylus avellana), 

pistachio (Pistacia vera), peanut (Arachis hypogaea), common wheat (Triticum aestivum), stone 

pine (Pinus pinea), cashew (Anacardium occidentale), sunflower seeds (Healianthus annuus); 

and fruits such as kiwi (Actinidia deliciosa, pulp and seeds), apple (Malus domestica, pulp) and 

banana (Musa x paradisiaca), pumpkin (Curcubita maxima, seeds), cucumber (Cucumis sativus, 

seeds), pepper (Capsicum annuum, seeds), yellow mustard (Sinapis alba, seeds) and sesame 

(Sesamum indicum, seeds). All plant food material was purchased at local food stores. 

 

Protein epitope signature tags (PrESTs) 

  

Protein epitope signature tags (PrESTs) were kindly provided from the Human Protein Atlas 

platform by the laboratory of Peter Nilsson during a short-stay of three months in the Affinity 

Proteomics Unit of the SciLifeLab (141-143). 

 

 

METHODS 

 

Agarose gel electrophoresis for separation of nucleic acid fragments 

 

Standard and low-melting agarose gels of 1.5-2% (w/v) or 0.7 to 1% (w/v) in TAE buffer were 

used for the analysis of PCR products or plasmids, respectively. After heating TAE-agarose until 

boiling, the mix was manually stirred gently, and then cooled down for solidification. Standard 

agarose electrophoresis was performed at a constant voltage of 100 V in TAE as running buffer. 

For low-melting agarose, the process was performed at 4 ºC at a constant voltage of 70 V. 

Samples were mixed with 6X DNA loading buffer. The DNA was visualized using 1 μg/mL 

ethidium bromide and analyzed using the Gel-Doc XR System (Bio-Rad). For RNA agarose-

formaldehyde gels, a pre-electrophoresis at 80 V for 10 min was performed before loading the 

samples. Then, samples were loaded after mixing with 1.5X RNA loading buffer and the 

electrophoresis was run at 90 V for 1 h.  

 

 

 



METHODS 

106 
 

One-dimensional SDS-Polyacrylamide gel electrophoresis (1-DE/ 1D SDS-

PAGE) 

 

SDS-polyacrylamide gel electrophoresis at different acrylamide concentrations was performed 

according to the Laemmli method (144). Glasses of 8 × 7.3 cm size and 0.75 mm or 1 mm width 

were used for polymerization. Before loading, samples were mixed with 3X loading buffer or 

resuspended in 1X loading buffer and heated at 95 ºC for 10 min. If needed, samples were 

reduced with 5% (v/v) β-mercaptoethanol. Mini-Protean III cells (Bio-Rad) were used for 

electrophoresis in SDS-PAGE running buffer. Electrophoresis was performed at constant 25 mA 

per gel. Proteins were visualized using Coomassie Brilliant Blue R-250.  

 

Two-dimensional SDS-polyacrylamide gel electrophoresis (2-DE/2D SDS-

PAGE) 

 

Isoelectrofocusing was achieved under reducing conditions with 3 mM tributylphosphine in a 

PROTEAN IEF cell (Bio-Rad) using pH 3−10, 7 cm length linear ReadyStrip IPG gels (Bio-Rad), 

following the manufacturer’s instructions. After isoelectrofocusing, proteins were separated by 

SDS-PAGE under reducing conditions in the presence of 50 mM DTT and 3.7% iodoacetamide. 

Proteins were visualized using Coomassie Brilliant Blue R-250. 

 

Electrophoretic transfer of proteins from polyacrylamide gels to 

nitrocellulose membranes 

 

The transfer of proteins from gels after 1-DE and 2-DE was performed by the Towbin method 

(145). Nitrocellulose membranes, Whatman™ filter papers and polyacrylamide gels were 

hydrated with transfer buffer at room temperature (RT) for 10 min. Protein transfer was developed 

in a Transfer-Blot Semi-Dry Transfer Cell (BIO-RAD) at a constant amperage of 1 mA/cm2 for 1 h. 

Membranes were preserved dried at 4 ºC until use. 

 

Silver staining of polyacrylamide gels 

 

Firstly, proteins were fixed incubating the gel for 1 h or for 16 h with a 12% acetic acid (v/v), 50% 

methanol (v/v) and 0.05% (v/v) 37% formaldehyde solution. Then, three 20 min washes with 50% 

ethanol (v/v) were performed. Later, the gel was treated for 1 min with a 0.2 g/L sodium 

thiosulphate solution on mild shake. Immediately, the gel was washed three times for 20 s with 

Milli-Q water. Then, the gel was incubated with 0.2% silver nitrate (w/v) and 0.075% (v/v) 37% 

formaldehyde for 20 min on mild shake. Later, it was washed twice with Milli-Q water for 20 s on 

mild shake and the staining reaction was developed by incubation with a 6% (w/v) sodium 

carbonate 0.05% (v/v) 37% formaldehyde in manual continuous shake for a maximum of 10 min. 
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The reaction was stopped by three quick Milli-Q water washes and addition of a 12% acetic acid 

(v/v), 50% methanol (v/v) solution. The solution was changed several times to completely stop 

the reaction. Then, the staining was fixed by incubation with a 50% methanol (v/v) solution for 

20 min.  

 

Preparation of chemically competent E. coli cells 

 

Glycerol stocks of different E. coli strains (TOP10, DH5αF' and ccdB Survival) were refreshed on 

antibiotic-free LB-agar plates at 37 ºC for 16 h, using a 50 μg/mL ampicillin LB-agar plate as 

control to check that the initial stock was not contaminated. Next, the refreshed strain was grown 

at 37 ºC and 230 rpm in 5 mL -Broth until the OD600nm rechead a value of 0.3. Then, this culture 

was used to inoculate 50 mL -Broth until the OD600nm rechead a value of 0.5. The culture was 

transferred to a 50 mL sterile Falcon tube and centrifuged at 4,470 × g and 4 ºC for 20 min. Next, 

the supernatant was discarded, and the culture was re-centrifuged for 5 min to eliminate any rests 

of -Broth. Then, the culture was placed on ice and gently resuspended with ice cold Tfb1 buffer 

(15 mL for 50 mL cell culture). The resuspended pellet was incubated on ice for 90 min inside a 

cold chamber to avoid heating. Finally, it was centrifuged at 4,470 × g and 4 ºC for 20 min, and 

the pellet was gently resuspended in 10 mL ice cold Tfb2 buffer and transferred into 2 mL sterile 

cold tubes in 50 μL aliquotes which were preserved at -80 ºC until use. Transformation efficiency 

was checked transforming cells with 0.1 ng and 1 ng of pUC commercial plasmid and plating 

different volumes to estimate the number of colony formation units (cfu) per μg of DNA.  

 

Heat shock transformation protocol  

 

A 2 mL tube with 50 μL competent cells was thawn on ice. Then, a maximum of 5 μL of the DNA 

assembly mix, Gateway or ligation reactions (for TOP10, DH5αF’ and ccdB survival), or containing 

0.1 ng (for ccdB survival) or 10 ng (for BL21(DE3)) purified plasmid DNA, were added and gently 

mixed. The tube was placed on ice for 30 min and immersed into a water bath at 42 ºC for 30 s, 

and immediately placed on ice for 2 min. Then, 1 mL of 37 ºC pre-heated SOC medium was 

added and the cells were incubated for 1 h at 37 ºC and 230 rpm. Finally, 200 μL of the cells were 

plated on an agar plate with the corresponding antibiotic for selection. Then, the rest of the culture 

was centrifuged at 2,300 × g 5 min, 600 μL of the supernatant were removed and the pellet was 

resuspended in the remaining 200 μL and plated.   

 

Electroporation of fresh electrocompetent P. pastoris KM71H cells 

 

KM71H cells were refreshed from a glycerol stock on a YPD-agar Zeocin-free plate for three days 

at 30 ºC. Then, refreshed cells were grown in 10 mL YPD in a 50 mL baffled culture flask for 24 h 

at 30 ºC 200 rpm until saturation. Later, 40 μL of the grown culture were used to inoculate 100 mL 
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YPD in a 250 mL buffled culture flask. The culture was grown at 30 ºC 200 rpm for 14 h until the 

OD600nm reached 0.9. The culture was transferred to 50 mL Falcon tubes and centrifuged at 

6,400 × g 4 ºC for 5 min to pellet cells. Cells, always maintained on ice, were gently resuspended 

in 100 mL ice-cold sterile Milli-Q water (per 100 mL cell culture) and re-centrifuged at 6,400 × g 

4 ºC for 5 min. The process was repeated once, this time with 50 mL ice-cold sterile Milli-Q water. 

Then, cells were pelleted again at 6,400 × g 4 ºC for 5 min and gently resuspended in 10 mL 

ice-cold sterile 1 M sorbitol. Then, ice-cold electrocompetent cells (80 μL) were quickly mixed into 

an electroporation cuvette with a 10 μL ice-cold sample of Milli-Q water containing the 

phenol-chloroform-isoamyl alcohol purification of a BstX I digestion of 10 μg of pPICZαA with the 

interest gene (plasmid linearization: 10 μg plasmid were digested with 20 U BstX I for 3 h at 55 

ºC in a final volume of 50 μL Milli-Q water, inactivated at 80 ºC for 20 min and then purified). The 

cuvette was cooled on ice for 5 min and then electropored in a Gene Pulser Xcell™ electroporer 

(Bio-Rad) at 150 V, 25 W and 25 mA. Immediately, 1 mL ice-cold sterile 1 M sorbitol was added 

and the total volume was transferred to a sterile Falcon tube. Then, 1 mL YPD was added and 

the cells were incubated for 2 h at 30 ºC and 200 rpm. Finally, the cells were pelleted at 6,400 × g 

4 ºC for 5 min and gently resuspended with 500 μL YPD. A total of 100, 150 and 250 μL cells 

were plated on YPDS plates with 100 μg/mL, 500 μg/mL and 750 μg/mL Zeocin. Colonies were 

observed after growing for three days at 30 ºC. 

 

DNA purification protocols and screening of transformed E. coli cells 

 

Several DNA purification methods have been used during this thesis. Standard ethanol 

precipitation of DNA was performed for the purification of: PCR-amplified protein-coding genes to 

be cloned into expression vectors by the Gateway cloning system or by the HiFi or InFusion DNA 

assembly techniques; and for the purification of PCR-amplified phage cDNA inserts to be 

sequenced. Autoclaved Milli-Q water was added to the PCR products to a final volume of 100 μL. 

Then, 11 μL of 3M sodium acetate pH 5.2 and 350 μL of absolute ethanol (>99%) were added 

and gently mixed. The samples were then placed at -80 ºC for at least one hour or at -20  ºC for 

at least 6 h. For PCR products smaller than 200 bp or for the purification of very low amounts of 

DNA, 1 μL of 20 mg/mL glycogen solution was also added to act as a DNA carrier to improve 

recovery yields. Then, samples were centrifuged at 12,000 × g and 4 ºC for 20 min and the 

supernatant was carefully removed without disturbing the DNA pellet. Then, 500 μL 70% ethanol 

were carefully added to the tube to remove salts from the pellet. Then, the samples were placed 

at -80 ºC or -20 ºC for 30 min and centrifuged at 12,000 × g and 4 ºC for 20 min. Finally, the 

supernatant was removed and the ethanol traces were air dried. DNA pellets were resuspended 

in 10 or 20 μL 30 ºC pre-heated autoclaved Milli-Q water. The quality and purity of the purified 

DNA was later checked by agarose gel electrophoresis. 

For the purification of PCR products obtained from cDNA libraries, two different strategies 

were followed. If an only DNA fragment was observed after agarose gel electrophoresis, the PCR 

product was directly purified with the Wizard PCR Preps DNA Purification System following the 
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manufacturer’s instructions. When several fragments were observed, the sample was charged 

into a low-melting agarose gel and separated until the fragments could be excised without 

cross-contaminations. Excised bands were later purified by the Wizard PCR Preps DNA 

Purification System. The quality, purity and concentration of the purified DNA was later checked 

by 1.5 % agarose gel electrophoresis of 5 μL of the purified samples. 

For the purification of the linearized pPICZαA vector after digestion with the BstXI enzyme, 

the whole digestion volume was taken to a final volume of 150 μL with Milli-Q autoclaved water. 

Then, 150 μL phenol−chloroform−isoamyl alcohol 25:24:1 (v/v/v) were added. The sample was 

vortexed for 15 s and centrifuged at 12,000 × g and 4ºC for 15 min. Around 90% of the aquous 

upper phase was moved to another tube. Then, 10 μL of a 4 M LiCl, 0.1 M MgCl2 solution and 2.5 

volumes of 100% ethanol were added, and the sample placed at -20 ºC for at least 2 h. Later, the 

sample was centrifuged at 12,000 × g and 4 ºC for 15 min, the 100% ethanol was carefully 

removed without disturbing the pellet and 70% ethanol was gently added to remove salts. Then, 

the sample was centrifuged again at 12,000 × g and 4 ºC for 15 min and the ethanol was 

completely removed by air drying. The purified DNA was resuspended in 15 μL Milli-Q autoclaved 

water. 

Small-scale plasmid DNA purifications (minipreps) were performed from 5 mL LB cultures 

grown for 16 h with the High Purity Plasmid Miniprep Kit (Neo-Biotech), following the manufacturer 

instructions. Purified plasmids were used for DNA sequencing or as PCR templates. When higher 

DNA quantities and concentrations were needed, large-scale plasmid DNA purifications 

(Maxipreps) were performed from 250 mL or 500 mL LB-cultures grown for 16 h at 37 ºC with the 

Qiagen plasmid maxi kit (Qiagen) following the manufacturer instructions. 

For the screening of transformed E. coli colonies, two methods were alternatively used. The 

first method was colony cracking. A single colony was directly resuspended in 40 μL colony lysis 

buffer, and immediately neutralized by gently mixing with a neutralization solution containing 5 μL 

6X DNA loading buffer and 3 μL 1 N HCl to be neutralized. The mix was incubated at -80 ºC for 

at least 30 min and centrifuged at 12,000 × g and 4 ºC. The supernatant (containing plasmid DNA, 

soluble proteins and fragmented genomic DNA) was analyzed by 0.7% agarose gel 

electrophoresis. The second method used was colony screening by PCR. A single colony was 

directly resuspended in 50 μL autoclaved Milli-Q water. For a 20 μL PCR, the following volumes 

and conditions were used: 4 μL 5 M Betaine, 5 μL Milli-Q water containing the single colony cells, 

2 μL 10X rTaq buffer, 1.6 μL dNTP mix (2.5 mM each), 0.1 μL rTaq (5 U/μL), 1 μL 10 μM forward 

primer, 1 μL 10 μM reverse primer, 5.3 μL autoclaved Milli-Q water (initial hold of 95 ºC for 10 min 

to lysate the cells, 30 cycles of 95 ºC for 1 min, 55 ºC for 1 min and 72 ºC for 3 min, and a final 

hold of 72 ºC for 10 min). Finally, 10 μL of the PCR were analyzed by agarose gel electrophoresis.  

 

Olive pollen total RNA isolation  

 

For the purification of total RNA from pollen tissue, a combination of the TRIzol and the RNeasy 

Plant mini kit protocols for RNA extraction was used. Olea europaea L. pollen purchased from 
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Allergon (100 mg per extraction) was placed in a 1.5 mL RNase Free tube, and 1 mL TRIzol 

reagent was added into each tube and mixed thoroughly up and down with the pipette to 

homogenize the sample. After an incubation of 5 min at RT to let TRIzol act, 0.2 mL chloroform 

were added, and the mix was shaked vigorously for 15 s by hand and incubated for 5 min at RT. 

After that, it was centrifuged at 4 ºC and 12,000 × g for 15 min. The colorless upper aqueous 

phase was carefully transferred into new 1.5 mL RNase free tubes, and 0.5 volumes of absolute 

ethanol were added. The samples were mixed gently by hand, and directly loaded onto an 

RNeasy Spin Column. After centrifugation, the flow-through was discarded and the column was 

washed with commercial buffers according to the manufacturer instructions. The columns were 

dried out by centrifugation at RT and 12,000 x g for 2 min to remove any traces of wash buffer. 

Finally, total RNA was eluted by two consecutive centrifugations after adding 50 μL DEPC-treated 

RT water (final volume of 100 μL).   

 

Determination of nucleic acid concentration and quality control 

 

Plasmid purity and concentration were firstly analyzed from an absorbance spectrum ranging from 

220 nm to 300 nm measured in a Beckman DU-7 spectrophotometer using a 0.1 cm optical path 

quartz cuvette, or in a NanoDrop® ND-1000 (Thermo Fisher Scientific). Concentration was 

calculated assuming that for a 1 cm optical path cuvette, the absorbance at 260 nm equals 1.0 

for a 50 ng/μL double-stranded DNA solution. Purity of the DNA was analyzed qualitatively by 

observing the spectrum shape and the 260/280 and 260/230 ratios. All concentration results and 

DNA quality were confirmed by quantity estimation through ethidium bromide fluorescence 

emission after agarose gel electrophoresis, using control samples of known concentration and 

purity, and DNA ladders (GeneRuler 1kb, Thermo Fisher Scientific). Purity, quality and 

concentration of purified PCR products were only calculated by quantity estimation through 

ethidium bromide fluorescence emission after agarose gel electrohporesis.  

Total RNA purity and concentration were analyzed as described above for plasmid DNA, but 

assuming that for a 1 cm optical path cuvette, the absorbance at 260 nm equals 1.0 for a 40 μg/mL 

double-stranded RNA solution. All concentration results and RNA quality were confirmed by 

quantification through ethidium bromide fluorescence emission after RNA agarose-formaldehyde 

gel electrohporesis. Alternatively, RNA concentration and quality were analyzed by means of a 

Bioanalyzer 2100 instrument (Agilent Technologies) at the Genomics Unit of the Complutense 

University.   

 

Molecular cloning methods 

 

Olive pollen cDNA library construction using the SMARTer RACE 5’/3’ kit 

The cloning of specific protein-coding genes from olive pollen involved the previous construction 

of a cDNA library from olive pollen total RNA. For the construction of this olive pollen cDNA library, 

we used the SMARTer RACE 5’/3’ kit, which is based on the SMART™ approach for full-length 
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cDNA library construction (146). This technique allows for the construction of two different 

single-strand cDNA libraries: a 5’RACE cDNA library and a 3’RACE cDNA library. The 5’RACE 

cDNA library is constructed by means of two oligonucleotides: a 5’CDS Primer A (Oligo dT) which 

allows for first strand synthesis from the 3’PolyA tail of the target gene mRNA; and a SMARTer II 

A primer containing a 3’ end with ribonucleotides which serve as template for reverse 

transcriptase. Thus, a first cDNA strand with some extra deoxinucleotides at the 3’ end is 

produced. Besides, the SMARTer II A has a 5’ deoxinucleotide sequence which promotes 

template switching, so in a second amplification step, the reverse transcriptase uses it as template 

and the amplified 5’RACE cDNA includes the cDNA sequence plus a specific 3’ end sequence 

complementary to the SMARTer II A primer. In the case of the 3’RACE cDNA, it is synthesized 

directly by means of a 3’CDS Primera A (Oligo dT) for first strand amplification (Figure 20). 

 

 

Figure 20. SMARTer 5’/3’ RACE cDNA amplification. Scheme of the synthesis of 5’RACE and 3’RACE 

cDNAs.   

 

The use of 5’RACE cDNA is optimal for PCR-amplification of the 5’-coding region of the cDNA 

of interest, and is used as a template in a PCR with the Universal Primer Mix (as forward primer) 

and a 3’ gene specific primer (3’GSP, as reverse primer) (Figure 21A). The 3’RACE cDNA is 

optimal for PCR-amplification of the 3’ coding region of the cDNA of interest, and is used as a 

template in a PCR with the Universal Primer Mix (UPM, as reverse primer) and a 5’ gene specific 

primer (5’GSP, as forward primer) (Figure 21B). Furthermore, both types of RACE cDNA can be 

used for the amplification of complete cDNAs using 5’GPS and 3’GPS oligonucleotides during 

PCR. 
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Figure 21. PCR amplification of target cDNAs using 5’ and 3’ RACE cDNAs by means of gene specific 
primers (GSPs) and the Universal primer mix (UPM).  

 

Here, 1 μg of olive pollen total RNA was used for the first strand synthesis of 5’RACE and 

3’RACE cDNAs following the manufacturer instructions. 

 

Amplification of cDNAs encoding potential olive pollen allergens 

A total of 9 different olive pollen cDNAs encoding full-length proteins have been cloned: three 

olive pollen cyclophilin isoforms, a cytosolic malate dehydrogenase, a mitochondrial malate 

dehydrogenase, an enolase, a pectate lyase and two Bet v 1-like proteins. All the cDNAs except 

that of the pectate lyase, could be directly amplified using degenerate or non-degenerate gene 

specific primers (GSPs) designed from the cDNA sequences of the Olea europaea var. sylvestris 

and the Olea europaea var. europaea genomes or from the peptide sequence obtained after the 

shotgun LC-MS/MS proteomic analysis (Table 5). In the case of pectate lyase, a cDNA fragment 

encoding the C-terminal end of the protien was firstly cloned, and a non-degenerate 

oligonucleotide was later designed to amplified the complete cDNA. For a 20 μL PCR, the 

following volumes and conditions were set when using GSPs: 4 μL 5 M Betaine, 0.8 μL 5’/3’ RACE 

cDNA, 0.4 μL Advantage 2 Polymerase 10X buffer, 1.6 μL dNTP mix (2.5 mM each), 0.4 μL 

Advantage 2 Polymerase (50X), 1 μL 10 μM 5’GSP, 1 μL 10 μM  3’GSP, 9.2 μL autoclaved Milli-

Q water. For PCRs using UPM, 2 μL UPM 10X and 8.2 μL autoclaved Milli-Q water were used. 

The Advantage 2 Polymerase is a mix of the Takara's Titanium Taq DNA Polymerase, and a 

minor amount of a proofreading polymerase for a balance of higher yield and higher fidelity than 

wild-type Taq. It is especially designed for amplification of DNA templates of high molecular mass 

up to 18 kbp, and cDNAs with blunt ends. All PCR products were analyzed by agarose gel 

electrophoresis and PCR conditions were optimized to achieve maximum yield and purity of the 

cDNAs of interest.  
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Table 5. Oligonucleotides for the cloning of cDNAs encoding potential olive pollen allergens. 

 
R, A or G; W, A or T; S, G or C; K, G or T 

 

 

TOPO-TA cloning of amplified cDNAs 

For the cloning and sequencing of amplified target cDNAs, the TOPO-TA cloning kit was used. 

This technology allows for the quick cloning of PCR products with 3’-adenine overhangs into the 

pCR2.1 TOPO vector. It is based on the use of the linearized vector presenting 3’-thymine 

overhangs attached by phospho-tyrosyl bonds to the Topoisomerase I of the Vaccinia virus 

(Figure 22). The amplified cDNA with 3’-adenine overhangs hybridizes with the vector, and its 5’ 

hydroxyl groups attack the phospho-tyrosil bond between the vector and the topoisomerase, 

promoting the release of the enzyme and the covalent joining of both DNA molecules. To perform 

this reaction, 3’-adenine overhangs were firstly added to the amplified cDNA molecules. With this 

purpose, non-purified PCR products were mixed with 0.5 μL rTaq (5 U/μL) and incubated for 

20 min at 72 ºC in a thermocycler. Then, the cDNAs were purified directly or after low-melting 

agarose gel electrophoresis with the Wizard PCR Preps DNA Purification System. Following the 

manufacturer’s instructions, a total of 28 fmol purified cDNA insert in a maximun volume of 4 μL 

of Milli-Q water were mixed with 1 μL salt solution and 1 μL TOPO-TA linearized vector, and the 

mix was taken to a final volume of 6 μL and incubated at 22 ºC for 16 h. Then, 4 μL were used 

for transformation of TOP10 cells. Cells were plated on 50 μg/mL LB-agar plates with 40 μL 2% 

(w/v) X-gal for white-blue screening. Only white colonies were used for colony screening, 

small-scale plasmid preparation and sequencing.   
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Figure 22. pCR2.1 TOPO-TA Cloning system. View of the Topoisomerase I reaction consisting of joining 
the linearized pCR2.1 vector and the target cDNA.   
 

DNA assembly methods 

After TOPO-TA cloning and sequencing, the target cDNAs of the potential allergens were 

subcloned from the pCR2.1-cDNA constructs into the corresponding expression vectors: pET-28a 

for the expression of N-terminal His6-tagged proteins in E. coli BL21(DE3), and pPICZαA for the 

expression of the olive pollen pectate lyase as a C-terminal His6-tagged secreted protein in 

KM71H P. pastoris yeast cells. The DNA fragments encoding Ole e 15-PPIA chimeras were 

obtained by PCR from the Ole e 15-pET-28a construct, and later subcloned into the pET-28a.   

   

 
Figure 23.  Gibson reaction. Schemes of the Gibson reaction for assembling overlapping DNA fragments. 
Adapted from the Gibson Assembly manual (New England Biolabs). 

 

Subcloning was performed using the NEBuilder® HiFi DNA Assembly Master Mix or, 

alternatively, the In Fusion® HD Cloning kit. Both are based on the Gibson assembly method 

(147), which consists of the assembling of multiple overlapping DNA fragments by the concerted 

action of a 5’-exonuclease (3’-exonuclease in the case of the InFusion mix), a proofreading DNA 
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polymerase and a thermostable DNA ligase (Figure 23). Firstly, the expression vector and the 

cDNAs were amplified by PCR with the Advantage 2 Polymerase using non-degenerate specific 

oligonucleotides to obtain linear fragments with 15 to 25 bp overlaps. Template vectors (1 ng to 

5 ng) were used for PCR, and they were later removed by digestion with 10 units of DpnI for 4 h 

at 37 ºC when necessary. Then, the reaction was stopped according to the DpnI manufacturer’s 

instructions. After, samples were purified by ethanol purification. The assembly reactions were 

set in a final volume of 10 μL, with 100 ng of the purified linearized vector and inerts in 3:1 or 2:1 

molar ratios (insert:linearized vector), following the manufacturer’s instructions. Chemically 

competent TOP10 cells were transformed with 2.5 μL and 5 μL of the reaction. Normally, ten 

colonies were used for colony screening, small-scale plasmid preparation and sequencing.  

DNA assembly by means of HiFi DNA Mix and In Fusion® HD cloning was also used to 

produce the pDEST-HisHalo and the pDEST-HaloHis vectors. The reactions were set in a 

maximum volume of 10 μL using 28 fmol of the purified linearized vector and 2:2:1 molar ratios 

(Halo insert: Gateway cassette insert: linearized vector), following the manufacturer’s instructions. 

Chemically competent One Shot™ ccdB Survival™ 2 T1R Competent Cells were transformed 

with 2.5 μL and 5 μL of the reaction. Ten colonies were used for colony screening, small-scale 

plasmid preparation and sequencing.    

 

Gateway cloning of His6-HaloTag fusion peptides 

Phage cDNA inserts encoding immunoreactive peptides, and thirteen sequences encoding 

overlapping peptides covering the entire Ole e 15 sequence, were cloned into the pDEST-HisHalo 

vector by means of the Gateway cloning system.  

 

 

Figure 24. Gateway Cloning Technology. Recombinant cloning reactions catalyzed by BP clonase II mix 
(A) and the LR clonase II mix (B). Adapted from Gateway® Technology with Clonase® II manual. 
 

The Gateway cloning system is based on the bacteriophage λ site-specific recombination 

system, which occurs between specific attachment (att) sites on the interacting DNA molecules. 

In the Gateway system, different recombinant att sites (attB, attP, attL, and attR) are found in 

different vector constructs. Firstly, the gene of interest is amplified by PCR using specific 

oligonucleotides containing attB sites. The PCR product is then mixed with an attP containing 

vector called donor vector (pDONR and pENTR vectors), to generate an entry clone with attL 
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sites. This reactions is catalyzed by the bacteriophage λ integrase and E. coli integration host 

factor proteins (BP Clonase® II enzyme mix). Then, the entry clone can be mixed with any attR 

containing vector (destination (pDEST) vector), to generate an expression clone. This reaction is 

catalyzed by the bacteriophage λ integrase and excisionase proteins, and the E. coli integration 

host factor protein (LR Clonase® II enzyme mix) (Figure 24) (148). In both reactions, cells 

transformed with the empty donor vectors die because the Gateway cassette includes the toxic 

ccdB gene (negative selection for bacterial strains like TOP10), which in the entry and expression 

clones is substituted by the gene of interest. Besides, positive selection is achieved by using 

kanamycin (for pDONR-derived entry clones) or streptomycin (for pENTR-derived entry clones) 

plates after BP clonase reactions, or by ampicillin plates after LR clonase reactions.   

For phage cDNA inserts, we used 5 ng of the purified phage DNA to perform PCR 

amplification by means of two oligonucleotides containing the attB recombination sites (forward 

primer ggggacaagtttgtacaaaaaagcaggcttcGTCAGGTGTGATGCTCGGGGA and reverse primer 

ggggaccactttgtacaagaaagctgggtCGGAGGTTCACCGATAGACGCCAGAAT, attB sites in small 

letters in italics) complementary to the 10-3b vector region immediately before and after the 

cDNA-insertion EcoRI and HindIII sites. After ethanol purification of the generated attB inserts, 

fragments were inserted using single step combined BP Clonase and LR Clonase reactions (149) 

with 150 ng pDONR221 (as donor vector), 150 ng pDEST-HisHALO (as destination vector), 

100 ng attB insert, 1 µL of LR Clonase® II and 1 µL of BP Clonase® II in a final volume of 6 µL in 

10 mM Tris-HCl pH 8.5. After incubation for 16 h at 25 ºC, 1 µL of Proteinase K solution was 

added and incubated for 10 min at 37 ºC to stop the reaction. Finally, 50 µL of chemically 

competent TOP10 cells were transformed using 5 µL of the combined BP/LR reactions. A quarter 

of the transformed cells were plated on kanamycin plates (to select entry clones), and the rest 

were plated on ampicillin plates (to select expression clones). 

 

 
Figure 25. View of the forward and reverse primer design for the cloning of Ole e 15-derived overlapping 
peptides.   
  

For the cloning of Ole e 15-derived peptides, the coding DNA inserts were firstly 

PCR-amplified using specific overlapping forward and reverse primers, each one containing: a 

5’-attB site, 36 non-overlapping bp from the Ole e 15-coding cDNA (encoding the 12 overlapping 

amino acids in the case of the reverse primer), and 24 overlapping bp between primers 

(Figure 25). Therefore, the primers could be also used as PCR templates for insert amplification 

during PCR. For a 20 μL PCR, the following volumes and conditions were set: 4 μL 5 M Betaine, 

0.2 μL rTaq (5 U/ μL), 2 μL 10X rTaq buffer, 1.6 μL dNTP mix (2.5 mM each), 5 μL 10 μM 

peptide-specific forward primer, 5 μL 10 μM peptide-specific reverse primer, 2.2 μL autoclaved 

Milli-Q water (initial hold of 95 ºC for 10 min, 30 cycles of 95 ºC for 1 min, 55 ºC for 1 min and 
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72 ºC for 3 min, and a final hold of 72 ºC for 10 min). Then, 3 μL of each sample were analyzed 

by 2% agarose gel electrophoresis. After ethanol purification of the generated attB inserts, 

fragments were inserted using single step combined BP Clonase and LR Clonase reactions as 

described above.  

 

Commercial antibody microarrays 

 

Two different antibody microarrays from two different commercial sources were used for the 

profiling of proteins mostly implicated in cell-cell communication and cell signaling processes. The 

antibody microarrays permitted the profiling of a total of 706 different proteins, with 11 of them 

coincident in both arrays (Caspase 3, Caspase 8, Cathepsin D, Cyclin D1, Cytokeratin pep 18, 

Fibronectin, HSP70, HSP90, Pyk2, S-100b, and SMAC).  

RayBio Label-Based (L-series) Human Antibody Arrays 493, consisting of two equal 

subarrays containing 493 unique antibodies, positive and negative controls spotted in duplicate, 

for the simultaneous detection of multiple cytokines, chemokines, adipokines, growth factors, 

angiogenic factors, proteases, soluble receptors, and soluble adhesion molecules, were obtained 

from RayBioTech. Microarrays were probed according to the manufacturer instructions using 

biotin-labeled samples followed by incubation with streptavidin-Cy3. Briefly, brain protein extracts 

were dialyzed and their concentration was calculated by bicinchoninic acid assay (micro BCA 

protein kit, Thermo Fisher Scientific). Then, protein pools of the groups of interest (healthy 

subjects and frontotemporal (FTD), vascular dementia (VD) and Alzheimer’s disease (AD) 

patients at Braak stages IV, V and VI) were prepared at final concentrations of 0.1 μg/μL using 

30 μg of protein in a final volume of 300 μL buffer A. Then, 3.3 μL biotinylation reagent were 

added and samples were incubated for 30 min in mild shaking at RT. The reaction was stopped 

with 3 μL stop solution and the samples were dialyzed. Finally, samples were centrifuged at 

12,000 × g for 5 min at 4 ºC to eliminate any insoluble material. Supernatants were recovered and 

ready-to-use samples of 600 μL at 0.33 μg/mL were prepared in blocking buffer. For the assay, 

microarrays were firstly tempered for 10 min at 4 ºC, then for 10 min at RT and finally for 1 h at 

RT in a laminar flow cabinet. Then, each subarray was blocked with 400 μL blocking buffer for 1 

h at RT and incubated for 16 h at 4 ºC with 400 μL of the protein pools, so that each pool was 

incubated in an independent subarray. After incubation, the arrays were washed twice with wash 

buffer 1 and twice with wash buffer 2. Each wash step was performed for 10 min at RT on mild 

shake. Later, 400 μL of streptavidin-Cγ3 were added to each subarray, and incubated for 2 h at 

RT on mild shake in the dark. Finally, the wash steps were performed again, and a final Milli-Q 

water wash step was done. Arrays were dried by centrifugation for 10 min at 250 × g and next 

day, scanned in a GenePix 4000B (Axon) 2-laser scanner at 532 nm.   

Panorama Ab Microarray-Cell Signaling antibody microarrays were purchased from 

Sigma-Aldrich and used following the manufacturer’s recommendations. Cy3 and Cy5 labeled 

samples were used for the detection of key cellular proteins with a special emphasis on cell 

signaling proteins. Each slide contained 224 antibodies printed in duplicate onto a 32-grid array, 
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each one containing seven antibody duplicates plus a Cy3- and Cy5-conjugated BSA positive 

control and a non-labeled BSA negative control. For normalization purposes, antibodies to 

housekeeping proteins (actin, myosin, and tubulin) were included in the arrays as they remained 

constant between physiological and pathological samples. For labeling, protein pools were 

incubated with 6.25 μL labeling Cγ3 or Cγ5 buffers following the manufacturer’s instructions. 

Then, 20 μg of each labeled sample to be compared were mixed and incubated with the array. 

Protein pools corresponding to healthy subjects and AD patients at Braak VI were labeled with 

both, Cγ3 and Cγ5 to analyze any bias caused by labeling. Briefly, for the assay, arrays were 

firstly incubated for one min in PBS at RT on mild shake, and then, 5 min with 3 mL of labeling 

buffer in the same conditions. After buffer removal, 5 mL of labeling buffer including 20 μg of 

labeled sample with Cγ3 and 20 μg of labeled sample with Cγ5, were added and incubated 30 

min at RT in the dark. Finally, the microarrays were washed three times for 5 min with wash buffer 

and twice with Milli-Q water. After drying by centrifugation, they were scanned at 532 and 635 

nm.  

 

Tissue microarrays and immunohistochemistry analysis and FISH 

 

For tissue microarrays (TMAs), samples from 44 AD patients at Braak stages IV, V and VI, VD, 

FTD and healthy individuals as controls were used to construct a paraffin block containing 

58 cores (1 core per patient plus 8 liver cores and 6 amygdala cores as controls) to allow 

immunohistochemistry analysis. A hollow needle was used to obtain a tissue core of 1 mm in 

diameter from selected tissue regions in formalin-fixed paraffin-embedded tissues (FFPE). These 

tissue cores were then inserted in a paraffin block resembling the tissue microarray. Sections 

from this FFPE TMA block were cut in a microtome and mounted on a microscope slide.  

Immunohistochemical staining was conducted in 4 μm FFPE brain sections. Slides were 

deparaffinized by incubation at 60° C. Biopsies were cut and incubated with PT-Link (Dako) for 

20 min at 95° C in a high pH buffered solution. To block endogenous peroxidase, holders were 

incubated with peroxidase blocking reagent (Dako). Biopsies were stained for 20 min with 

optimized antibody dilutions (Table 4) followed by incubation with the appropriate anti-Ig 

horseradish peroxidase-conjugated polymer (EnVision, Dako) to detect antigen-antibody 

interaction. Sections were then visualized with 3,3′-diaminobenzidine for 5 min and 

counterstained with haematoxylin. Immunoreactivity was graded as 0, absent; 1, mild staining; 2, 

moderate staining; or 3, intense staining. We classified the cases according to, both, the intensity 

of the staining and the percentage of areas showing reaction. In all cases, an external negative 

control was included.  

Translocations involving DDIT3 were analyzed by interphase fluorescence in situ 

hybridization (FISH) in a FFPE TMA using SureFISH DDIT3 dual color break-apart for DDIT. 

Cases with break-apart signals in ≥ 15% of the nuclei were considered positive for the presence 

of DDIT3 translocation. Positive and negative control slides were included with every batch for 

the validation of the assay. 
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Phage manipulation techniques and phage arrays 

 

Phage amplification (for phage libraries or monoclonal phages) 

For phage amplification, M9TB BL21 or 50 μg/mL ampicillin M9TB BLT5615 cultures were grown 

in Erlenmeyer flasks for 16 h at 37 ºC 250 rpm and then, 10-fold diluted and grown until OD600nm 

values of 0.5. Then, for BLT5615, 10B capsid protein expression was induced with 1 mM IPTG 

at 37 ºC for 30 min. Once cell cultures were ready for T7 phage infection (OD600nm value of 0.7-

0.9), they were distributed into Falcon conical tubes (5 mL aliquotes for medium-scale and 30 mL 

aliquotes for large-scale phage amplifications) or in 96-well plates with round bottom (150 μL cell 

culture per well). For infection with commercial phage libraries, a 5,000-fold dilution was used. 

For infection with previous library or monoclonal phage amplifications, a 1,000-fold dilution was 

used. For infection with isolated phage clones, phage caves were picked using 10 μL filter tips 

and carefully mixed with the culture in the well. Infected cultures were incubated at 37 ºC on shake 

at 200 rpm until complete cell lysis, using a non-infected culture as a reference of no lysis. Then, 

the lysate was supplemented with gelatin (0.02% (w/v)), PMSF (1 mM) and Protease inhibitor 

cocktail (1X). Finally, cell debris was removed by centrifuging at 16,250 × g, and the supernatant 

transferred to a new tube or well. 

 

 
Figure 26. Phage display and phage manipulation techniques. Images taken in the laboratory of different 
phage manipulation techniques. (A) Picture of a 5 mL phage library amplification (lysis) after E. coli BLT5615 
infection, in comparison to a non-infected cell culture (No lysis). (B) Picture showing monoclonal phage 
amplifications in 96-well plates (Lysis) in comparison to non-infected cell cultures (No lysis, see the bacterial 
cells pelleted in the well) after centrifugation. (C) Phage titration plates showing isolated caves corresponding 
to monoclonal phages.    
 

Phage biopanning 

Four rounds of biopanning were performed using two commercial T7 Phage Display libraries 

displaying the mRNA repertoire of Alzheimer’s disease patients or controls (Novagen). The 

system is based on the T7Select®10-3b vector, which is a protein display vector based on the 

bacteriophage T7, which allows for the cloning of cDNA fragments fused to the C-terminus of the 

10B capsid protein (a shorter isoform of 10A capsid protein as a result of a translational 

frameshift). In each round of biopanning, phage libraries were firstly incubated with purified IgG 
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antibodies from control subjects. Then, bound phages were discarded and non-bound phages 

were further incubated with IgG antibodies from AD patients. Finally, non-bound phages were 

discarded and bound phages were eluted and re-amplified for the next biopanning round.  

Isolation of IgG-antibodies was performed using 25 μL Protein G-Plus Agarose Beads. The 

beads were washed twice with PBS and blocked with 350 μL 1% BSA PBS (blocking buffer) for 

at least 1 h at 4 ºC, on rotation. Then, the beads were centrifuged at 800 × g to remove the 

supernatant, and incubated with 250 μL of 1:20 diluted either pooled healthy (non-AD beads) or 

AD (AD-beads) sera in blocking buffer incubated 4 h at 4 °C, on rotation. Then, non-AD beads 

were washed 1 min with PBS twice, and incubated with 350 μL of amplified phage library in 

blocking buffer  (315 μL amplified phage library + 35 μL 10X blocking buffer) for 2 h at 4 ºC, on 

rotation. Non-bound phages (supernatant) were saved for subsequent steps. AD-beads were 

washed 1 min with PBS twice, and incubated with the supernatant containing non-bound phages 

for 16 h at 4 ºC, on rotation. The beads were washed with 350 μL PBS twice (first and second 

rounds of biopanning) or ten times (third and fourth rounds). Finally, bound phages were eluted 

(eluted phages) with 100 μL 1% SDS by incubating 15 min at RT, on rotation. Eluted phages were 

re-amplified using 50 μL for infection of a 5 mL 50 μg/mL ampicillin M9TB BLT5615 culture. AD 

sera pool consisted of samples from one patient at Braak IV, four patients at Braak V, and one 

patient at Braak VI. Healthy sera pool consisted of samples from six healthy subjects.  

 

Monoclonal phage isolation for phage titration and amplification  

For each titration plate, 5 mL of melted Top-agar in a Falcon tube was maintained at 50 ºC in a 

water bath until use. Before use, 50 μL of 100 mM IPTG were added to each tube. A 50 μg/mL 

Ampicillin M9TB BLT5615 culture, or alternatively, a M9TB BL21 culture, were grown in an 

Erlenmeyer flask for 16 h at 37 ºC 250 rpm and then, diluted 10 times and grown until OD600nm 

reached a value around 0.7~0.9. Serial phage dilutions were prepared in a final volume of 1 mL 

in LB  (106, 108 and 1010 for amplified libraries, and 102 and 104 for eluted phages). Then, 100 μL 

of each phage dilution were mixed with 250 μL E. coli culture, added to 5 mL of melted Top-agar, 

shaked by vortex and poured onto a 50 μg/mL ampicillin or antibiotic-free LB-agar plate. After 

Top-agar solidification, the plates were incubated at 37 ºC until isolated caves could be observed 

and counted.  

 

Printing and use of phage arrays 

After biopanning, 1,536 phages from the third and four rounds of biopanning of both T7 phage 

libraries were amplified onto 96-well plates (see above) and manually transferred to five 384-well 

plates after 1:2 dilution in PBS 0.1% Tween 20. Then, 1,920 phages and controls were printed 

onto SuperNitro Substrates Nitrocellulose Coating slides (ArrayIt) using a MicroGrid II Spotter 

(GeneMachines) at 20°C and 50% humidity. Negative controls consisted of empty spots, PBS-

Tween 0.1%, or 1 μg/μL BSA. Positive controls consisted of three serial 1:10 dilutions starting 

from 1 μg/μL human and mouse IgGs. 
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Briefly, microarrays were equilibrated with PBS at RT for 5 min and then blocked with PBS-T 

supplemented with 5% skimmed milk (MPBS-T) for 1 h at RT with gentle shake. Then, 1:300 

individual human sera (eight sera from AD patients and eight sera from healthy subjects) in 

MPBS-T pre-incubated 2 h at RT with 20 μg of both, BLT5615 and BL21 E. coli protein lysates, 

were added to the arrays and incubated for 90 min at RT with 150 rpm rotation. After washing 

three times with PBS-T, monoclonal anti-T7 tag antibody (1:200 dilution, Sigma-Aldrich) in 

MPBS-T was added to the arrays and incubated 1 h at RT. After washing, human IgG antibodies 

and T7 phages were detected with Alexa-Fluor 647-labeled goat Anti-ihuman IgG (Thermo Fisher 

Scientific, Invitrogen) diluted 2,000-fold in 3% MPBS-T and Alexa Fluor 555-labeled goat 

Anti-mouse IgG (Thermo Fisher Scientific, Invitrogen) diluted 40,000-fold in MPBS-T, 

respectively. Finally, the arrays were washed three times with PBS-T and one last time with PBS 

and dried by centrifugation at 250 × g for 3 min at RT. The microarray scan was performed on a 

GenePix 4000B microarray scanner (Axon Laboratories, Boston, MA). The image analysis 

software Genepix Pro 7.1 (Axon Laboratories) was used for spot intensity quantification.  

 

Phage purification and phage DNA isolation 

Individual phage clones were first purified using saline polyethylene glycol (PEG) precipitation. 

Briefly, 500 μL of a 5 M NaCl solution was added to 4.5 mL cleared bacterial lysates containing 

phages. After mixing, 1 mL of 50% PEG 8000 was added, and the solutions were mixed by vortex 

and left for 16 h at 4°C on ice. Finally, samples were centrifuged at 2680 × g at 4 °C for 30 min, 

and the supernatants were discarded. Pellets (purified phages) were resuspended in 500 μL of 

PBS. Extraction of the 10-3b vectors (phage DNA) from purified individual phage clones was 

optimized using a phenol−chloroform−isoamyl alcohol mix after thermal denaturation. First, 

100 μg of RNase A (Qiagen), 6.25 μL of 1 M MgCl2, and 1 unit of DNase I were added to 500 μL 

of purified phage clones and incubated at RT for 45 min. Then, 20 μL of 0.5 M EDTA, 50 μg of 

Proteinase K and 10 μL of 10% SDS were added, mixed, and incubated for 90 min at 55 ºC. Next, 

600 μL of phenol−chloroform−isoamyl alcohol 25:24:1 (v/v/v) was added, mixed, and centrifuged 

at 16,250 × g at RT. The upper colorless supernatants were recovered, and the previous step 

was repeated once. Finally, DNA from the cleaned upper supernatants was precipitated and 

purified using ethanol and resuspended in autoclaved Milli-Q water.  

 

Phage cDNA insert amplification for sequencing 

The cDNA fragments inserted into the 10-3b vector were PCR-amplified for the analysis of cDNA 

insert diversity in the phage library, and for sequencing. For a 20 μL PCR, the following volumes 

and conditions were used: 4 μL 5M Betaine, 1 μL 1 ng/μL purified phage DNA, 2 μL rTaq 10X 

buffer, 1.6 μL dNTP mix (2.5 mM each), 0.1 μL rTaq (5 U/μL), 1 μL 10 μM T7_up2 primer, 1 μL 

10 μM  T7_down2 primer, 3.3 μL autoclaved Milli-Q water; initial hold of 95 ºC for 3 min, 30 cycles 

of 95 ºC for 1 min, 55 ºC for 1 min and 72 ºC for 3 min, and a final hold of 72 ºC for 10 min. Then, 

3 μL of each sample were analyzed by 1.5% agarose gel electrophoresis. Only single bands, 

which indicated no cross-contamination between phage clones, were sequenced.     
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Planar and suspension PrEST arrays 

 

384 PrEST and large PrEST planar arrays for autoantibody profiling  

The protocols here described correspond to standard operating procedures for the autoantibody 

screening on large and 384 planar arrays, updated the 4th of April 2017 (Eni Andersson, Ronald 

Sjöberg and Cecilia Mattson) and the 10th of March 2017 (Cecilia Hellström), respectively. The 

experiments involving large planar arrays were performed at the Affinity proteomics unit of the 

SciLifeLab in Solna, Sweden.  

Each 384 PrEST planar array slide consisted of 21 subarrays with 384 spots. A total of 5 pairs 

of slides were used, which allowed to test each slide pair (two slides containing the same printed 

PrESTs) against 20 sera from AD patients (AD group) and 20 sera from healthy subjects (healthy 

controls). One subarray of each slide was only incubated with wash buffer (0.1% Tween-20 in 

PBS) as negative control. The arrays were tested as previously described (67). Firstly, serum 

samples were diluted 250-fold in complex assay buffer and pre-incubated for 30 min at RT on 

shake. The slides were washed once for 5 min in 15 mL wash buffer at RT on shake, and once 

for 5 min in Milli-Q water at RT. Then, they were dried by short spinning and placed on the slide 

holders for the assay. Diluted samples were centrifuged and 60 μL of sample were added to each 

subarray and incubated at RT for 2 h on shake. Samples were discarded and the microarrays 

quickly dip-washed in wash buffer. Then, they were washed twice for 5 min in wash buffer on 

shake and incubated with 80,000-fold diluted anti-His6-ABP for 1 h at RT on shake in the dark. 

The antibody solution was discarded, the microarrays quickly dip-washed in wash buffer and then 

washed twice for 5 min in wash buffer on shake. Microarrays were incubated for 1 h at RT on 

shake in the dark with a solution containing 25,000-fold diluted Alexa Fluor® 647-AffiniPure F(ab')2 

fragment goat anti-human IgG, Fcγ fragment specific; and 60,000-fold diluted Alexa Fluor® 555-

goat anti-chicken IgY (H+L) secondary antibody. The microarrays were quickly dip-washed in 

wash buffer, and later washed twice for 5 min on shake. Finally, they were dip-washed in Milli-Q 

water, dried by centrifugation and scanned using a GenePix 4,000B microarray scanner at Red 

PMT 100%, Green PMT 100%, Scan Resolution 10.  

Each so-called ‘”large planar PrEST-array” includes two slides, one slide (set 1) with 29,568 

printed spots including 28,925 PrESTs; and another slide (set 2) with 29,184 printed spots 

including 28,613 PrESTs (approximately 42,000 unique PrESTs considering both sets, 

representing the products of 19,000 unique Ensembl IDs) (72). Each set of the large planar 

PrEST-array was incubated with different sera pools: three AD pools (n= 4 each) of patients at 

Braak stages II/IV, V and VI; and three control pools (n=4 each) of healthy subjects. Firstly, serum 

samples were diluted 100-fold in complex assay buffer and pre-incubated for 15 min at RT on 

shake. The slides were dip-washed several times in Milli-Q water and once for one min in Milli-Q 

water at RT on shake, to remove any dust particles. Then, they were dried by short spinning, 

placed on the slide holders and covered with the coverslips (previously washed with 70% ethanol 

and air dried) for the assay. Diluted samples (100 μL) were added to each array distributing the 

volume to avoid any bubble or dry spaces and incubated at RT for 1 h. Samples were discarded 
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and the microarrays quickly dip-washed in wash buffer. Then, they were washed once for 5 min 

in wash buffer on shake and incubated with 40,000-fold diluted anti-His6-ABP for 1 h at RT on 

shake in the dark. The antibody solution was discarded and the microarrays were washed twice 

for 5 min in wash buffer on shake. Microarrays were incubated for 1 h at RT on shake in the dark 

with a solution containing 15,000-fold diluted Alexa-Fluor® 647-labeled goat anti-human IgG (H+L) 

antibody and 15,000-fold diluted Alexa Fluor® 555-labeled goat anti-chicken IgY (H+L) antibody. 

The microarrays were quickly dip-washed in wash buffer, and later washed twice for 5 min on 

shake. Finally, they were dip-washed in Milli-Q water, dried by centrifugation and scanned using 

a Capital Bio LuxScan HT24: Full slide 3; PMT 950; Power 100; Resolution 10 μm, Width 22,000; 

Length 72,000.  

 

Antigen suspension bead array 

A total of 384 bead IDs (carboxylated, magnetic Luminex beads (MagPlex, Luminex Corp.)) were 

used in the arrays. Of them, 380 were coupled with 380 PrESTs (377 unique, three of them in 

duplicate) corresponding to 338 unique UniProtKB human protein entries. Before coupling, 

PrESTs previously purified by the Human Protein Atlas platform and contained in tubes at 0.4 

mg/mL or 0.8 mg/mL were diluted in MES buffer to 0.02 mg/mL in 96-well plates using a TECAN 

liquid handling robot. Four bead IDs were coupled with 0.9 µg anti-human IgG, 3 µg His6-ABP, 

2.25 µg EBNA1 and blocking buffer BRE as controls. For coupling, 20 μL magnetic Luminex 

beads (corresponding to 2.5 × 105 beads per identity (ID), 384×IDs) were transferred onto 96-well 

plates (Greiner BioOne), washed and resuspended in activation buffer using a magnetic plate 

washer (EL406, Biotek). The 380 PrESTs and the 4 controls were coupled at the same time, using 

four 96-well-plates of beads. Per plate, beads were quickly washed with 80 μL activation buffer, 

and resuspended in 50 μL activation buffer. Then, immediately, 60 mg NHS and 60 mg EDC were 

resuspended in 1.2 mL activation buffer and mixed with 3.6 mL activation buffer. A volume of 50 

μL of the resulting activation solution (6 mL 10 mg/mL NHS and 10 mg/mL EDC in activation 

buffer) were added to the corresponding 96-well plate containing the previously dried beads (0.5 

mg of EDC and 0.5 mg of NHS per well at 5 mg/mL concentrations). Then, the plate was sealed 

and incubated for 20 min in the dark. The same procedure was followed for the four plates, with 

all of them coupled before the first plate had finished coupling so as to avoid any loss in the 

coupling yield. They were centrifuged, washed twice with 100 μL MES buffer, and 100 μL of 

diluted PrESTs (2 µg per 2.5 × 105 beads/ID) or controls were added to each well. The plates 

were incubated for 2 h at RT on intense shake in the dark. Bead suspension was ensured by 

vortexing each 30 min. Then, they were centrifuged, washed twice with 100 μL MES and 

resuspended in freshly prepared 50 μL SB added by the magnetic plate washer. Finally, they 

were sealed, vortexed and incubated at 4 ºC on shake for 16 h. Then, the beads of each plate 

were mixed, recovered in a LoBind tube using a magnetic tube holder and resuspended in 625 

μL SB (a total of 4 tubes, each corresponding to one of the four 96-well plates, and containing 

2.5×104  beads per ID, were generated). Coupling efficiency was evaluated using an anti-His6-

ABP IgY antibody (Immunotech HPA) followed by an R-PE conjugated F(ab’)2 Fragment Donkey 
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Anti-Chicken IgY (Jackson Immunoresearch); and R-PE conjugated Goat F(ab’)2 Fragment anti-

human IgG (γ) antibodies. The assay was analyzed in a FlexMAP3D instrument (Luminex Corp.). 

Results from the FlexMap3D instrument were reported per bead identity as median fluorescence 

intensities (MFI) which were later used for data analysis. 

A total of 125 serum samples (77 AD samples and 51 healthy subjects), 3 sera pools and the 

assay buffer (in duplicates) were analyzed. For the assay, aliquoted randomized serum samples 

in 96-well plates were diluted 250-fold in complex assay buffer containing His6-ABP in a Greiner 

384 plate using a SELMA robot. Then, diluted samples were pulsed and incubated for 1 h at RT 

on shake. Equal volumes of each bead pool (plates 1 to 4) were mixed, generating a stock of 

100 beads per ID/μL. The stock was sonicated for 1 min before use. A total of 5 μL bead stock 

(500 beads per ID) were then transferred to each well of a 384 well-plate and centrifuged for 1 

min at 3,000 rpm. Forty-five μL of diluted sample were transferred to each well using SELMA, 

vortexed carefully and incubated at RT on shake for 2 h in the dark. Plates were pulsed and 

washed three times with wash buffer by the magnetic plate washer. Beads were resuspended in 

50 μL 0.2% PFA, vortexed carefully and incubated at RT for 10 min on shake. The plate was then 

pulsed at 170 × g and washed three times with wash buffer. The beads were resuspended in 50 

μL of a solution of 500-fold diluted R-PE conjugated Goat F(ab’)2 Fragment anti-Human IgG (γ) 

antibody, vortexed carefully and incubated at RT for 30 min on shake. Finally, the plate was then 

centrifuged at 170 × g and washed three times with wash buffer, the beads resuspended in 60 μL 

wash buffer and the assay analyzed in a FlexMAP3D instrument (Luminex Corp.).  

 

Protein preparation, purification and characterization 

 

Protein extracts 

For the proteomic profiling of olive pollen, commercial olive pollen from Allergon (batch no. 

032509801, Ängelholm, Sweden) collected in California from a controlled set of cultivated olive 

trees belonging to different cultivars was used for protein extract preparation. Three parallel 

protein extractions were performed and used later as independent biological replicates. In brief, 

for each biological replicate, 300 mg of olive pollen were separately resuspended gently in 6 mL 

of extraction buffer (100 mM Tris-HCl pH 7.3, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton 

X-100, and 1 mM PMSF with 1X Complete Protease Inhibitor Cocktail) using a tissue grinder 

Potter-Elvehjem. After homogenization, the resultant emulsion was transferred into a small 

beaker and subjected to mild stirring for 90 min at room temperature. Then, it was transferred to 

2 mL tubes and centrifuged at 12,000 × g for 20 min at 4 °C. The insoluble material of each tube 

was resuspended again in 1.5 mL of extraction buffer, transferred again into a small beaker and 

gently stirred for 1 h. After centrifugation, both supernatants were pooled together, aliquoted and 

saved at -20 ºC until use. Extract quality was analyzed by SDS-PAGE. The presence of allergenic 

proteins was confirmed by Western blot (WB) using olive pollen allergic patients’ sera. Pollen 

extracts used for inhibition analysis were prepared as described in (150). Plant food extracts were 

prepared as described in detail in (151-153) from biological material purchased at local food 
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stores. Generally, all extraction methods included grinding of the starting material in liquid N2, 

initial protein extraction using a tissue grinder Potter-Elvehjem and delipidation process with 

acetone and ethanol:ether. In all cases, the protein concentration in the extract was calculated by 

the Lowry method (154). 

For brain protein extracts used in antibody microarrays, prefrontal cortex tissue samples were 

cut in small pieces on dry ice and mechanically disaggregated with 1 mL 0.5% SDS in PBS with 

protease inhibition cocktail (Sigma). Mechanical disaggregation was achieved making the 

samples go accross a 16G needle syringe until homogeneity was observed. Finally, the solution 

was clarified by centrifugation at 12,000 × g. Protein samples were then pooled into six different 

groups according to their pathological characteristics (healthy subjects, FTD patients, VD 

patients, and AD patients ranging from Braak stages IV to VI). For brain protein extracts used for 

immunoprecipitation coupled to liquid chromatography and tandem mass spectrometry (IP 

coupled to LC-MS/MS), prefrontal cortex tissue samples were cut into small pieces on dry ice, 

and mechanically disaggregated with 1 mL lysis buffer containing 1% Triton X-100, 150 mM NaCl, 

50 mM HEPES, 5 mM NaF, 5 mM Na4P2O7  and 1 mM Na3VO4 supplemented with 1X protease 

inhibitor cocktail (Roche). Mechanical disaggregation was achieved making the samples go 

across 16G and a 18G needle syringes until homogeneity was observed. The quality of all brain 

protein extracts was assessed by Coomassie staining after 10% SDS-PAGE. Protein 

concentration was determined by BCA and confirmed by Western blot analysis using an anti α-

tubulin antibody (T9026, Sigma-Aldrich) 5,000-fold diluted.   

  

Determination of protein concentration 

For calculation of the concentration of purified proteins, an absorbance spectrum ranging from 

240 nm to 350 nm was firstly measured in a Beckman DU-7 spectrophotometer using a 1 cm 

optical path quartz cuvette. Protein concentration was calculated according to the Lambert-Beer 

law equation: 

 

A= E0.1% × C × l 

 

 

where: 

A is the absorbance at a specific wavelength. Dimensionless values. 

E0.1% is the 0.1% solution extinction coefficient at the measured wavelength, in units of L × g-1 × 

cm-1, which is equivalent to the absorbance value obtained when the measured molecule is at 

0.1% (w/v, equivalent to 1 g/L) concentration and is measured in a 1 cm optical path cuvette at 

that specific wavelength. 

C is the molecule concentration in g/L. 

l is the length (cm) of the optical path of the cuvette used for absorbance calculation.  
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The concentration of purified potential allergens and HaloTag fusion peptides was obtained from 

the Lambert-Beer law equation using the absorbance value at 280 nm of the corresponding 

spectra, and the theoretical E0.1% at 280 nm, which was obtained from the ExPASy Prot Param 

tool (155). This program calculates E0.1% considering all Cys are part of disulfide bonds, according 

to the following equation (156): 

 

E0.1% = (Nº Tyr × ε Tyr + Nº Trp × ε Trp + Nº Cys-Cys × ε Cys-Cys)/Mw 

where: 

 

Nº Tyr, Trp and Cys-Cys, total number of tyrosines, tryptophans and potential disulfide bonds 

(cystines) of the protein, respectively. 

E0.1%, the 0.1% solution extinction coefficient at 280 nm (L × g-1 × cm-1). 

ε, molar absorption coefficients at 280 nm of tyrosine (ε Tyr =1,490 M-1 × cm-1), tryptophan (ε Trp 

= 5,500 M-1 × cm-1 ) and disulfide bond (ε Cys-Cys = 125 M-1 × cm-1). 

Mw, protein molecular weight (g/mol). 

The concentration of Ole e 15, PPIA and the chimeras was calculated using the experimental 

extinction coefficient (E0.1%) at 280 nm, obtained after amino acid analysis of 5 and 10 μg of 

purified protein in duplicate with a BioChrom 30 amino acid analyzer (Harvard Bioscience, 

Holliston, MA) according to standardized protocols from the Protein Chemistry Unit of the Centro 

de Investigaciones Biológicas (Madrid, Spain). 

 

Circular dichroism (CD) analysis 

CD spectroscopy was used to confirm the correct protein folding, estimate the contribution of each 

protein secondary structure elements and compare the structural integrity among Ole e 15, PPIA 

and the chimeras. The CD spectra of the purified proteins at 0.2 μg/μL in 20 mM phosphate buffer, 

pH 7.0 and 20 ºC were obtained with six spectra accumulations recorded in the far-UV 

(190−260 nm) at 50 nm/min on a JASCO J-715 spectropolarimeter (Japan Spectroscopic, Tokyo, 

Japan) using a 0.1 cm optical path quartz cuvette. For Ole e 15, the CD spectra was also 

calculated at 85 ºC and cooling at 20 ºC afterwards in the same conditions as described above. 

Far-UV spectra of the buffer was used for baseline subtraction. Ellipticity values of the spectra 

were transformed to mean residue molar ellipticity values ([θ]MRW) using the Spectra ManagerTM 

software (JASCO), following the formula 

Thermal stability of Ole e 15 was followed measuring the ellipticity at 226 nm heating (20 to 

85 ºC) and cooling afterwards (from 85 to 20 ºC) at 0.5 ºC/min with a computer-controlled water-

bath and a cylindrical 0.1 cm optical path quartz cuvette. The calculated Tm of Ole e 15 

corresponds to the temperature at the midpoint of the monophasic thermal denaturation transition. 

No renaturation was achieved after cooling.  

The theoretical calculation of the contribution of basic secondary structure elements was 

performed by spectra deconvolution using the CDNN CD software (Applied Photophysics).   
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Recombinant production in E. coli and purification of the potential allergens and the 

HaloTag fusion phage peptides. 

The pET28a/cDNA constructs and the pDEST-HisHalo/phage peptide constructs were used to 

transform BL21 (DE3) E. coli cells. Firstly, the expression of all protein-coding constructs was 

analyzed and optimized by testing different conditions (4 h at 37 ºC, 16 h at 30 ºC and 48 h at 

16 ºC and 230 rpm) in 25 mL cell cultures after induction of protein expression with 0.4 mM IPTG, 

when OD600nm reached 0.7. Then, the cultures were centrifuged at 6,000 × g for 20 min at 4 ºC. 

Cell pellets corresponding to 25 mL of E. coli culture were resuspended in 1 mL of lysis buffer 

and disrupted by five cycles of subsequent freezing in liquid N2 for 40 s and thawing at 42 ºC in a 

water bath for 5 min. Then, soluble fractions were obtained by centrifugation at 6,000 × g for 20 

min at 4 ºC, and insoluble fractions were resuspended in the same volume of lysis buffer used for 

cell pellet resuspension. The best conditions for protein expression were established after 

SDS-PAGE analysis of the soluble and insoluble fractions and subsequent Coomassie Blue 

staining or WB with an anti-histidine antibody (HRP-conjugated) following the manufacturer’s 

instructions. Once the optimal expression conditions had been determined, 10 mL kanamycin 

(30 μg/mL) LB cultures containing the transformed cells were grown 16 h and then used to 

inoculate (100-fold dilution) flasks containing 250 or 500 mL kanamycin (30 μg/mL) LB. These 

cultures were grown at 37 ºC and 230 rpm until OD600nm reached 0.7. Production of all proteins 

except the Bet v 1-like protein was induced with 0.4 mM IPTG and grown at 30 °C at 230 rpm for 

16 h. Then, the cultures were centrifuged at 6,000 × g for 20 min at 4 °C. Proteins were purified 

by gravity-flow chromatography from the soluble fraction of cell lysates using Ni-NTA agarose, 

following the manufacturer’s instructions with minor modifications. In brief, cell pellets 

corresponding to 250 mL of E. coli culture were resuspended in 10 mL of lysis buffer, distributed 

in 1 mL aliquots, and disrupted by five cycles of subsequent freezing in liquid N2 for 40 s and 

thawing at 42 °C in a water bath for 5 min. Then, soluble fractions obtained by centrifugation at 

6000 × g for 20 min at 4 °C were incubated for 16 h at 4 ºC in a 15 mL conical centrifuge tube 

with 500 μL of Ni-NTA agarose previously preincubated three times with 5 mL of lysis buffer. 

Then, Ni-NTA agarose was washed five times for 10 min at 4 ºC with 5 mL of wash buffer; each 

time the resin was recovered by centrifugation at 4000 × g for 10 min at 4 °C. Proteins were then 

eluted with 5 mL of elution buffer for 20 min at 4 ºC on rotation. To avoid the presence of traces 

of Ni-NTA agarose in the eluted fractions, a final centrifugation step was performed at 12 000 × g 

for 5 min at 4 ºC. Finally, purified proteins were desalted onto PD10 desalting columns with 20 

mM ABC, quantified, aliquoted, lyophilized, and stored at −20 ºC until use. The quality of the 

purified proteins was checked by SDS-PAGE and Coomassie blue staining. 

Olive pollen Bet v 1-like protein was expressed as inclusion bodies under the conditions 

described above. After inducing expression with 0.4 mM IPTG and incubating for 16 h at 30 ºC, 

cells pellets corresponding to 250 mL culture were resuspended in 10 mL lysis buffer with 0.1 mM 

EDTA. Then, a solubilization process using detergents was performed. Firstly, sodium lauroyl 

sarcosinate was added to 0.1% (v/v) to the resuspended cells, mixed by vortex and incubated for 

40 min on ice, mixing gently in 10 min intervals. Then, Triton X-100 was added to 0.1% (v/v), and 
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the same process was repeated. Finally, cells placed on ice were lysed by 4 sonication cycles of 

20% amplitude and 30 s of duration, with intervals of 30 s between intervals. Finally, soluble 

fractions obtained by centrifugation at 6000 × g for 20 min were used for protein purification with 

Ni-NTA agarose as described above.    

 

Recombinant production and purification of Ole e 15, PPIA, protein chimeras and HaloTag 

fusion Ole e 15-derived peptides for epitope mapping   

Ole e 15, PPIA, protein chimeras and HaloTag-fused peptides were recombinantly produced in 

E. coli as N-terminal His6-tagged proteins. The pET28a/pDEST-HisHALO expression constructs 

were used to transform BL21 (DE3) E. coli cells. Firstly, expression of all constructs was optimized 

as described above. Later, flasks with 250 mL or 500 mL of 30 μg/mL kanamycin LB were 

inoculated (100-fold dilution) with transformed cells from 10 mL for 16 h cultures, and grown until 

OD600nm reached 0.7. Finally, protein expression was induced with 0.4 mM or 1 mM IPTG and the 

cultures were grown at 37 ºC 230 rpm 4 h (for HaloTag-fused peptides 1 to 11, 13 and control 

peptide), 30 ºC 230 rpm for 16 h (for Ole e 15, PPIA and Chimeras 1, 5, 7, 15, 17, 8), or at 16 ºC 

230 rpm for 48 h (for chimeras 4 and 9, and HaloTag-fused peptide 12). Then, the cultures were 

centrifuged at 6,000 × g for 20 min at 4 ºC. Proteins were purified by gravity-flow chromatography 

from the soluble fraction of cell lysates using Ni-NTA agarose as decribed above, with minor 

modifications: all buffers were changed from pH 8.0 to pH 7.0 to avoid solubility problems, and 

proteins were desalted with 150 mM ABC instead of 20 mM ABC. Briefly, cell pellets 

corresponding to 250 or 500 mL E. coli cultures were resuspended in 10 mL lysis buffer, 

distributed in 1 mL aliquots and disrupted by five cycles of subsequent freezing in liquid N2 for 

forty seconds and thawing at 42 ºC in a water bath. Then, soluble fractions obtained by 

centrifugation at 6,000 × g for 20 min at 4 ºC were incubated for 16 h at 4 ºC in a 15 mL conical 

centrifuge tubes with 500 μL Ni-NTA agarose previously pre-incubated three times with 5 mL lysis 

buffer for two min. After that, Ni-NTA agarose was washed five times for 10 min at 4 ºC with 5 mL 

wash buffer, recovering each time the resin by centrifugation at 4,000 × g for 10 min at 4 ºC. 

Proteins were then eluted with 5 mL elution buffer for 20 min at 4 ºC on rotation. To avoid the 

presence of traces of Ni-NTA agarose in the eluted fractions, a final centrifugation step was 

performed at 12,000 × g for 5 min at 4 ºC. Finally, purified proteins were desalted onto PD10 

columns with 150 mM ABC, quantified, aliquoted, lyophilized and stored at -20 ºC until use. The 

quality of the purified proteins was checked by SDS-PAGE and Coomassie staining under 

reducing and non-reducing conditions.  

 

Expression tests in P. pastoris 

The pPICZαA/pectate lyase construct was used to electroporate KM71H P. pastoris cells. The 

protein had been cloned to be expressed as a C-terminal His6-tagged protein in frame with the 

α-factor secretion signal. A total of seven recombinant colonies resistant to Zeocin were picked 

for further expression tests after electroporation. Each colony was firstly grown in 250 mL 

sterilized baffled flasks in 40 mL BMGY for 72 h at 30 ºC and on shake (220 rpm). Then, the 
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cultures were transferred into sterile 50 mL Falcon tubes and centrifuged twice at 1,610 × g for 5 

min to completely remove the BMGY. The pellet was carefully resuspended in 8 mL of BMMY 

without methanol and transferred to 50 mL sterilized normal flasks. Before incubation, 40 μL 

methanol were added to each flask and an aliquoted of 200 μL of each culture was taken. Finally, 

the cultures were incubated at 30 ºC and on shake (220 rpm), and 40 μL methanol were added 

each 24 h until the protein expression test reached 120 h. Protein expression and secretion to the 

expression medium was analyzed by 10% SDS-PAGE and Coomassie staining using the content 

of 25 μL of each supernatant under reducing and non-reducing conditions.  

 

MS-based proteomics approaches 

 

Exact molecular mass determination by MS-MALDI TOF 

The molecular weight analysis by MS-MALDI TOF was performed on an Autoflex III MALDI-TOF-

TOF instrument (Bruker Daltonics, Bremen, Germany) with a smartbeam laser. The spectra were 

acquired using a laser power just above the ionization threshold. Samples were analysed in the 

positive ion detection and delayed extraction linear mode. Typically, 1,000 laser shots were 

summed into a single mass spectrum. External calibration was performed using insulin and 

cytochrome c (Sigma) covering the range from 5,000 to 25,000 Da. The 

α Cyano-4-hydroxycinnamic acid (HCCA) matrix solution was prepared by dissolving a saturated 

HCCA in a mixture of acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA) in a volume ratio 1:2 

at room temperature. For sample preparation: 1.0 μl the sample was mixed with 1.0 μl of matrix 

solution. A volume of 1.0 μl of this mixture was spotted on the 800 μm AnchorChip target (Bruker-

Daltonics) and allowed to dry at room temperature. 

  

Olive pollen proteomic profiling 

First, 40 μg of each extract replicate were separated by 15% SDS-PAGE and stained with 

Coomassie Brilliant Blue G-250. Then, whole lanes were cut into four (replicate 1) or six slices 

(replicates 2 and 3) prior to in-gel trypsin digestion. Excised bands were cut into small pieces and 

separately unstained with 50 mM ammonium bicarbonate (ABC)/50% ACN, dehydrated with 

ACN, and dried. Samples were then reduced with 10 mM dithiothreitol (DTT) in 25 mM ABC and 

alkylated with iodoacetamide to a final concentration of 50 mM. Then, gel pieces were dried, 

rehydrated with 12.5 ng/mL porcine trypsin (Thermo Fisher Scientific, Waltham, MA) in 50 mM 

ABC, and incubated for 16 h at 37 ºC. Peptides were extracted using 100% ACN and 0.5% TFA, 

purified using a Zip Tip with 0.6 μL of C18 resin (Millipore, Sigma-Aldrich Química SL, Madrid, 

Spain), and dried. Finally, samples were reconstituted in 5 μL of 0.1% formic acid/2% ACN before 

the analysis by nLC−MS/MS in the Proteomics and Genomics Facility of the Centro de 

Investigaciones Biológicas (CIB-CSIC, Madrid, Spain). All peptide separations were carried out 

on an Easy-nLC 1000 nanosystem (Thermo Fisher Scientific). For each analysis, the sample was 

loaded into an Acclaim PepMap 100 precolumn (Thermo Fisher Scientific) and eluted in an RSLC 

PepMap C18 column (15 cm long, 50 μm inner diameter and 2 μm particle size) (Thermo Fisher 



METHODS 

130 
 

Scientific). The mobile phase flow rate was 300 nL/min using a gradient of 0.1% formic acid in 

water (solvent A) and 0.1% formic acid and 100% ACN (solvent B). The gradient profile was set 

as follows: 5−35% solvent B for 45 min, 35−100% solvent B for 5 min, and 100% solvent B for 

10 min. Four microliters of each sample was injected. MS analysis was performed using a Q 

Exactive mass spectrometer (Thermo Fisher Scientific). For ionization, 2,000 V of liquid junction 

voltage and a 270 ºC capillarytemperature were used. The full-scan method employed a m/z 

400−1,500 mass selection, an Orbitrap resolution of 70,000 (at m/z 200), a target automatic gain 

control (AGC) value of 3e6, and maximum injection times of 100 ms. After the survey scan, the 

10 most intense precursor ions were selected for MS/MS fragmentation. Fragmentation was 

performed with normalized collision energy of 27, and MS/MS scans were acquired with a starting 

mass of m/z 100. The AGC target was 2e5, the resolution was 17,500 (at m/z 200), the intensity 

threshold was 8e3, the isolation window was 2 m/z units, and the maximum IT was 100 ms. 

Charge-state screening was enabled to reject unassigned, singly charged, and ≥ 7 protonated 

ions. A dynamic exclusion time of 20 s was used to discriminate against previously selected ions.  

For data processing, MS data were firstly analyzed with Proteome Discoverer (version 

1.4.1.14, Thermo Fisher Scientific) using standardized workflows. Mass spectra raw files were 

searched against the NCBI Olea europaea subsp. europaea var. sylvestris predicted protein 

database (taxid 158386, version 11/2017; 49,613 RefSeq protein sequence entries after removing 

duplicate sequences) using the SEQUEST search engine. Precursor and fragment mass 

tolerance were set to 10 ppm and 0.02 Da, respectively, allowing two missed cleavages, 

carbamidomethylation of cysteines as a fixed modification, and methionine oxidation and 

threonine, tyrosine, and serine phosphorylation as a variable modification. Identified peptides 

were filtered using the Percolator algorithm (157) with a q-value threshold of 0.01 (High 

Confidence Filter settings, FDR < 1%). The MS proteomics data were deposited into the 

ProteomeXchange Consortium via the PRIDE partner repository, with the data set identifiers 

PXD012334 (Replicate 1), PXD012279 (Replicate 2), and PXD012280 (Replicate 3).  

 

LC MS/MS and data analysis after IP for autoantibody profiling   

First, 50 μL of each IP elution (for the IP protocol, see below) were separated by 10% SDS-PAGE 

and stained with Coomassie Brilliant Blue G-250. Then, whole lanes were cut into three slices 

prior to in-gel trypsin digestion (see above). All peptide separations were carried out on an 

Easy-nLC 1000 nano system. For each analysis, the sample was loaded into a precolumn Acclaim 

PepMap 100 and eluted in a RSLC PepMap C18, 15 cm long, 75 µm inner diameter and 3 µm 

particle size. The mobile phase flow rate was 300 nL/min using 0.1% formic acid in water (solvent 

A) and 0.1% formic acid and 100% ACN (solvent B). The gradient profile was set as follows: 

0-35% solvent B for 45 min, 45%-100% solvent B for 5 min, 100% solvent B for 1min. Four μL of 

each sample were injected. MS analysis was performed using a Q Exactive mass spectrometer. 

For ionization, 1,800 V of liquid junction voltage and 270°C capillary temperature were used. The 

full scan method employed a m/z 400–1,500 mass selection, an Orbitrap resolution of 70,000 (at 

m/z 200), a target AGC value of 2e5, and maximum injection times of 100 ms. After the survey 
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scan, the 10 most intense precursor ions were selected for MS/MS fragmentation. Fragmentation 

was performed with a normalized collision energy of 27 and MS/MS scans were acquired with a 

starting mass of m/z 100, AGC target was 2e5, resolution of 17,500 (at m/z 200), intensity 

threshold of 8e3, isolation window of 2 m/z units and maximum IT was 100 ms. Charge state 

screening was enabled to reject unassigned, singly charged, and equal or more than seven 

protonated ions. A dynamic exclusion time of 20 s was used to discriminate against previously 

selected ions. MS data were analyzed with Proteome Discoverer (version 1.4.0.288) using 

standardized workflows. Mass spectra *.raw files were searched against the SwissProt_2016 

Homo sapiens (human) database (20,121 protein entries) using the SEQUEST search engine 

(ProteomeDiscoverer version 1.4.1.14, ThermoScientific). Precursor and fragment mass 

tolerance were set to 10 ppm and 0.02 Da, respectively, allowing 2 missed cleavages, 

carbamidomethylation of cysteines as a fixed modification, and N-terminal acetylation and 

methionine oxidation and phosphorylation (S, T, Y) as variable modifications. Identified peptides 

were filtered using the Percolator algorithm with a q-value threshold of 0.01. Only proteins 

identified with at least two high-confidence isoform-specific peptides were further considered. The 

lists of proteins obtained from AD patients and controls were compared, and only those proteins 

exclusively identified from the IP using immobilized IgGs form AD patients were considered as 

potential autoantibody targets.     

 

Immunoreactivity assays and immunological characterization of proteins 

 

ELISA  

To detect IgE-binding by ELISA, high-binding microplates (Costar, Corning, New York, US) were 

coated for 16 h at 4 ºC with 50 μL/well of 10 or 2 μg/mL purified proteins in PBS. After washing 

four times with 200 μL 0.5% Tween 20-PBS, non-specific binding sites were blocked at 37 ºC one 

hour with 100 μL/well 3% skimmed milk 0.1% Tween-PBS (blocking buffer). Then, 50 μL/well sera 

ten-fold diluted in blocking buffer were incubated in duplicates at 37 ºC for 2 h. After washing, 

bound IgEs were detected by incubating 50 μL/well 103-fold blocking buffer-diluted horseradish-

peroxidase-conjugated mouse anti-human IgE mAb (Southern Biotech, Birmingham, AL, US) one 

hour at 37 ºC. Color was developed for 30 min with 50 μL/well ELISA signal development solution, 

and the reaction was stopped with 50 μL/well 1 N H2SO4. Absorbance was measured at 492 nm 

iMark Microplate Absorbance Reader (Bio-Rad). Normalized OD values (sample 

OD492nm-background) were considered positive when the cut-off absorbance value was higher 

than 0.1 (which exceeded always the mean background by 3 times the standard deviation value 

of the background values). 

To detect Ole e 15-specific rabbit polyclonal antibody-binding, plates were coated with 

100 μL/well of 1 μg/mL proteins or 5 μg/mL fusion-peptides, in PBS. For Ole e 15, PPIA and 

protein chimeras titration curves, each well was incubated with 100 μL serial dilutions (from 104 

to 3×104-fold) of Ole e 15-specific pAb in blocking buffer at 37 ºC for one hour. To assess the 

recognition of the HaloTag fused-peptides, the antibody was 2.5×103-fold diluted. Specific IgG-
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binding was detected using a horseradish peroxidase-labeled goat polyclonal antibody against 

rabbit IgG (Bio-Rad, Richmond, CA, USA). 

 

Western blot 

Purified proteins or protein extracts were separated by SDS-PAGE and transferred onto 

nitrocellulose membranes. Then, membranes were incubated with WB blocking buffer for 1 hour 

at RT. Then, they were incubated with monoclonal or polyclonal antibodies for 1 h (Table 4), or 

with sera from olive pollen allergic patients’ and healthy subjects’ for 2 h at RT. After incubation, 

membranes were washed three times for 10 min on mild shake with WB wash buffer. Then, they 

were incubated with the corresponding horseradish peroxidase-conjugated secondary  antibodies 

(if needed) for 1 h at RT. Finally, membranes were washed three times and the antibody-ligand 

interaction was detected using LAS-3000 mini (Fujifilm) after 1 min membrane incubation with 

WesternBrigh™ Quantum and Pierce ECL Western blotting substrates.   

 

Inhibition assays 

For all inhibition ELISAs, procedures like blocking and color development were performed as 

described for ELISA experiments. For the IgE-inhibition ELISA experiments with protein extracts, 

microplates were coated for 16 h at 4 ºC with 100 μL/well of 1 μg/mL purified proteins in PBS. A 

pool of sera (n = 5 for WB; n = 6 for ELISA) was preincubated with inhibiting extracts at 0.25 and 

2.5 mg/mL for 2 h at room temperature with shaking. For IgE-inhibition ELISAs with Ole e 15, 

PPIA and chimeras, microplates were coated for 16 h at 4 ºC with 50 μL/well of 10 μg/mL purified 

proteins in PBS. Diluted sera (7.5 to 25-fold) were preincubated in duplicate for 2 h at RT with 10-

fold serial dilutions, from 0.005 to 5 μg/mL, or alternatively, 0.001 to 1 μg/mL, of the inhibitor 

proteins. For IgE-inhibition with HaloTag-fused peptides, diluted sera (15 to 25-fold) were 

preincubated with each peptide at 2 μM concentration. For IgG-inhibition ELISAs with Ole e 15, 

PPIA and chimeras, Ole e 15-specific pAb diluted 2×104-fold was preincubated in duplicate with 

inhibitor protein concentrations from 1 to 50 μg/mL. Inhibition values were calculated with the 

following formula:   

 

Inhibition (%) = (1-ODinhibited/ODnon-inhibited) × 100 

 

For the IgE-inhibition Western blot experiments, serum was preincubated with 10 μg of 

rOle e 15, nOle e 1, or both; or preincubated with 5 mg/mL of the protein extracts. The 

densitometry of the bands was performed using Quantity One 1-D analysis software (Bio-Rad 

Laboratories, Madrid, Spain) with the following formula: 

   

Inhibition (%) = (1-Densitometry valueinhibited band/ Densitometry valuenon-inhibited band) × 100 
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HaloTag immunoreactivity assays  

The seroreactivity of the purified fusion phage peptides was tested using a self-tuned assay based 

on the capture of HaloTag fusion proteins for subsequent immunological assays. First, Magne 

HaloTag beads were equilibrated in lysis buffer and subsequently incubated for 16 h at 4 ºC with 

the purified HaloTag peptides with continuous rocking. For each measurement, a relation of 

0.625 μg of Halo protein per 0.31 μL of MagneBeads solution was made. For covalent binding, a 

mixture of the required amount of protein and MagneBeads was made taking into account the 

number of replicates and measurements to be performed. After covalent binding, MagneBeads 

were washed three times with 200 μL of lysis buffer for 5 min at RT and 250 rpm shaking. Then, 

unbound proteins were removed by adding 100 μL of elution buffer and incubating for 5 min at 

RT and 250 rpm shaking. MagneBeads were blocked with blocking buffer BSA PBS-T for 1 h at 

RT and 250 rpm shaking and transferred onto separate wells of Bio-Plex 96-well plates to perform 

the subsequent incubations with serum samples or indicated antibodies. Serum samples were 

diluted 1:100 in PBS-T and preincubated with 150 μg/mL BL21(DE3) extract and 10 μg/mL control 

protein for 16 h at 4 ºC. Then, Halo fusion peptides on the plate-wells were incubated with serum 

samples 1 h at RT and 150 rpm shaking. After washing three times with PBS-T, bound human 

IgG was detected with a subsequent incubation during 1 h at RT and 150 rpm shaking of 

10,000-fold diluted Goat Anti-Human IgG Fc secondary antibody conjugated with biotin (Thermo 

Fisher Scientific) followed by an incubation with 1,000-fold diluted HRP-streptavidin (RayBiotech), 

washing three times in between. Finally, the signal was developed with ECL chemiluminescent 

reagent and recorded onto the Spark multimode microplate (TECAN). 

 

Immunoprecipitation (IP) protocol for autoantibody profiling 

Protein extraction from eight left prefrontal cortex tissue samples of AD patients at Braak stages 

IV (n=4), V (n=2) and VI (n=2) was performed as described (see above). A total of 550 μg of each 

extract (4.4 mg of total protein) were pooled in a final volume of 800 μL lysis buffer. The sample 

was then precleaned for 1 h at RT on rotation (30 rpm) using a Protein G HP Spin Trap column 

previously equilibrated with lysis buffer. For equilibration, 400 μL lysis buffer were added and 

incubated for 1 min at RT on rotation (30 rpm). The buffer was removed by centrifugation. This 

process was repeated three times. The precleaned protein sample was recovered and stored until 

use. For immunoprecipitation, IgGs were isolated from the serum of AD patients or healthy 

subjects and covalently coupled to protein G. Briefly, two sera pools, one (n=6) from AD patients 

and another (n=6) from healthy subjects were prepared. Then, two protein G HP Spin Trap 

columns were equilibrated in TBS as above. After equilibration, 200 μL of each sera pool diluted 

10-fold in TBS were added to each column and incubated for 1 h at RT on rotation (30 rpm). After 

centrifugation, the columns were washed 10 times with wash buffer and centrifuged. For each 

wash, 400 μL wash buffer were added, mixed up and down with the columns protein G resin and 

centrifuged. The wash buffer was changed adding 400 μL triethanolamine. After spinning, 400 μL 

50 mM DMP were added and incubated for 1 h at RT on rotation (30 rpm) for efficient antibody-

protein G cross-linking. The columns were washed once with 400 μL 200 mM triethanolamine 
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and later, blocked with 400 μL ethanolamine for 20 min at RT. Non cross-linked IgGs were 

removed by four washes with 400 μL elution buffer 1. Each column, one with covalently bound 

IgGs from healthy subjects and the other one with covalently bound IgGs form AD patients, were 

incubated with 400 μL of pooled brain protein extracts for 4 h at RT on rotation (30 rpm). After 

spinning, other 400 μL of pooled lysates were added and incubated for 16 h at 4 ºC on rotation 

(30 rpm). Finally, the columns were washed 10 times with wash buffer and bound proteins were 

eluted three times in 100 μL aliquots of elution buffer 2 (fractions 1 to 3) and neutralized with 

20 μL 2 M ABC. All centrifugation steps were performed at 150 × g at 4 ºC. Aliquots of all steps 

were saved and analyzed by 10% SDS-PAGE and Coomassie blue staining or silver staining. A 

volume of 50 μL of the eluted fractions 1 were separated by 10% SDS-PAGE and analyzed by 

LC-MS/MS (see above).  

 

Bioinformatics tools and statistical data analysis  

 

Bioinformatics analysis of the olive pollen proteomic profiling: Gene Ontology (GO) 

annotation and prediction of secreted proteins  

Only proteins containing at least two isoform-specific peptides in one of the replicates or with one 

high-confidence isoform-specific peptide but detected in the three replicates were considered in 

the study. To identify proteins belonging to allergen families, the full sequences of the identified 

proteins after LC−MS/MS were retrieved using NCBI Batch Entrez. Then, proteins were locally 

blasted (Evalue threshold 1.0 × 10−15 and one Blast hit) against all entries of the Allergome 

database (4,331 entries; UniProt release 10/2018) using the Blast2GO 5 PRO software 

(5.2.4 version). Sequence similarity was calculated by Blast2GO, and sequence identity was 

calculated using Clustal Omega. Only those proteins meeting the following criteria were 

considered as potential allergens: matching with an allergen accepted by the WHO/IUIS Allergen 

Nomenclature Subcommittee with at least 50% similarity; matching directly with proteins 

belonging to the same allergen families as proteins meeting the previous criteria, with at least 

80% similarity; matching with proteins already identified as potential allergens in the Oleaceae 

family. To perform the functional GO annotation and KEGG analysis of each protein, we used the 

Blast2GO 5 PRO. First, we created a database with the curated NCBI RefSeq predicted 

proteomes from rice (Oryza sativa, taxid: 4530), Arabidopsis (Arabidopsis thaliana, taxid: 3702), 

latex (Hevea brasiliensis, taxid: 3981), barrelclover (Medicago truncatula, taxid: 3880), black 

cottonwood (Populus trichocarpa, taxid: 3694), peach (Prunus persica, taxid: 3760), tomato 

(Solanum lycopersicum, taxid: 4081), potato (Solanum tuberosum, taxid: 4113), and common 

grape vine (Vitis vinifera, taxid: 3603). GO annotations for these curated species are deposited in 

Ensembl Plants32 and are accessible through Blast2GO by BioMart. Then, olive pollen identified 

proteins were locally blasted against this database (maximum number of BLAST hits: 1; minimal 

E value: 1.0 × 10−50; BLAST descriptor annotator activated; HPS length cut off: 50; rest of 

parameters: default). GO mapping (GOA version 09.2018, default settings) and annotation were 

performed. Additionally, the InterProScan (IPS, default settings) analysis was run, and the 
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annotated IPS GOs were merged with previous GOs. Kyoto Encyclopedia of Genes and 

Genomes (KEGG) Enzyme codes were also annotated. Further information about molecular 

pathways was obtained by KEGG analysis. For Fisher’s exact test enrichment analysis of 

molecular function and biological process GOs, the obtained olive pollen annotation was tested 

against the whole O. europaea var. sylvestris predicted proteome and annotated using the same 

parameters as described above for pollen proteins. Only GO terms with p-value <1.0 × 10−10 were 

considered as enriched. Secreted proteins were predicted using the SignalP 4.1 (organism group: 

eukaryotes; D-cut off value 0.45 for Signal P noTM and TM networks). 

 

Statistical analysis of commercial microarrays  

The slides were scanned on the GenePix 4000B (Axon) 2-laser scanner and images generated 

with the GenePix Pro 7.1 scanarray software. Each spot was defined by positioning of a grid given 

by the manufacturer or privously created in the lab (gal files). Analysis, normalization, and 

quantification of all microarray images were performed using the gpr files derived from 

GenepixPro 7.1 software followed by statistical analysis by Microsoft Excel. The dynamic range 

of the intensity, the signal to noise ratio for both microarrays, and the median values of the spots 

and background were determined, and interarray median normalization was performed. Ratios 

≥1.5 or ≤0.67 of AD (Braak IV, V and VI) vs controls (healthy individuals, FTD and VD patients) 

were used as cutoff to determine protein expression alterations.  

After normalization and identification of the deregulated AD-associated protein dataset, 

bioinformatic analysis was performed using String (http://stringdb.org/) and Ingenuity Pathway 

Analysis (Ingenuity Systems, www.ingenuity.com) to identify altered networks and pathways 

(158). STRING Version 9.1 and MCL (Markov Cluster Algorithm) clustering enrichment 2 with the 

default 0.4 confidence score were used to identify the interacting partners in the dataset. To 

examine the mRNA expression levels in the prefrontal cortex tissue from late-onset AD and 

control patients to compare mRNA expression alterations in AD with our protein dataset obtained 

from the protein microarrays, we performed the meta-analysis of two large studies (159). We used 

the GSE44772 dataset containing the analysis of the prefrontal cortex of 230 AD patient’s and 

controls (160), and the transcriptional analysis of 765 Alzheimer’s Disease and 669 control 

samples from the GSE1297, GSE5281, GSE15222, GSE26927, GSE29378, GSE29652, 

GSE36980, GSE37263 and GSE44772 datasets. 

 

Statistical analysis of phage microarrays, phage peptide sequences and HaloTag 

immunoreactivity assays  

Analysis, normalization, and quantification of all microarray images were performed using 

GenepixPro 7.1 software (Axon Laboratories). The median values of the spots and background 

were determined, and interarray median normalization was performed. To identify seroreactive 

AD-specific phages by comparing AD patients and healthy individual groups, a t test using pomelo 

II (http://pomelo2.iib.uam.es/) was performed, where p-values were obtained by permutation 

testing using 2×105 permutations. Pomelo II generated a heatmap, showing the phages with a 
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false discovery rate (FDR) value below 0.15 and an unadjusted p-value below 0.05 to minimize 

for the presence of false positive results (15% of significant tests might be false positives instead 

of 5% of all positive phages if using only the p-value). MultiExperiment Viewer Analysis (MeV) 

was used for visualization. Plots, mean, standard error of the mean (SEM), signal-to-noise (S/N) 

ratios of phage microarrays, coefficient of variation between technical (intra-assay) and biological 

(interassay) replicates of the luminescence beads immunoassay, and Student’s t test calculations 

were performed with Microsoft Excel 2013 and GraphPad Prism 5 programs. Nonparametric 

Mann−Whitney U test values and ROC curves were constructed with the R program (version 

3.5.0) using the ModelGood and the Epi packages. Protein BLAST on the NCBI database to find 

sequence identity to each peptide displayed on the phages in frame with the 10B protein was 

restricted to Homo sapiens (NCBI taxid: 9606). The first hit retrieved from the BlastP 2.6.0 was 

used to identify the protein sequence displayed on the phages.  

 

Statistical analysis of PrEST antigen arrays 

The here applied methods differed in production, binding chemistry, and technical procedures, 

resulting in different background and signal variation. Therefore, different criteria were applied to 

obtain results and define reactivity. 

Large planar and 384 PrEST planar arrays were only used as a first screening tool for the 

subsequent validation phase using suspension antigen bead arrays. The image analysis software 

Genepix Pro 7.1 (Axon Laboratories) was used for spot intensity quantification. Data obtained 

from large planar PrEST arrays was analyzed using R. A total of 39,000 PrEST IDs passed quality 

control analysis. For each print batch with two slides containing 42,100 antigens, signal intensities 

higher than the median plus 100 times the median absolute deviation (MAD) were scored as 

seroreactive. The MAD per slide was considered to take into account any technical differences 

between the slides. For the 384 PrEST planar arrays, normalization and quantification of all 

microarray images were performed using GenepixPro 7.1 software (Axon Laboratories). After 

obtention of the median values of the spots and background, GPR files were used to perform 

interarray median normalization by Microsoft Office Excel prior to bioinformatics analyses by 

pomelo II (http://pomelo2.iib.uam.es/) and MultiExperiment Viewer Analysis (MeV). The 

comparison of the AD and control groups was performed as previously described (32-35). To 

identify seroreactive PrESTs to AD sera by comparing AD patients and healthy individual groups, 

a t-test using pomelo II was performed, where adjusted p-values < 0.05 were obtained by 

permutation testing using 100,000 permutations. Pomelo II generated a heatmap, showing those 

seroreactive PrESTs to AD or controls, which were then visualized using MeV. In addition, results 

were compared with those obtained directly with MeV (t test p-value < 0.05) when comparing AD 

and control groups. A good concordance was observed by using these web-based bioinformatics 

programs. 

For suspension beads arrays, data obtained from antigens with a bead count lower than 30 

were not considered. Statistical analysis was performed using R (v3.5.1) and operated with the 

integrated developed environment RStudio (v1.1.456). Intra-assay technical and biological 
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variations were analyzed using the variation coefficients of the obtained values of the control sera 

pools (technical) and the serum samples (biological) for the beads. The assay was run twice, and 

technical reproducibility inter-array was analyzed by calculating the Spearman’s correlation 

coefficient (CI > 95%) between the same beads from both runs. Signal specificity for each bead 

was calculated comparing the empty bead control and the signals from the rest of the beads 

calculating the Spearman’s correlation coefficient. The IgG-reactivity values obtained from the AD 

and control samples for all bead-coupled PrESTs were compared using non-parametric unpaired 

Wilcoxon’s rank sum test (CI > 95%) and Fisher’s Exact test. Reactivity cut-offs were fixed for 

each PrEST using a slope-based system (dual dimensional scoring). Briefly, for each MFI value 

obtained from a serum sample against a PrEST antigen, a factor equivalent to how many times 

the MFI-Median value was above MAD for that PrEST was assigned. Then, each factor was 

scored, and density plots were obtained representing the number of samples for each antigen 

with a specific score value. All the samples showed a differential distribution with two maximum 

values. The cut-off for each sample was fixed as the score value in which the slope value 

separating the maximum values of the density plot was equal to 0. 

 

Statistical analysis for the comparison of the IgE-reactivity after ELISA experiments 

The Friedman test and the Dunn’s post test (95% Confidence Interval (CI)) were performed by 

the GraphPad Prism 5 to analyze whether the reduction of the IgE-recognition capacity of eachv 

serum against protein chimeras and PPIA in comparison to Ole e 15, was significant. Moreover, 

the relationship between the OD492nm values obtained by ELISA and the inhibition experiments 

was analyzed using Spearman’s correlation (95% CI).  

 

Protein modeling, structure comparison and design of Ole e 15-PPIA chimeras 

NUPR1 structure was modeled using the Iterative Threading ASSEmbly Refinement (I-TASSER 

Suite) (161). OR8J1 and the Halo-tagged peptide construct were modeled using the ExPASy 

Swiss Model Tool (PDB: 5tvn.1 and PDB: 5vnp.1.A as templates, respectively) and topological 

prediction confirmed by TMHMM (162). For PYGB, the solved structure (PDB: 5IKO) was used. 

The 3D-model of Ole e 15 used during this thesis was obtained with the ExPASy 

homology-modelling server Swiss-Model using the NMR solution ligand-free structure of the 

allergenic plant cyclophilin Cat r 1 as template (PDB: 2mc9, 86% sequence identity and 92% 

similarity with Ole e 15). For PPIA, the NMR solution structure (PDB: 1OCA) was used. All 

3D-structures were visualized using PyMOL 2.3 (Schrödinger, LCC, New York) and amino acid 

sequences were aligned using Clustal Omega (163) or DIALIGN (164). Sequence and structure 

comparison allowed for the identification of four main surface patches (Patch 1 to Patch 4) 

gathering most of the different or the conserved amino acids between Ole e 15 and PPIA. Then, 

solvent-accessible surface areas (SASAs) per residue from both molecules were calculated using 

Parameter OPtimized Surfaces (POPS) (165), and the SASAs of the changing amino acids were 

compared. All protein chimeras were created by grafting amino acids from PPIA onto Ole e 15. 

Amino acid pairs belonging to Patch 2, and meeting the following criteria, were considered for 
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grafting in the case of Chimeras 1, 5 and 7: a change of SASA value higher than 30 Å2, or a 

change of SASA value higher than 10 Å2 but with a change in the potential charge state of the 

amino acids. Thus, Chimera 1 was designed by mutating three amino acids in the Patch 2 

N-terminal region (M1 to A26), and Chimeras 5 and 7, by mutating four amino acids in the Patch 2 

inner C-terminal region (Q138 to G155) and three amino acids in the Patch 2 outer C-terminal 

region (G155 to S172), respectively. Chimeras 15 and 17 were designed as a combination of the 

mutations in Chimeras 1 and 5, and Chimeras 1 and 7. For the rest of the chimeras, the criteria 

above were not applied. Chimera 4 was designed by changing all the corresponding amino acids 

in Patch 3; Chimera 8, all amino acids in the Patch 2 inner C-terminal region; and Chimera 9, all 

amino acids in the Patch 2 (inner C-terminal and outer C-terminal regions, Q138 to S172). A 

deletion mutant (Chimera 3) was also designed by removing the amino acids of the Ole e 15 

divergent loop (K48 to H54 in Patch 1). 
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INTRODUCTION TO BLOCK 1 
 

1. Dementias: brain diseases with an increasing prevalence in the elderly 

Dementias are complex neurodegenerative processes involving the alteration of numerous 

molecular pathways leading to cell death, inflammation, synaptic loss and disruption of the blood 

brain barrier (BBB) (166, 167). They have been usually defined as a pathological state 

accompanied by prominent memory deficits. However, new official definitions include at least 

changes in two cognitive or neuro-psychiatric domains that cannot be better explained by a non-

degenerative or other psychiatric disorder. Thus, the current definition of dementia includes 

different cognitive and behavioral changes which involve decline in normal functioning (139). Age 

is the main risk factor for dementia, although other environmental factors like low education in 

early life, hypertension in midlife, and smoking and diabetes across the life course, and genetic 

factors (family history) have also been associated (168).  

Due to the continuous raise of the mean age population, the prevalence of all forms of 

dementia is steadily increasing. According to a meta-analysis performed in 2015 (169), 68.5 

million people were living with dementia worldwide, and the number was projected to double by 

2050. In consequence, this will cause a huge impact on the life of people suffering from this 

neurological disorder and their caregivers. Only in 2018 the global societal economic impact 

reached one trillion US$. Delaying by 5 years the onset of dementia is now a major goal of 

dementia research (170).  

 

2. Classification of dementias 

Dementias are classified according to the pathological mechanisms involved in the 

neurodegenerative process, which normally include the abnormal accumulation of proteins in 

different regions of the central nervous system, mainly in the brain parenchyma (171). The main 

types of non-vascular dementias (neurodegenerative proteinopathies) are characterized by the 

accumulation of at least one out of these six different aggregates: extracellular misfolded scrappie 

prion protein (PrPSc) and amyloid beta (Aβ) aggregates; and intracellular hyperphosphorylated 

tau, Tar DNA binding protein-43 (TDP43), fused in sarcoma (FUS) and α-synuclein aggregates. 

These aggregates are considered the main pathological hallmarks underlying the heterogeneous 

clinical dementia syndromes (prion-related dementia, Alzheimer’s disease (AD) dementia, 

frontotemporal dementia (FTD) and Lewy body dementia (LBD)) (Figure 27). In contrast to these 

dementias, vascular dementia (VD) is not accompanied by the neuropathological accumulation 

of any protein aggregates (170). Although highly heterogenous, the pathology of VD is 

characterized by six main types of vascular damage: large or several infarcts, lacunar infarcts, 

small vessel disease (SVD), cerebral amyloid angiopathy, border zone infarctions and laminar 

necrosis (172). Among them, SVD shows the strongest relation with cognitive impairment, and 

mainly involves vessel wall thickening, disarrangement and final breakdown due to changes in 

the BBB structure and permeability (173, 174).      

 



Introduction to Block 1: Alzheimer’s disease 

146 
 

 

Figure 27. The spectrum of dementias. Schematic view of the main molecules underlying the pathological 
changes and the clinical manifestations of dementia. Genes with full penetrance and considered causative, 
or with a clear associated risk (in parenthesis) are shown. These genes are involved in molecular pathways 
which lead to the misfolding and aggregation of six fundamental proteins: cellular prion protein (PrPC), Aβ42 
and Aβ40, tau, TAR DNA-binding protein 43 (TDP-43), fused in sarcoma (FUS), and α-synuclein. The 
resulting aggregates are the main neuropathological signs of non-vascular dementias (neurodegenerative 
proteinopathies). Adapted from (170). PrPSC, scrappie prion protein; AD, Alzheimer’s disease; FTLD, 
frontotemporal lobar degeneration; FTD, frontotemporal dementia; LBD, Lewy body dementia; VD, vascular 
dementia; PRNP, prion protein; APP, amyloid β precursor protein; PSEN1, presenilin 1; PSEN2, presenilin 
2; TREM2, Triggering receptor expressed on myeloid cells 2; APOE4, Apolipoprotein E-ε4; TOMM40, 
translocase of outer mitochondrial membrane 40; ABCA7, ATP Binding Cassette Subfamily A Member 7; 
MAPT, microtubule-associated protein tau; GRN, granulin; VCP, valosin-containing protein; TARDBP, Tar 
DNA-binding protein; TBK1, tyrosine-binding kinase 1; DCTN1; dynactin subunit 1; FUS, RNA-binding 
protein FUS/TLS; PARK2, parkin; LRRK2, leucin rich repeat kinase; SNCA, α -Synuclein; SLARB2; DJ-1 
protein; PINK1, PTEN induced kinase 1; GBA, Glucosylceramidase-β.  

 

3. Alzheimer’s disease  

Alzheimer’s disease (AD) is a chronic, progressive and unremitting neurodegenerative disorder 

affecting fundamental brain areas for memory and cognition, mainly the neocortex and the 

hippocampus. It is the most common form of dementia worldwide. Although the average duration 

of AD is 10 years since the first clinical symptoms, it has long preclinical and prodromal stages 

which extend for up to 20 years. Two main histopathological hallmarks define AD: extracellular 

amyloid-β peptide (Aβ) deposits known as amyloid plaques, and intracellular aggregates of 

hyperphosphorylated tau known as neurofibrillary tangles (NFTs) (175, 176). Amyloid 

plaques can be further classified as dense-core (with compact cores surrounded by dystrophic 

neurons and activated glia and astrocytes) or diffuse (with non-compact cores and no sign of 

dystrophic neurons). When dense-core plaques co-localize with NFTs in regions with dystrophic 

neurons, they are called neuritic plaques (Figure 28A) (177). The different neuropathological 

stages of AD according to the accumulation of amyloid plaques or NFTs and neuritic plaques 

were suggested in a seminal paper published in 1991 by the German neuropathologists Heiko 
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Braak and Eva Braak (178). Subsequent research has confirmed that in most AD cases, amyloid 

plaques develop firstly at basal temporal and orbitofrontal neocortex (phase A), and later spread 

across the neocortex, hippocampus, amygdala, diencephalon and basal ganglia (phase B). 

Finally, amyloid plaques appear in mesencephalon, lower brainstem, and cerebellar cortex 

(phase C) (Figure 28B). Unlike Aβ, tau also tends to accumulate in regions out of the neocortex. 

NFTs develop in the locus coeruleus and the transentorhinal and entorhinal regions (Braak stages 

I and II). Then, they spread to the hippocampal formation and some regions of the neocortex 

(Braak stages III and VI), and finally to most regions of the neocortex (Braak stages V and VI) 

(Figure 28C) (177, 179). Many studies have concluded that the brain burden of amyloid plaques 

of any type do not show clinicopathological correlation to the symptoms, severity and duration of 

dementia (180, 181). Conversely, Braak staging according to NFTs, correlate better (182, 183). 

 

 

Figure 28. The core neuropathological lesions and their progression in Alzheimer’s disease. 
(A) Micrographs of the main alterations observed in AD brains. (1), amyloid plaque observed after 
hematoxylin-eosin staining of frontal cortex; (2), immunohistochemistry against Aβ showing plaques; (3), 
immunohistochemistry against tau showing tangles; (4), light microscopic picture of Aβ plaques (blue) and 
neurofibrillary tau lesions (brown) with neuron dystrophies (neuritic plaques) in the cerebral cortex; (5), light 
microscopy image showing abundant Thioflavin S-stained neurofibrillary tangles (yellow arrow) and a 
neuritic plaque (white arrow) in temporal cortex; (6), Negatively stained electron micrograph of purified tau 
filaments, in which paired helical filaments (blue arrows) and straight filaments (green arrow) can be 
distinguished; (7), Cryo-electron microscopy of paired helical filaments (blue) and straight filaments (green). 
(B) Propagation of Aβ plaques and (C) propagation of tau aggregates during the course of AD. Images 
adapted from (177, 179, 184).  

 

3.1. Genetics of Alzheimer’s disease 

Although an advanced age is the main risk factor of AD, twins and studies within families suggest 

that familiar history is also an important risk factor (185-187). AD is considered a genetically 

dichotomous disease presenting two forms: dominant inherited (early-onset) familial AD 

(DIAD/EO-FAD) accounting for less than 5% of the cases and usually starting before the age of 
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60; and late-onset or “sporadic” AD (LOAD), which does not show Mendelian inheritance and 

usually starts later than the age of 60. DIAD is mainly caused by fully penetrant inherited 

mutations in three genes (188): the amyloid β protein precursor (APP, chromosome 21, 21 

mutations and duplication) (189), presenilin 1 (PSEN1¸ chromosome 14, 185 mutations) (190) 

and presenilin 2 (PSEN2, chromosome 1, 14 mutations) (191, 192). Almost all of these 

mutations, and the duplication of APP in Down syndrome (193), increase the ratio between Aβ42 

and Aβ40, promoting the formation firstly of soluble aggregates and finally, of amyloid plaques. 

Conversely, LOAD is a more complex form of the disease resulting from the interaction between 

genetic and environmental factors, and identifying risk loci for LOAD is much more complicated. 

The most established genetic risk factor for LOAD is the ε4 allele of the APOE gene (chromosome 

19), which encodes the isoform ε4 of apolipoprotein E (apoE4). APOE-ε4 (APOE4)  increases the 

risk of LOAD by three-fold when one copy is inherited, and by 13-fold when two copies are 

inherited. On the contrary, APOE-ε2 (APOE2) is a protective factor (194-196). Human 

apolipoprotein E (apoE) is a 299 amino acid protein which plays an important role in the 

metabolism and distribution of lipoproteins and cholesterol across the different organs. In the 

brain, apoE seems to play an isoform-dependent role critical for neuronal repair, neurite growth 

and clearance of Aβ (197, 198). The isoforms encoded by the three different alleles ε2, ε3 and ε4 

only differ in amino acids 112 and 158 (Cys112/Cys158 in apoE2; Cys112/Arg158 in apoE3; 

Arg112/Arg158 in apoE4) (199). Other risk genes identified by genome-wide association studies 

are TREM2 (200-202) and ABCA7 (203, 204).  

 

3.2.  Amyloid β peptide and tau in Alzheimer’s disease 

Aβ peptides are generated after the proteolytic processing of the amyloid precursor protein APP. 

This protein belongs to the APP family, which in mammals includes also other two members: 

amyloid precursor-like proteins 1 and 2. These proteins are type-1 single-pass transmembrane 

proteins with large extracellular domains (ectodomains) and with a short intracellular C-terminal 

domain. The Aβ sequence is unique for APP. Although up to eight alternative-splicing isoforms 

have been described for the APP transcript (205), three of them are the most common: a 695 

amino acid isoform mainly expressed in brain (APP695); and 770 (APP770) and 751 (APP751) amino 

acid isoforms ubiquitously expressed (Figure 29A and B) (206). The exact physiological function 

of APP and APLP proteins is still unknown. They seem to play important roles in cell adhesion 

(207), neuronal growth (synapto-trophic functions) (208) and intracellular signaling (209). APP 

has a rapid turn-over metabolism which involves complex processing by canonical and non-

canonical pathways, yielding fragments with diverse biological functions. In the canonical 

pathway (Figure 29C), competing non-amyloidogenic and amyloidogenic processing events 

co-exist. The non-amyloidogenic processing, which is predominant in healthy physiological 

states, starts with the proteolytic action of an α-secretase within the Aβ region, liberating APPsα 

and avoiding the further formation of Aβ peptides (Figure 29D). Conversely, in the amyloidogenic 

pathway, a β-secretase cleaves APP at the amino terminus of Aβ, liberating APPsβ. In both 

cases, the processing continues with the action of a γ-secretase complex, which further 
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processes the C-terminal fragments (CTFα and CTFβ) still embedded into the membrane. In the 

non-amyloidogenic pathway, the γ-secretase complex makes two consecutive cleavage events, 

generating p3 and AICD fragments, whereas in the amyloidogenic pathway, Aβ peptides of 

varying length (38 to 43 amino acids) and AICD are generated. The main brain α-secretase is 

ADAM10, and the main β-secretases are BACE1 and BACE2 (210). The γ-secretase complex is 

formed by four essential subunits: nicastrin, PSEN1 or PSEN2 (presenilin, catalytic core subunit 

of the complex), Aph-1 Homolog A and presenilin enhancer 2 (211, 212).  

 

 

Figure 29. APP structure and processing. (A) Structure of the isoform APP695, with the domains with 
known atomic structures and the transmembrane domain represented as ribbons. The secretase cleavage 
sites are indicated. (B) Schematic view of the isoform APP770 domain distribution. (C) Representation of the 
canonical APP amyloidogenic and non-amyloidogenic processing pathways. (D) APP-processing sites, 
including N-terminal cleavage sites for α and β-secretases, and the N-terminal cleavage sites for γ-
secretases. Figure adapted from (213). E1, extracellular domain 1; SP, signal peptide; GFLD, growth-factor 
like domain; AcD, acidic domain; KPI, Kunitz-like protease inhibitor domain; E2, extracellular domain 2; Aβ, 
amyloid β domain; TMD, transmembrane domain; AICD, APP intracellular domain; HBD, heparin binding 
domain; APPsα/β, α-secretase/β-secretase-generated APP ectodomain fragment; CTFα/β, C-terminal 
fragments α/β.  

 

The most relevant association between Aβ and AD has been observed from studies on DIAD 

patients. Almost all mutations described in the three genes causing DIAD (APP, PSEN1 and 

PSEN2) lead to an increase in the amyloidogenic APP processing, especially in the production of 

Aβ42, contributing to the formation of Aβ aggregates. According to the amyloid hypothesis of 

AD (214, 215), the formation of Aβ aggregates would lead to disease-causing processes such as 

inflammation, NFT formation, cell death, synapse dysfunction, and ultimately dementia. Although 

still controversial and currently a matter of debate (216), this hypothesis is supported by many 

research studies, including some confirming the neurotoxicity of Aβ-oligomers in in vitro and in 

vivo models (175, 217). 

Together with the accumulation of extracellular amyloid plaques, the other histopathological 

hallmark of AD is the presence of intracellular neurofibrillary tangles made of paired helical and 

straight helical filaments of hyperphosphorylated tau aggregates (218) (184). However, NFTs are 

not exclusive of AD, and are also present in other neurodegenerative disorders, mainly in 

progressive supranuclear palsy, corticobasal syndrome, specific types of frontotemporal 
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dementias like Pick’s disease, and chronic traumatic encephalopathy. All of them are now 

classified as “tauopathies”. Tau is encoded by a single gene called MAPT in chromosome 17. In 

the CNS of adult humans, six different alternative-splicing isoforms are generated from the tau 

pre-mRNA (219, 220). These isoforms differ by the presence of two, one or no (E2 and E3) inserts 

with 29 amino acids each, and by the presence of three to four microtubule-binding imperfect 

repeat sequences (R) at the C-terminus. Alternative splicing generates two groups of tau proteins 

with 3 or 4 Rs  (3R or 4R tau proteins), each with three different isoforms (0N to 2N) depending 

on the number of N-terminal (E2 and E3) inserts (Figure 30A). Tau is the main microtubule 

associated protein (MAP) expressed in neurons, although others like MAP1 and MAP2 are also 

expressed. Its main physiological role is the stabilization of tubulin to promote the assembly of 

microtubules (221), and it is also involved in neurotransmission through the Fyn pathway (222). 

Tau is predominantly found in axons, where it exists as soluble monomers at different 

phosphorylation states. The tubulin stabilization activity of tau is regulated by this degree of 

phosphorylation, and hyperphosphorylation inhibits this activity (223, 224).  

 

 

Figure 30. Microtubule associated protein Tau. (A) Schematic view of the domain organization of the six 
different alternative-splicing isoform tau variants expressed in the adult brain. Adapted from (225). (B) 
Sequence alignment (above) of the microtubule-binding repeat sequences with the eight β-strands that later 
form the protofilament core of NFTs (below). Adapted from (184). E2/E3, N-terminal inserts; R1-R4, 
microtubule-binding repeat sequences; PRD, proline-rich domain.   
 
 

  In AD, the altered action of several tau serine-threonine protein kinases and phosphatases 

like GSK3β, CDK5 and PP2A promotes the accumulation of hyperphosphorylated tau 

(Figure 30B). Besides, tau phosphorylation is also regulated by the physical and conformational 

state of the protein, being more prone to phosphorylation when it is not associated to 

microtubules. These mechanisms finally lead to neurodegeneration by the inhibition of axonal 

growth and maintenance (224, 226). Importantly, in this context, neurons continue to produce tau 

to re-establish normal microtubule dynamics. Therefore, total tau levels in AD brains are 

increased around 7-fold compared to normal brains (227).  
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3.3.  Alzheimer’s disease diagnosis and biomarkers 

The core clinical criteria for the diagnosis of AD were established in 1984 by a work group of the 

National Institute of Neurological and Communicative Disorders and Stroke (NINCDS) and the 

Alzheimer’s Disease and Related Disorders Association (ADRDA), and are known as the 

NINCDS-ADRDA criteria (228). These criteria were used for 25 years and were reliable for the 

diagnosis of AD, with an overall sensitivity of 81% and a specificity of 70%. However, there was 

an enormous increase in the knowledge associated to AD pathology during that time. For 

example, several studies showed that the histopathology of AD was sometimes found in the brain 

of patients with other types of dementia or in cognitively healthy people (229), and the research 

on AD genetics identified new genetic risk factors and the genes causing DIAD. Besides, new 

methods for biomarker discovery led to the development of new AD biomarkers (230), and a more 

profound knowledge of other dementias, like VD or LBD, increased the chances to discriminate 

between them and AD. Thus, the NINCDS-ADRDA criteria were finally revised in 2011 and 2012 

by a workgroup from the National Institute on Aging and the Alzheimer’s Association (NIA-AA) 

(139). In this revised version, the diagnosis criteria of the prodromal AD stage (also known as 

mild cognitive impairment due to AD) and the preclinical stage of AD were also included (231, 

232). The NIA-AA criteria for clinical AD firstly uses diagnosis criteria for all-cause dementia, and 

then for AD dementia, which divide the diagnosis into probable AD dementia, probable AD 

dementia with increased level of certainty due to biomarkers or causative genetic mutations, and 

possible AD dementia. Thus, these criteria are focused on the diagnosis of the clinical AD 

syndrome on a clinical basis, which has serious limitations due to the heterogeneous nature of 

AD clinical symptoms. Then, the term AD is often used to describe two different entities: the AD 

clinical syndrome without neuropathologic verification (an AD definition based on clinical 

symptoms); and the AD neuropathological changes (a biological AD definition). As a syndrome 

can be a consequence of one or more diseases, Alzheimer’s disease must be defined only by the 

underlying biological changes, which can only be documented by in vivo biomarkers or after 

post mortem verification. A revised version of the NIA-AA criteria has been set only for research 

use, and is based on the biological definition of AD and the use of clinical biomarkers (233).  

There are several imaging and cerebrospinal fluid (CSF) biomarkers currently used in AD and 

brain aging (Figure 31). They have been divided into three general groups, labeled AT(N). 

Biomarkers of Aβ plaques (labeled “A”), are cortical Aβ PET ligand binding (234, 235) and high 

Aβ42 or Aβ42/ Aβ40 ratio in CSF (236, 237). Biomarkers of fibrillar tau (labeled “T”), are high levels 

of phosphorylated tau in CSF and cortical tau PET ligand binding (237, 238). Biomarkers of 

neuronal damage (labeled “(N)”) are high levels of total tau in CSF (239), reduced FDG-PET 

metabolism and atrophy on MRI, and are common to other dementias (240, 241).   
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Figure 31. Current Alzheimer’s disease biomarkers. (A) Schematic representation of the evolution of 
different AD biomarkers with respect to the estimated years for the onset of symptomatic DIAD. (B) Cortical 
Aβ PET ligand binding of two patients with mild cognitive impairment. The patient in image 2 progressed to 
diagnosis of AD dementia 3 years later of the scan. Images adapted from (175). (C) Currently established 
AD biomarkers classified according to the AT(N) biomarker grouping recommended by NIA-AA. (D) Different 
AT(N) profiles and pathological AD diagnosis. Both tables adapted from (233). CSF, cerebrospinal fluid; 
FDG-PET, fluorodeoxyglucose positron emission tomography; MRI, magnetic resonance imaging.  

 

PET and CSF-based biomarkers of Aβ and tau are effective in detecting the 

neuropathological changes of Alzheimer’s disease. However, although these biomarkers provide 

important tools adding a higher certainty to the diagnosis by dementia specialists, they are only 

available in specialty clinics of some countries and are not the first-line diagnostic tools. PET 

scanning is highly expensive, whereas CSF analysis is a very invasive technique, and they are 

not available in primary care or community-based medicine centers. These important drawbacks 

could be countered by the use of blood-based biomarkers. Blood testing is already standardized 

in primary care settings, and is much less expensive and invasive than PET scan and CSF testing. 

Hence, blood-based biomarkers would be an ideal tool as a first step for diagnosis before patients 

are referred for further assessment in specialty clinics (242, 243). A landscape analysis performed 

in 2018 on a total of 28,000 reports found 1,404 studies of AD blood-based biomarkers. After 

extended revision and screening of high-quality candidates, 196 biomarkers were chosen for a 

final list. The majority of them were biomarker panels (47%) and emerging targets (38%) related 

to inflammation, oxidative stress, DNA damage or mitochondrial dysfunction (Figure 32A). 

Regarding the platforms for the measurement of these biomarkers, immunoassays and molecular 

assays were the most common ones (Figure 32B) (242). Maybe the most promising blood-based 

biomarker is the measurement of serum levels of the axonal protein neurofilament light 



Introduction to Block 1: Alzheimer’s disease 

153 
 

polypeptide (NFL). NFL serum levels correlate well with CSF levels, suggesting it might be good 

indicator of neurodegeneration. Besides, NFL levels are increased in the plasma of AD patients 

and have a good diagnostic value (244, 245). 

 

 

Figure 32. Revised candidate AD blood-based biomarkers grouped in type of biomarker (A) and 
measurement platform (B) categories. Adapted from (242).  

 

In this doctoral thesis, we proceeded to the identification of new candidate biomarkers for the 

diagnosis of AD following two different strategies. On the one hand, as specifically altered proteins 

can be useful biomarkers for diagnosis and prognosis of disease, we used two sets of commercial 

antibody microarrays for the identification of altered proteins in the prefrontal cortex of AD patients 

in comparison to healthy subjects and patients with FTD and VD. On the other hand, considering 

that autoantibodies and their targets can be useful blood-based biomarkers, we focused on the 

characterization of the humoral response of AD patients using a combination of different 

microarray and mass spectrometry-based proteomics approaches.   
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ARTICLE I 

 

Identification of prefrontal cortex protein alterations in 
Alzheimer’s disease 

Alzheimer’s disease (AD) is a chronic, progressive and unremitting neurodegenerative disorder 

affecting fundamental brain areas for memory and cognition. It is the most common form of 

dementia worldwide, with an estimated prevalence between 10% and 30% in the aging 

population. Currently, the only useful biomarkers for AD diagnosis are based on cerebrospinal 

fluid (CSF) analysis and neuroimaging techniques, which restricts their use to specialty clinics. 

Therefore, AD diagnosis is mainly based on clinical symptoms, sometimes leading to 

misdiagnosis. Besides, this method fails to detect the disease at early stages. To counter these 

problems, new biomarkers useable in primary care settings, such as blood-based biomarkers, 

are needed in the field and are the focus of a lot of research worldwide. In Article I, the 

identification of protein alterations in the prefrontal cortex of AD patients was assessed by the 

high-throughput analysis of 706 molecules mostly implicated in cell-cell communication and cell 

signaling processes using antibody microarray platforms. Prefrontal cortex samples 

corresponding to three AD pathological groups -each one containing four pooled samples- from 

Braak stages IV, V and VI, and three control groups from two healthy subjects, five FTD and two 

VD patients were screened onto Panorama and L-Series antibody microarrays to identify AD-

specific alterations not common to other dementias. Forty altered proteins between control and 

AD groups were detected and validated by meta-analysis of mRNA alterations, Western blot and 

immunohistochemistry of an AD-specific tissue microarray. Altered proteins in AD not common to 

other dementias, like TOPORS, Layilin and MICB, were identified. Besides, the association to AD 

of previously controverted proteins like DDIT3 and XIAP was verified. All these altered proteins 

constitute interesting targets for further analyses using serum, plasma and CSF to test their value 

as AD fluid biomarkers, and to perform functional analysis to determine their specific role in AD. 

 

This study has been performed with the collaboration of María Garranzo Asensio and is here 

presented with her signed consent and that of the rest of co-authors. During the research, I 

participated in the analysis of the antibody microarrays, the preparation of brain tissue protein 

extracts, the validation of all the antibodies by Western blot and other techniques, and also in the 

preparation and revision of the manuscript. 

 

The study was published in the journal “Oncotarget” (Oncotarget, 2018, Vol. 9, (No. 13), pp: 

10847-10867).  DOI:10.18632/oncotarget.24303.v 
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ARTICLE II 

 

Identification of Alzheimer’s Disease Autoantibodies and Their 
Target Biomarkers by Phage Microarrays 

Protein microarray technologies and phage display were combined for the identification of target 

proteins of serum AD-specific autoantibodies. Firstly, two T7 phage libraries displaying peptides 

and proteins encoded by brain tissue mRNA of AD patients and healthy individuals were enriched 

in immunoreactive phages against the serum IgGs of AD patients in three to four rounds of a 

process called biopanning. Then, 1,536 monoclonal phages were printed on microarrays to probe 

them against 8 AD and 8 healthy control sera. A total of 57 phages displaying 44 unique peptide 

sequences showed higher seroreactivity in AD. Of them, 13 were selected for further validation. 

They were cloned, expressed in E. coli as C-terminal His6-HaloTag fused peptides and used in a 

self-tuned validation assay based on the capture of HaloTag for the subsequent analysis of their 

immunoreactivity. A total of 68 AD and 52 healthy control sera were used for validation. Peptides 

with sequence identity with Anthrax toxin receptor 1 (ANTXR1), Nuclear protein 1 (NUPR1), 

Glycogen phosphorylase B (PYGB), and Olfactory receptor 8J1 (OR8J1) showed a statistically 

significant ability to discriminate between AD patients and controls. The identified panel of AD 

autoantibody targets might be useful for the blood-based diagnosis of the disease. 

 

This study has been performed with the collaboration of MSc. Ana Montero Calle and is here 

presented with her signed consent and that of the rest of co-authors. During the research, I 

participated in the phage biopanning, phage array production and analysis, plasmid construction 

and cloning, analysis of the validation data, and also in the organization, preparation and revision 

of the manuscript. 

 

The study was published in the journal “Journal of the Proteome Research”. J. Proteome Res. 

2019, 18, 2940−2953. DOI: 10.1021/acs.jproteome.9b00258  
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Detail of one of the twenty-one subarrays with 384 spots (printed PrESTs) from a 384 
PrEST array slide (Article III) 
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INTRODUCTION TO BLOCK 2 

 

1. The immune response to innocuous molecules: peripheral tolerance mechanisms 

and hypersensitivity disorders 

The immune system is strictly regulated not only to produce active responses against 

pathogens, but also to avoid exaggerated reactions against harmless antigens by means of 

tolerogenic responses. However, some environmental and genetic factors impair this immune 

homeostasis and lead to hypersensitivity disorders against self-antigens (autoimmune 

diseases), and non-self antigens, such as microbial agents or environmental harmless 

antigens. Tolerogenic responses against non-self antigens take place at peripheral lymphoid 

organs and are regulated by extrinsic and intrinsic T cell mechanisms. Extrinsic T cell 

mechanisms involve antigen presenting cells (APCs), regulatory T (Treg) cells, and the 

production of inhibitory cytokines such as interleukin-10 (IL-10) and transforming-growth factor 

beta (TGF-β). Intrinsic T cell mechanisms involve T-cell anergy, apoptosis and phenotype 

alterations of T-cells (246).  

Treg cells display suppressive capacity and are fundamental for the avoidance of excessive 

reactions against pathogens and for induction of immune tolerance. There are two 

well-established subsets of Treg cells: the thymus-derived CD4+ CD25+ forkhead box protein 3 

(FOXP3)+ Treg cells, called thymus-derived Treg (tTreg) cells; and the peripherally induced Treg 

(pTreg) cells. pTreg cells are generated in the peripheral lymphoid organs from conventional 

naïve T (TN) cells after antigen stimulation and three main subsets have been described: in vitro 

and in vivo-induced FOXP3+ Treg (iTreg) cells, CD4+ FOXP3- IL-10-producing type 1 Treg (Tr1) 

cells, and TGF-β-expressing T reg (TH3) cells (247, 248).  

The mechanisms of immunosuppressive action by Treg cells can be divided into four basic 

types according to their mode of action (Figure 33): supression by inhibitory cytokines (IL-10, 

TGF-β and IL-35), cytolysis (granzymes A and B, and perforin), metabolic disruption (CD25, 

cAMP, adenosine receptor 2, histamine receptor 2, CD39 and CD73) and dendritic cells 

targeting (cytotoxic T-lymphocyte antigen 4 (CTLA4) and program death-1 (PD1)) (249). These 

active tolerance mechanisms are activated when the immune system encounters a non-self 

antigen at different scenarios. Antigen-specific naïve tTreg cells can be activated to inhibit the 

further activation of antigen-specific TN cells. Besides, some TN cells can be converted into 

different subsets of pTreg cells, such as iTreg and Tr1 cells, further inhibiting other antigen-

specific TN cells. Tolerance can also be induced by passive tolerance mechanisms, in which 

the immune system ignores antigens promoting a state of anergy in TN cells (250, 251).  
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Figure 33. Four different mechanisms of immunosuppressive action displayed by Treg cells. (A) 
Inhibitory cytokines such as IL-10, IL-35 and TGF-β inhibit antigen presentation, immunoglobulin class 
switching, proinflammatory cytokine secretion promoting Treg cell differentiation. (B) Cytolisis is mediated 
by granzyme A and B, and perforin-dependent mechanisms. (C) Metabolic disruption is achieved by IL-2 
deprivation and subsequent apoptosis through high expression of CD25 (IL-2 receptor α), cyclic-AMP 
(cAMP)-mediated inhibition through gap junctions and adenosine receptor 2A (A2AR)-mediated 
immunosuppression by Treg CD73/CD39-generated mechanisms. (D) Targeting dendritic cells (DCs) 
involves mechanisms modulating their activity, like lymphocyte-activation gene 3 (LAG3)-mediated DC 
inhibition through interaction with MHC-II, and cytotoxic-T-lymphocyte antigen-4 (CTLA4)-CD80/CD86 
mediated induction of indoleamine 2,3-deoxygenase oxidase (IDO) expression, which has 
immunosuppressive actions. Adapted from (249). 
 

When the mechanisms of immune tolerance fail, hypersensitivity disorders occur. These 

diseases were classified into four types according to the specific immune response and the 

effector mechanisms involved in cell and tissue injury by the British immunologists Philip Gell and 

Robin Coombs (Table 6) (55). 

 

Table 6. Classification of hypersensitivity disorders. Adapted from (55)  
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2. Type I hypersensitivity disorders: the allergic response 

Type I hypersensitivity disorders, also known as immunoglobulin E (IgE)-mediated allergic 

diseases, are TH2-mediated (type 2) immune responses which involve the production of 

high-affinity IgE antibodies against generally harmless environmental antigens known as 

allergens (252). There are several types of allergic diseases according to the clinical 

manifestations: respiratory allergies (rhinitis, conjunctivitis and asthma), food allergy, atopic 

eczema and anaphylaxis (55).  

Although the molecular mechanisms underlying the onset of allergic diseases and the loss of 

immune tolerance to allergens remain unclear, it is well established that the allergic response has 

two main phases: a sensitization phase for antigen presentation and memory, and an effector 

phase, which can be further subdivided into immediate and late responses.  

 

2.1. Sensitization phase 

The sensitization phase starts with the secretion of type 2 response-promoting cytokines like 

IL-25, IL-33 and thymic stromal lymphopoietin (TSLP) by the mucosal epithelium (e.g. gut or 

pulmonary epithelial barriers) after exposure to the allergen (253). These molecules activate 

type 2 innate-lymphoid (ILC2) cells, which promote maturation of dendritic cells (DCs) towards 

an antigen-presenting phenotype priming TH2-responses by IL-4 and IL-13 secretion. DCs 

capture allergens after these get across the epithelial barriers or by expanding their dendrites, 

using glycan-binding molecules like type C-lectin receptors and other receptors like the Toll-like 

receptors (TLRs). Then, mature DCs migrate towards secondary lymphoid organs, where they 

present allergen-derived peptides bound to MHC-II molecules to TN cells, which acquire TH2 and 

TH9 phenotypes producing high levels of IL-4, IL-13 and other type 2 cytokines (254, 255). This 

scenario promotes the maturation of high affinity allergen-specific IgG-producing B cells into IgE-

secreting B cells and plasma cells (isotype switching) (256). Circulating IgEs spread across 

tissues and bind to the high affinity IgE receptor (FcεRI) on mast cells, basophils and eosinophils 

(Figure 34A). 

2.2. Effector phase 

Mast cells and basophils are the main effector cells during allergic reactions. These cells express 

FcεRI, which specifically binds the heavy chains of IgE antibodies with very high affinity. Then, 

very low amounts of IgE are needed for their occupacy. After allergen re-exposure, FcεRIs 

cross-link when they bind to different epitopes of the same antigen, triggering effector cell 

activation (257, 258). The higher the clonality, affinity and quantity of the produced 

allergen-specific IgEs, the stronger and faster the activation occurs (259), promoting effector cell 

degranulation. This step involves numerous molecules, including vasoactive amines and lipid 

mediators, which initiate a fast response causing itch, vascular permeabilization and smooth 

muscle contraction (immediate reaction); and cytokines and enzymes, which promote a later 

inflamamtory and tissue-remodelling response (late phase reaction) (Figure 34B) (55, 260).      
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Figure 34. Sensitization and effector phases of allergic reactions. (A) During the sensitization phase, epithelial barrier 
cells, including M and Globet cells, become activated after allergen exposure, initiating the secretion of type 2 cytokines 
like IL-33, IL-25 and TSLP. Besides, some allergens cross the barrier and directly activate ILC2 cells, which secret IL-4 
and IL-13, promoting DC maturation to a type 2 response-inducing phenotype. In this context, DCs capture allergens 
through different receptors like the dectin-2 receptor and DC-SIGN, and become mature antigen presenting cells which 
migrate to the lymph nodes for allergen presentation to naïve T cells. Then, T cells differentiate to TH2 and TH9 phenotypes, 
promoting IgE production by antigen-specific B-cells and plasma cells through the secretion of IL-4, IL-13 and other 
cytokines. Finally, circulating IgEs enter connective tissue and get bound to FcεIRs on effector cells (mast cells, basophils 
and eosinophils). (B) After a re-exposure to the allergen, effector cells get activated by allergen binding and cross-linking 
of the IgE-bound FcεIRs,liberating vasoactive amines and lipid mediators (involved in immediate reaction), and cytokines 
(involved in late phase reaction) after degranulation. Cell figure constructed using BioRenderTM. DCs, dendritic cells; ILC2, 
innate lymphoid cell 2; TSLP, thymic stromal lymphopoietin; FcεIR, Fc-epsilon receptor 1 (high affinity IgE receptor).    
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3. Environmental and genetic factors contributing to allergic disease 

Allergic diseases are considered multifactorial disorders caused by heterogeneous 

interactions between environmental factors and individual genetic susceptibilities. One of the 

main environmental factors apparently contributing to allergy, according to many epidemiological 

studies (261), is the lack of exposure to pathogens. This observation led to the hygiene 

hypothesis, which postulates that infection protects against allergic diseases and autoimmunity 

(262, 263). Several mechanisms underlying this hypothesis have been proposed (264). One of 

them is the antigenic competition, in which two or more antigens compete for immune 

recognition and production of certain cytokines. The competition for homeostatic immune 

cytokines like IL-2, IL-7 and IL-15 by pathogens and commensal microbiota against allergens and 

self-antigens seems to be essential, as it may avoid the reconstitution of depleted allergens and 

self-reactive lymphocytes. Besides, pathogens and commensal microbiota induce protective 

immune regulatory responses against autoimmunity and allergic disease by pathogen-

associated molecular patterns (PAMPs). Antigen-presenting cells like dendritic cells and 

macrophages, as well as other cells mediating between innate and adaptive responses like 

invariant natural killer T cells (iNKTs) and ILC2 cells, present specific PAMP receptors like the 

TLRs and the NOD-like receptors (NLRs), which modulate the response of T and B lymphocytes 

against environmental and self-antigens. These receptors are permanently estimulated in low 

doses by the PAMPs of commensal microbiota, promoting desensitization and a protective lack 

of inflammation. PAMPs can also have a direct effect on Treg cells and other regulatory cells, 

increasing the secretion levels of IL-10 and TGB-β.     

Apart from pathogens and commensal microbiota, other environmental factors like air 

pollution may play an important role in allergic diseases. Several studies on airborne pollutants, 

like ozone (O3) and nitrogen dioxide (NO2), and particulate material generated by industry and 

traffic vehicles, suggest they have a strong influence on the severity of asthma and other 

respiratory allergies (265). The underlying mechanisms of these observations seem to be related 

to the disruption of the epithelial barrier function, as previously observed with the continuous 

exposition of lung epithelium to cigarette smoke (266, 267).     

Importantly, numerous genetic variants, mainly single nucleotide polymorphisms (SNPs), 

have been identified as susceptibility genes for allergic disease in several genetic studies (268). 

Among them, there are genes involved in environmental sensing and homeostasis (TLR4, TLR2, 

CD14), type 2 immune responses (IL12, IL13, IL4, GATA3) and epithelial barrier function 

(filaggrin, PENDRIN). 

 

4. Pollen 

It is estimated that up to 25% of the population of developed countries suffer from respiratory 

allergies caused by IgE-mediated sensitization to airborne allergens (aeroallergens) (269). The 

most common sources of aeroallergens are pollen grains, fungal spores, house dust mites and 

mammalian allergens (270).  
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A pollen grain is a male gametophyte, the haploid stage of a plant containing sperm cells. It 

is formed in specific sporophyte (diploid multicellular stage of plants) structures called anthers, 

the male organs of flowers. In the anthers, specific cells called pollen mother cells undergo 

meiosis, generating up to four haploid cells named unicellular microspores. These cells further 

divide mitotically (first pollen mitosis) to give two cells, but they do it assymetrically: the smaller of 

these cells (generative cell) is later engulfed by the larger one (vegetative cell), and then divides 

(pollen second mitosis) into two haploid cells. Thus, the mature pollen grain is formed by three 

cells (tri-cellular mature pollen): two haploid sperm cells inside an haploid vegetative cell. In some 

species, pollen second mitosis does not occur until pollen tube growth, and is called bi-cellular  

(Figure 35A and B) (271).        

After the phase of development, mature pollen grains initiate the programic phase, which 

begins with the impact of the pollen grains on the stigma (pollen germination), and continues 

with pollen tube growth and fertilization. Rehydration is the first step of germination, and involves 

regulated water uptake by different types of pollen-specific and non-specific aquoporins (272). 

Rehydration is followed by a rapid and massive influx of amino acids, activation of numerous 

enzymes like esterases, catalases and nucleases, and by the reorganization of actin filaments 

and microtubules. Once these critical changes have happended, the pollen tube starts growing. 

During this process, the cell gets extremely polarized. Many organelles change their location and 

large vesicles, lipid droplets and vacuoles are generated (273). 

 

 

 
Figure 35. Pollen. (A) A scheme showing the different steps of tri-cellular and bi-cellular angiosperm pollen 
development. Adapted from (273). (B) Summarized view of a trinucleate angiosperm mature pollen grain. 
Adapted from (274). (C) False-colored electron micrographs of pollen grains from different species showing 
diverse exine patterns. Adapted from (271). 

 



Introduction to Block 2: Pollen allergy 

259 
 

Pollen grains present a wall with different layers (Figure 35B). The outermost layer is called 

the pollen coat, and is composed of a wide variety of lipids and also of some proteins, pigments 

and aromatic compunds. This region protects pollen grains from UV light damage, pathogens and 

dehydration. In pollen from insect-pollinated species, the pollen coat is usually sticky and covers 

all the surface, whereas in wind-pollinated species, it is only present inside the surface gaps. The 

layer below pollen coat is called the exine. The exine has a sporophyte origin and is composed 

of a very resistant and extremely chemically inert polymer called sporopollenin, which protects 

sperm cells from environmental agents and whose detailed molecular structure has been recently 

deciphered (275). This part is further subdivided into two layers: an outer one called ectexine, 

which is a highly structured complex with rods normally filled with pollen coat (Figure 35C); and 

an inner one called endexine, with a more homogeneous structure. Beneath exine, there is 

another layer called intine. The intine is produced by the gametophyte and is composed of 

cellulose, hemicellulose and pectin. It also presents many associated enzymes, like pectin 

methylesterases and 1,3-β-glucanases, which participate in its formation. 

 

5. Pollen allergens 

Allergens are molecules able to elicit an IgE-mediated immune response after inhalation, 

ingestion or contact. Most allergens are proteins, but specific IgEs have also been described 

against some drugs and carbohydrates. The molecular features promoting the allergenicty of 

proteins are not clear. However, allergens usually share some common features: small (5 kDa) 

to medium (70 kDa) size, high stability and solubility due to abundant disulfide bonds and gyclans, 

high concentrations in the biological source, with tendency to form aggregates, and ligand-binding 

capacity (276). When more than 50% of the sensitized patients to a biological source present 

specific IgEs against one allergen, this allergen is classified as major allergen; if the allergen 

affects less than 50% of the patients, it is classified as minor allergen. Allergens are named 

according to the official nomenclature of the World Health Organization and International Union 

of Immunological Societies (WHO/IUIS) (277), firstly with the three first letters from the genus, 

then with the first letter of the species epithet, and an Arabic numeral according to the order they 

have been identified or from homologous allergens described for related species (e.g. Ole e 1, 

the first discovered allergen from olive (Olea europaea) pollen, and Fra e 1, the homologous 

allergen from the closely related ash tree (Fraxinus excelsior) pollen).          

A high number of allergenic proteins have been identified and characterized since 1980s. 

This information has been collected into protein databases by different research groups and 

institutions with the aim of providing complete and up to date information on the molecular and 

clinical features of allergens. Although sometimes overlapping, these databases list allergens 

based on different criteria from different user groups (Table 7) (278). The main allergen databases 

used during this thesis have been the WHO/IUIS, Allergome and AllFam. The WHO/IUIS 

database was established in 2000, and is maintained by an international group of experts in 

molecular allergology. It is responsible for the establishment of an unambiguous, systematic and 

extensively reviewed nomenclature for allergens (277). The Allergome database (279), released 
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in 2003, is the most comprehensive collection of allergens and allergen sources. Each record 

gives biochemical information and references on the allergen, and is associated to the Universal 

Protein Resource (UniProt). However, it has to be used with caution because many proteins are 

added without extensive review and no relevant clinical information. AllFam, the database of 

allergen families (276), was established in 2007 and classifies allergens based on protein families 

from the Pfam database (280). This database has provided new insights to determine why some 

proteins are allergenic.    

 

Table 7. Main allergen databases. Adapted from (278). 

 
 

Of the 17,929 protein families classified in the Pfam database (updated September 2018), 

4553 are found in plants, and only 30 contain pollen allergens, according to the AllFam database 

(Table 8). Profilin, expansin and EF-hand calcium-binding families are the main pollen allergen 

families. The Allergome database (July 2019 update) lists 155 plant species with allergenic pollen, 

mainly distributed in a few families: tree families like Betulaceae (birch family, 44 species), 

Cupressaceae (cypress, 15 families), Arecaceae (palm trees, 8 species), Oleaceae (olive family, 

5 species), and Fabaceae (legumes, 4 species); the grass family Poaceae (43 species), and weed 

families like Asteraceae (ragweed family, 19 species), Amaranthaceae (6 species), Urticaceae 

(pellitory family, 3 species) and Plantaginaceae (plantain family, 3 species). Allergen families like 

profilins and EF-hand proteins are present in almost all allergenic plant species, whereas others 
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appear only in a few plant families (e.g. Ole e 1 homologues, pectate lyases, polygalacturonases 

and non-specific lipid transfer proteins (nsLTPs)); or in only one family (e.g. allergenic expansins 

in Poaceae). 

Some pollen allergen families also contain food allergens (Table 8). Among them, profilin, Bet 

v 1 and prolamin families are the most relevant because they are implicated in well-documented 

pollen-associated plant food allergies due to IgE-mediated cross-reactivity (281, 282). These 

phenomena occur when patients produce IgE antibodies with the ability to bind to proteins from 

different sources and presenting similar regions (IgE-epitopes) to those on the allergen causing 

sensitization. Clinically relevant cross-reactivity also occurs between pollen, fruits, nuts and latex, 

and fruits and latex (283). Allergens have been classified into different groups according to their 

phylogenetic distribution and their role in cross-reactivity (284): panallergens, which include 

proteins sharing a high degree of sequence identity and ubiquitously found in allergen sources 

(e.g. profilins and cyclophilins); eurallergens, which include proteins sharing a high degree of 

sequence identity and present in multiple allergen sources, but not ubiquitous (e.g. nsLTPs, Bet 

v 1-like proteins and polcalcins); stenallergens, which are proteins sharing a high to moderate 

degree of sequence identity only when the species are closely related (e.g. Ole e 1 family); and 

monoallergens, which are proteins restricted to a few closely related species (e.g. Group 5/6 

grass pollen allergen).  

 

. Pollen allergen families from AllFam (last update, March 2017).   

 
Allergen families containing pollen and food allergens are shown in italics.   
CAP, Cysteine-rich secretory protein, Antigen 5 and Pathogenesis-related protein PR-1; Hsp70, Heat shock protein 70; 
GASA, Gibberelic Acid-Stimulated Arabidopsis.   
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6. Pollen allergy in the Mediterranean basin: allergy to olive pollen 

While in tropical areas mites are the main cause of respiratory allergies, in North America and 

Europe pollen plays a major role in allergic sensitization (pollinosis). Nevertheless, the 

sensitization profiles in these regions are diverse. In Northern and Central Europe, grasses and 

birch (Betula pendula) are the main pollen sensitizers (285, 286). However, in the Mediterranean 

basin, characterized by long sunny days, mild winters and dry hot summers, the vegetation and 

the pollination seasons are different, and therefore, pollen exposure and sensitization patterns 

change. Over the last forty years, many allergological and aerobiological studies have served to 

identify three main pollination seasons in this area (287, 288): a winter-spring pollen season 

(December to March) with low to moderate levels of pollen from trees of the Cupressaceae 

(Cupressus spp. and Juniperus spp.), Betulaceae (hazel) and Acaciae (Mimosa spp.) families; a 

spring-summer pollen season (April to July) with very high levels of pollen from Poaceae 

(grasses), Urticaceae (Parietaria spp.), Plantaginaceae (Plantago lanceolata) and olive, and 

moderate to low levels of pollen from birch and London plane tree (Platanus x acerifolia); and a 

final summer-autumn pollen season (August to October) with another increase in the pollen 

levels of Urticaceae species and moderate to high levels of Asteraceae (Artemisia spp.) and 

Amaranthaceae (Chenopodium spp. and Salsola spp.) pollen.  

 

 
Figure 36. Olive pollen allergy. (A) Picture of a cultivated olive tree (Order Lamiales, Oleaceae family, 
Olea europaea subsp. europaea var. europaea (from Wikimedia Commons). (B) Electron micrograph of 
olive pollen grains revealing their characteristic small spheroidal morphology. (C) Map of Spain showing the 
total counts of olive pollen grains in 1998 in the regions of Andalusia, Extremadura and Murcia. Adapted 
from (289). 
 

Olive pollen is the second leading cause of pollinosis in Spain after grass pollen, and becomes 

the first cause of pollinosis in regions like Andalusia, where olive is extensively cultivated. 

Phylogenetic studies have revealed that cultivated olive (Olea europaea L. subsp. europaea var. 

europaea) mainly descends from the Mediterranean wild olive, also called oleaster (Olea 

europaea L. subsp. europaea var. sylvestris), which is one of the six wild olive subspecies (subsp. 

europaea, cuspidata, cerasiformis, guanchica, laperrinei and marocanna) included in the olive 

tree complex (Olea europaea L.) (290). Cultivated olive (figure 36A), with at least three hundred 

different variants, is an iconic species of the Mediterranean culture used for wood, fruit and oil 

production, and whose origins have been linked to ancient civilizations more than six milennia 

ago. Although the main world olive oil producers are Spain, Italy, Greece, Syria and Turkey, the 

continuous advertising of the Mediterranean diet has boosted olive cultivation in regions of the 

United States (mainly in California), Japan, China, South Africa and South America (Chile, 
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Argentina and Perú), where it will presumably become a main allergenic source (291, 292). 

Besides, the high relevance of olive crops for the agricultural economics of these countries have 

promoted the interest to elucidate the molecular processes involved in olive biology, especially of 

those related to oil biosynthesis and affecting its quality. Currently, the oleaster genome (293) 

and the genome of a millenary cultivated olive have been sequenced (294).       

Olive pollen grains are small (17-21 μm), spheroidal and have three main furrows 

(tricolporate) (Figure 36B). Pollination lasts from April to the end of June, and is anemophilous 

(wind-pollinated) and entomophilous (insect-pollinated) (295). Olive pollen counts are directly 

associated to symptoms of rhinitis and asthma in olive pollen allergic patients, with an estimated 

threshold for the induction of symptoms of around 150 pollen grains/m3 (296). Some regions, like 

Córdoba and Jaén, have registered pollen counts as high as 4,500 pollen grains/m3.  

Although olive produces the most allergenic pollen among the Oleaceae family members, 

there are other species in this family involved in pollinosis. Ash, whose pollen is also 

anemophilous, is the main representative species of this family in Central and Northern Europe. 

Although previously neglected due to the higher prevalence of birch pollinosis in these regions, 

ash pollination sesion strats after that of birch, and causes well-documented relevant pollinosis in 

Alsace (France), Austria and Switzerland (297) (298). Pollinosis to privet (Lygustrum vulgare) and 

lylac (Syringa vulgaris) have also been described but are scarce, mainly because they are 

primarily entomophilous species and their pollen grains do not spread as much as those of olive 

and ash (299, 300).  

Olive pollen presents a very complex allergogram. Before this thesis work was performed, 13 

olive pollen allergens (Ole e 1 to Ole e 12, and Ole e 14) had been characterized (Table 9) (301, 

302). With a prevalence of sensitization of 75% to 85% among olive pollen alergic patients, 

Ole e 1 is the major olive pollen allergen. This highly polymorphic protein is the most abundant 

protein in olive pollen and the most studied allergen from this source (303-305). IgE-sensitization 

to Ole e 1 is considered a diagnostic biomarker of sensitization to Oleaceae (306).  

 

 
Figure 37. Prevalence of sensitization to Ole e 1, Ole e 7 and Ole e 9 among olive pollen allergic 
patients. Prevalence (n = 891 patients) of the presence of specific serum IgE against the relevant minor 
allergens Ole e 7 and Ole e 9 in comparison to the major allergen Ole e 1 in Spanish areas reaching high 
olive pollen counts (289). Numbers indicate the median specific serum IgE value in positive samples. 
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Allergens Ole e 7 (nsLTP), Ole e 9 (1,3-β-glucanase) and Ole e 10 (carbohydrate-binding 

protein containing an X8 domain), in regions with low olive pollen counts, act as minor allergens 

but reach a medium to high sensitization prevalence where patients are exposed to high olive 

pollen levels (Figure 37). Sensitization to these allergens has been related to severe symptoms 

and low tolerance to immunotherapy (289, 307, 308). Ole e 2 and Ole e 3 are the most cross-

reactive olive pollen allergens and their sensitization prevalences are not related to olive pollen 

counts. Ole e 2 belongs to the profilin panallergen family. The prevalence of sensitization is 

around 15%, but it increases in regions with high exposure to grass pollen. This allergen is a 

marker of polisensitization to different pollen and also of non-severe pollen-associated plant food 

allergies. Ole e 3 is a small calcium-binding cross-reactive allergen belonging to the polcalcin 

family, which appears exclusively in pollen tissue. It is also a marker of pollen polisensitization.  

 
Table 9. Summary of the characterized olive pollen allergens before this thesis. Adapted from (301). 

 
*Ole e 4 was part of the sequence of Ole e 9. 

 
Apart from pollen allergens, an olive fruit allergen, Ole e 13, has also been described (309). 

This allergen is responsible for occupational allergy in olive oil mill workers and belongs to the 
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thaumatin-like protein family of allergens. The allergenic 3D-structure of Ole e 13 is lost after olive 

fruit processing, which explains the low prevalence of sensitization to this allergen (309-311). 

 

7. IgE-mediated autoreactivity 

Autoreactivity is defined as an antibody response to self-antigens that can be related to 

autoimmunity (production of autoantibodies specifically raised against self-antigens) or to cross-

reactivity caused by molecular mimesis between self antigens and environmental antigens like 

allergens. Numerous potential IgE-binding self-antigens have been described (312), and the IgE-

reactivity of some of them (Table 10) is well-established by in vitro (313-316) and in vivo 

experiments (317, 318). However, the contribution of the IgE-mediated autoreactivity to the 

pathogenesis of allergic inflammation is unclear.  

 

     Table 10. IgE-reactive self-antigens. Adapted from (319) 

 
 

IgE-reactive self-antigens can be classified into two main types. The first type includes those 

proteins with known homologous allergens (MICU1, profilin, ribosomal P2 protein, manganese 

superoxide dismutase (MnSOD), cyclophilins and thioredoxins) that display IgE-reactivity due to 

molecular mimicry with environmental allergens. The second type includes proteins non-related 

to any described environmental antigens (SNUT-1, α-NAC, BCL7B). It is unknown if their IgE-

reactivity is caused by molecular mimicry to unidentified environmental allergens or by 

autoimmunity reactions with a B-cell switch to IgE production (319).   

One of the best studied IgE-reactive self-antigens is human MnSOD, a stress-induced protein 

which is able to induce atopic eczema on healthy skin areas in patients sensitized to Mala s 11, 

the MnSOD of the mold Malassezia sympodialis. Besides, IgE-reactivity against this protein is 
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correlated with the severity of the disease, and its expression is upregulated in eczematous areas. 

These data suggest a clear pathogenic role of IgE-autoreactivity at least in atopic eczema (312, 

320).  

Another interesting described self-antigens are human peptidyl-prolyl cis-trans isomerases A 

(PPIA) and B (PPIB), two members of the human cyclophilins (human Cyps) (Figure 38A). 

Cyclophilins constitute one of the three subgroups of the protein superfamily of immunophilins, 

which is formed by proteins which normally display peptidyl-prolyl cis-trans isomerase 

(PPIAse) -also called rotamase- activity and also includes FK506-binding proteins (FKBPs) and 

parvulins (321). Immunophilins owe their name to their capacity to bind drugs of fungal origin 

which modulate their biological activities. Cyclophilins were firstly discovered as the main targets 

of the immunosupressive drug cyclosporin A (322). Most cyclophilins possess PPIase activity 

(Figure 38B), which stabilizes and accelerates peptidyl-prolyl cis-trans transitions, which are 

essential for the correct folding of some proteins (Figure 38C) (323). Besides, they can act as 

molecular chaperones through PPIAse-independent mechanisms (324). These proteins can be 

found in numerous subcellular locations of all organisms, and their amino acid sequence is highly 

conserved among phylogenetically distant species, highlighting their relevance in basic cellular 

activities.  

 

 
Figure 38. Structure and enzymatic activity of cyclophilins. (A) Three-dimensional cartoon 
representation of the NMR ligand-free solution structure of human PPIA (PDB: 1OCA), which consists of a 
typical cyclophilin folding with a β-barrel of seven anti-parallel strands surrounded by two α-helices. Active 
site amino acids (R55, F60, M61, Q63, A101, F113, W121, L122, H126) are shown as sticks. 
(B) Representation of a peptidyl-prolyl cis-trans isomerization, the reaction catalyzed by cyclophilins. 
(C) Representation of the crystal structure (PDB: 1AK4) of human PPIA interacting with the N-terminal 
domain of the HIV-1 capsid protein through its active site.    
  
 

Cyclophilins constitute a panallergen family. Allergenic mold cyclophilins Mala s 6, Asp f 11 

and Asp f 27 from Malassezia sympodialis and Aspergillus fumigatus, are major allergens whose 

structure and immunological properties have been extensively studied, showing in vitro and in 

vivo cross-reactivity between them and also with their human homologs PPIA and PPIB. Patients 

with atopic eczema and sensitized to Mala s 6 react against PPIA and PPIB after skin tests (315, 

325). Allergens belonging to this family have also been described in other molds (Psi c 2, Rhi o 2), 

animals (Der f 29 and Der p 29) and in plant pollen (Cat r 1, Bet v 7) and plant food (Sola l 5) 

(Table 11). Besides, cyclophilins from other sources, like the mold Candida albicans, carrot, 
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pumpkin, rye grass, and Oriental plane tree pollen are deposited in the Allergome database as 

potential allergens.  

Table 11. Allergenic cyclophilins deposited in the WHO/IUIS database.    

 
 

Multiple human, parasite and mold cyclophilins structures have been reported and 

characterized, including the crystal structures of the group of human cyclophilins (326), and the 

allergens Mala s 6, Asp f 27 and Cat r 1, providing relevant information about the potential regions 

implicated in inter-species IgE-mediated cross-reactivity and autoreactivity (315, 327, 328). Plant 

pollen allergenic cyclophilins belong to the subgroup of divergent cyclophilins, which present a 

conserved Glu83 residue, two invariable cysteines and an additional stretch of seven amino 

acids with the consensus sequence XXGKXLH called divergent loop (Figure 39) (329-331). 

Interestingly, recent structural studies on the orange tree (Citrus sinensis) cyclophilin (CsCyp) 

have revealed that the enzymatic activity of this cyclophilin subgroup is regulated by a redox 

2-cysteine mechanism involving the formation of a disulfide bond, which alters the interaction 

between Glu83 and the divergent loop, narrowing the active site cleft and maintaining the enzyme 

inactive (332).   

 

 
Figure 39. Structural details of the subgroup of divergent cyclophilins. (A) Three-dimensional 
representation of the X-ray crystal structure of the Citrus sinensis cyclophilin (CsCyp) in complex with 
cyclosporin A (PDB:4jjm, cyclosporin A is not shown). The two invariable cysteines (Cys40 and Cys168), 
the conserved Glu83 and the divergent loop amino acids K48 and S49 are labeled. (B) CsCyp structure in 
complex with cyclosporin A (CsA). (C) Representation of the NMR solution ligand-free structure of the 
Catharanthus roseus (periwinkle) allergenic cyclophilin Cat r 1 (PDB: 2mc9). (D) Representation of the X-ray 
crystal structure of the Caenorabditis elegans cyclophilin 3 (CYP-3, PDB: ). In all cases, the divergent loop 
amino acids are colored blue, the regulatory catalytic Glu83 loop amino acids (D73 to E83) are colored green 
and the two invariable cysteine residues are colored red. All the representations were created by PyMOL.  
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8. Pollen proteomics 

In the recent years, proteomics studies for protein identification, quantification, analysis of 

post-translational modifications and protein interactions have been largely used to understand 

cellular processes implicated in plant growth, differentiation, development and resistance to 

different types of stress. These studies have been boosted by major advances in the sequencing 

and annotation of the genomes of several plant species, including Arabidopsis thaliana, rice 

(Oryza sativa), tobacco (Nicotiana tabacum), wheat (Triticum aestivum) and corn (Zea mays), 

giving access to reference predicted-protein databases such as Ensembl, RefSeq and UniProt 

(333). Besides, current advances in transcriptomics (mainly due to the use of RNA-seq (334)) and 

bioinformatics have improved proteomic analysis with the so-called “proteogenomics”. 

Proteogenomics allows for a more comprehensive protein identification using customized 

databases created by the combination of genomic and transcriptomic data with different 

computational approaches (335).   

As the male gametophyte in reproduction, the pollen grain has attracted much attention in 

plant cell biology to understand its development, which involves cell division and differentiation, 

fate determination, polar establishment and cell to cell communication. Thus, numerous 

proteomics studies have been performed to characterize protein dynamics during pollen 

development, tube growth and heat stress (336). The most complete protein datasets up to date 

have been obtained from studies comprising different pollen developmental stages in tomato 

(Solanum lycopersicum, five pollen stages analyzed, 1,821 protein considering isoforms) (337) 

and in tobacco (eight pollen stages analyzed, 3,817 different protein groups, more than 12,000 

proteins considering isoforms) (338). These studies have demonstrated that pollen development 

is sequentially controlled by important changes at the protein level, with energy metabolism-

related proteins upregulated at late stages, and heat stress and translation-related proteins 

upregulated at early stages.  

Other pollen proteomics studies have focused on the study of subcellular compartments like 

membranes (339, 340), nuclei (341) and messenger ribonucleoprotein complexes (mRNPs, 

sequestromes) (342); on extracellular components like the secretome (343) and pollensomes 

(344, 345); and on post-translational modifications, mainly by phosphoproteomics approaches 

(346). Besides, the role of pollen proteins in allergic sensitization has boosted the use of 

immunoproteomic methods for allergen identification and characterization. The combination of 

2-DE-based methods with Western blotting followed by MS/MS analysis of the immunoreactive 

reactive spots, have been used for allergen identification in the pollen of species like sugar date 

palm (Phoenix sylvestris), ash (347), tree of heaven (Alianthus altissima) and Bermuda grass 

(Cynodon dactylon) (348). Recent advances in bioinformatics and the sensitivity increase of 

mass-spectrometers have largely improved the performance of shotgun LC-MS/MS techniques 

for protein identification. This has also been reflected in the number of potential pollen allergens 

identified by these techniques. Two studies have offered the largest allergen datasets in grass 

and weed pollen allergens: a proteogenomics study of Johnson grass (Shorgum halepense) 

pollen, in which 45 proteins of 15 different allergen families were found (349); and a more recent 
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study in which the combination of gel-free and gel-based shotgun LC-MS/MS approaches were 

used for the proteomic profiling of feverfew (Parthenium hysterophorus) pollen, which allowed for 

the identification of more than 300 proteins belonging to a total of 47 allergen families (350).  

 

One of the two main objectives of this doctoral thesis was the identification of new candidate 

biomarkers for the diagnosis of olive pollen allergy. Specifically, we focused our research on the 

identification of new potential allergens in olive pollen and their characterization. Firstly, we 

performed a comprehensive proteomic profiling of cultivated olive pollen using a bottom-up 

shotgun proteomics approach combined with extensive genomic data and bioinformatics. A 

functional proteomic profile was obtained, and new potential olive pollen allergens were identified. 

Then, several of these new potential allergens were recombinantly expressed in bacteria and 

their IgE-reactivity was assessed. This approach led to the definition of olive pollen cyclophilin as 

a new relevant allergen named Ole e 15. Finally, we further characterized Ole e 15, analyzed its 

IgE-mediated cross-reactivity with other plant and animal cyclophilins, and identified the main 

IgE-binding regions on its surface.      
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ARTICLE IV 

 

Delineation of the Olive Pollen Proteome and Its Allergenome 
Unmasks Cyclophilin as a Relevant Cross-Reactive Allergen 

In this article, a comprehensive proteomic analysis of cultivated olive (Olea europaea subsp, 

europaea var. europaea) pollen was performed, taking advantage of the wild olive (Olea europaea 

subsp. europaea var. sylvestris) genomic data. Firstly, an extensive proteomic profiling of olive 

pollen was obtained by an in-depth bottom-up proteomics approach using a Q Exactive mass 

spectrometer. Bioinformatics analysis was used for peptide and protein identifications against the 

NCBI RefSeq database of the wild olive proteins predicted from the genome using the SEQUEST 

engine. Protein identifications were filtered to a false discovery rate of 1% using the Percolator 

algorithm. A total of 1,907 proteins were identified. These proteins were functionally catalogued 

according to Gene Ontology terms using Blast2GO. The analysis was next extended to the 

definition of the olive pollen allergen families by local protein Blast against the Allergome, 

WHO/IUIS and AllFam allergen databases. A total of 203 proteins distributed into 47 allergen 

families, 20 not previously described in this source, were identified. Four potential allergens 

belonging to the newly described olive pollen allergen families were chosen for the verification of 

their allergenicity. Olive pollen cyclophilin was confirmed as a new relevant allergen and named 

Ole e 15 according to the WHO/IUIS official nomenclature. Enzyme linked immunosorbent 

assays, Western blot and IgE-inhibition assays revealed its significance, high potency, and wide 

range of cross-reactivity with cyclophilins from other pollen, plant-derived food and animals, 

including its human counterparts. 

 

This study has been performed with the collaboration of Dr. Carmen Oeo Santos and is here 

presented with her signed consent and that of the rest of co-authors. During the research, I 

participated in the general experimental design, in the analysis of the proteomic data, in the 

cloning and production of the recombinant proteins, in the immunological assessment of their IgE-

reactivity and cross-reactivity, and also in the organization, preparation and revision of the 

manuscript. 

 

The study was published in the journal “Journal of the Proteome Research”. J. Proteome Res. 
2019, 18, 3052−3066. DOI: 10.1021/acs.jproteome.9b00167 
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Unpublished data related to Article IV. Cloning and expression 
of new potential allergens from olive pollen: members of the 

Bet v 1 and the pectate lyase allergen families 

 

In the research performed included in the Block 2 of this thesis, we described a comprehensive 

proteomic profiling of cultivated olive (Olea europaea subsp. europaea var. europaea) pollen. 

After bioinformatic analysis against different allergen databases, we could identify new potential 

allergens belonging to 20 different allergen families with no actual allergens previously described 

for this source. First, to validate our results, we chose 4 candidate allergenic proteins (cytosolic 

and mitochondrial MDHs, enolase and cyclophilin), and cloned and expressed them to test their 

ability to bind IgEs from the serum of olive pollen allergic patients. Patients only showed 

IgE-seroreactivity against olive pollen cyclophilin, then named Ole e 15 (see Article IV). Later, we 

decided to analyze the allergenicity in olive pollen of two other candidate proteins identified by 

proteomics and members of the Bet v 1 and pectate lyase allergen families.    

 

1. Cloning, expression and IgE-reactivity analysis of a member of the Bet v 

1-like allergen family from olive pollen 

Pollen from birch (Betula verrucosa/Betula pendula) and related tree species from the Fagales 

order like alder (Alnus glutinosa) and hazel (Corylus avellana) are the main allergenic pollen types 

in Northern and Central Europe (351). Approximately 90% of the patients allergic to birch pollen 

produce IgE against the major birch pollen allergen, Bet v 1. This allergen belongs to the 

ubiquitous family of plant pathogenesis related (PR)-10 proteins (352), whose expression is 

usually activated or increased under conditions of pathogenic or environmental stress (353, 354). 

PR-10 is an ancient protein family and its members are encoded by multigene families (355), 

showing a high variability even in the same species which allows them to perform multiple 

functions (protein dynamism) (356-358). PR-10 proteins are normally small (154-163 amino acids, 

15 to 18 kDa), slightly acidic, intracellular and cytosolic. Studies using high-throughput structure 

comparison methods have revealed that proteins sharing low sequence similarity and distantly 

related to PR-10 proteins display a similar folding functioning as a hydrophobic ligand carrier with 

multiple specificities. These proteins belong to the so-called “Bet v 1-like superfamily”, according 

to the Structural Classification of Proteins (SCOP) database (356, 358).   

       Until now, a total of 26 proteins of the Bet v 1 allergen family have been officially described 

according to the WHO/IUIS Allergen Nomenclature Sub-committee (www.allergen.org). Members 

of this group have been described as major Fagales pollen allergens in birch (Bet v 1), alder 

(Aln g 1), hornbeam (Car b 1), hop-hornbeam (Ost c 1), hazelnut (Cor a 1), beech (Fag s 1), 

chestnut (Cas s 1) and oak (Que a 1). They share a high degree of sequence identity and show 

IgE-mediated cross-reactivity. However, as birch is the predominant Fagales species, Bet v 1 is 
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normally the main sensitizer. Nevertheless, it has been shown that the rest of Bet v 1-like Fagales 

pollen allergens can also sensitize atopic individuals, especially in regions where birch is not 

predominant (359). IgE-mediated cross reactivity between these pollen allergens and Bet v 1-like 

proteins in vegetables, fruits, legumes and nuts is common and leads to the oral allergy syndrome. 

Thus, Bet v 1-like proteins have also been described as allergens in fruits like apple (Mal d 1), 

kiwi (Act d 8), peach (Pru p 1) and apricot (Pru ar 1); in vegetables like celery (Api g 1) or carrot 

(Dau c 1); in legumes like soy (Gly m 4) and peanut (Ara h 8); and in English  walnut (Jug r 5), 

showing most of them identities between 45 and 80% with Bet v 1 (352).  

In Article IV, we found 43 different predicted Bet v 1-like proteins from wild olive showing a 

similarity higher than 50% with Bet v 1-like allergens from the Allergome database (see Table S6, 

Article IV). Besides, after proteomic profiling of olive pollen, we found two high confidence 

peptides matching a Bet v 1-like protein with the NCBI accession number XP_022856299.1 and  

annotated as “major allergen Pru ar 1-like”. It showed 67% and 79% sequence identity and 

similarity, respectively, with Pru ar 1 (Table 1, Article IV).  

As Bet v 1-like pollen proteins have been shown to induce Bet v 1-independent allergic 

sensitization (359), we then proceeded to the cloning and expression of the identified Bet v 1-like 

protein from olive pollen to analyze its IgE-reactivity.  

 

Figure 1. Amino acid sequence alignment of eight of the different Bet v 1-like proteins predicted from the 
wild olive (XP_0228 codes) and the cultivated olive (OE6A codes) genomes, showing a high degree of 
identity and similarity with the Bet v 1-like protein identified by proteomics (“022856299”, underlined) by two 
isoform-specific peptide matches (squared). The percentage of sequence identity (I) and similarity (S) of 
“022856299” with the rest of identified predicted proteins is shown. The alignment was obtained with 
DIALIGN. Identity and similarity calculations, as well as visualization, were performed with GeneDoc.       

 

For cloning, we firstly searched other Bet v 1-like proteins with a high degree of sequence 

identity with XP_022856299.1 and predicted by the NCBI wild olive genome (NCBI:txid158386) 

or by the cultivated olive genome (http://denovo.cnag.cat/olive) (294). We found more than forty 

different Bet v 1-like proteins, some of them showing a high degree of sequence identity with 

XP_022856299.1 (Figure 1). Then, we compared their cDNA sequences and used the sequences 

encoding the identified peptides by proteomics (NVEILEGDGGVGTVK and AFILDSDNLIPK), or 

the N and C-terminal sequences, for the design of a battery of degenerate and non-degenerate 

oligonucleotides. Later, they were used by PCR with olive pollen SMART RACE and Superscript 
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III cDNA libraries as templates. We were able to amplify and sequence two cDNAs encoding olive 

pollen Bet v 1-like proteins, here named Bet v 1 like-P1 and Bet v 1-like P2 (Figure 2).  

 

 

Figure 2. Cloning of the cDNAs encoding O. europaea Bet v 1-like proteins P1 and P2. (A) Ethidium 
bromide staining after 1.5% agarose gel electrophoresis of the PCR-amplified DNA bands obtained after the 
use of non-degenerate Bet v 1-like P1 Fw and Rv oligonucleotides. The results at a hybridization temperature 
of 55 ºC and 68 ºC are shown. (B)  DNA bands obtained after the use of non-degenerate Bet v 1-like P2 Fw 
and UPM oligonucleotides. The results at a hybridization temperature of 50 ºC during five cycles followed by 
twenty five cycles at 55 ºC are shown. Five μL of each PCR were loaded per well.  (C) DNA bands chosen 
for cloning and sequencing (arrows) after PCR re-amplification of bands in (A) and (B). Three μL of each 
PCR were loaded per well. (D) Gel-purified DNA bands (10 μL). UPM, universal primer mix; 3’RACE, 3’ 
SMART RACE olive pollen cDNA library; bp, base pairs.     

 

Bet v 1-like P1 cDNA was amplified using two non-degenerate oligonucleotides (Betv1likeP1 

Fw, ATGGGTGCCATCACTTATGATATG; and Betv1likeP1 Rv, TTAATTGTAGGCATCGGGATTCGC) 

designed from the cDNA of the predicted Bet v 1-like proteins OE6A032110, OE6A101219 and 

XP_022849569. Firstly, the two oligonucleotides were used in PCR with a hybridization 

temperature of 68 ºC or 55 ºC and with two different cDNA libraries as templates (Figure 3A). 

From both libraries and at a hybridization temperature of 55 ºC, but not at 68 ºC, a DNA band of 

nearly 500 bp potentially corresponding to the Bet v 1-like protein-coding cDNA was obtained. 

For Bet v 1-like P2 cDNA, a first cDNA candidate of ~650 bp was amplified using the UPM primer 

and a non-degenerate forward primer (Betv1likeP2 Fw,  ATGGGTGCTATTACTGTCACCGAG) 

designed from the cDNA of OE6A005812 and OE6A061263 (Figure 2B). Later, for Bet v-like P1, 
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the obtained cDNA was gel-purified and the band was re-amplified by PCR. One candidate band 

was obtained after reamplification (Figure 2C). For Bet v 1-like P2, the amplified DNA obtained in 

the previous step (Figure 2C), was 20-fold diluted and used as template for PCR-amplification 

using the Bet v 1-like P2 Fw and a degenerate Bet v 1-like P2 Rv also designed from the cDNA 

of OE6A005812 and OE6A061263 (YTAATTAACATAGGCATCAGGATTTGC). Two candidate bands 

(P2UP and P2DOWN) were obtained after re-amplification. Finally, the bands were gel-purified 

(Figure 2D) and cloned into the pCR2.1 TOPO vector for sequencing.  

  

 

Figure 2. Amino acid sequence alignment of the Bet v 1-like protein identified by proteomics 
(XP_022856299.1, underlined), the cloned olive pollen Bet v 1-like P1 and P2 proteins, and  the predicted 
protein sequences from the wild olive and the cultivated olive genomes showing the highest sequence 
identity with them (XP_022849568.1, XP_022864064.1, OE6A04667, OE6A005812). The percentage of 
sequence identity (I) and similarity (S) of “022856299” with Bet v 1-like P1 and P2 is shown. The alignment 
was made with DIALIGN. Identity and similarity calculations, as well as visualization, were performed with 
GeneDoc.         

 

While the DNA sequence of P2DOWN did not encode for any protein, the sequences of the 

P1 and P2UP bands (Figure 2D) corresponded to cDNAs with open reading frames encoding the 

Bet v 1-like P1 (160 amino acids) and P2 proteins (161 amino acids), respectively. The amino 

acid sequences of both proteins were firstly aligned using the Bet v 1-like protein identified by 

proteomics (XP_022856299.1) as template. Bet v 1-like P1 protein showed 73 and 83% sequence 

identity and similarity, while Bet v 1-like P2 showed 57 and 72%, respectively (Figure 3). Then, 

we compared these protein sequences with those predicted from the wild and the cultivated olive 

genomes using protein blast. The predicted protein XP_022849568.1 encoded by the wild olive 

genome showed 98 and 99% identity and similarity with Bet v 1-like P1; and the partial predicted 

protein XP_022864064.1 showed very high sequence identity and similarity with the C-terminal 

end of the Bet v 1-like  P2 protein. Conversely, the predicted proteins OE6A04667 and 

OE6A005812 from the cultivated olive genome showed sequence identities of 96 and 100% with 

Bet v 1-like P1 and P2 (Figure 3). Therefore, although we were not able to clone the cDNA 

encoding the olive pollen Bet v 1-like protein identified by proteomics, we could clone two different 

cDNAs encoding Bet v 1-like proteins showing a high degree of sequence identity with that protein 

and other annotated PR-10 proteins of the olive genomes, and potentially expressed in olive 

pollen tissue. The ExPASy ProtParam Tool (155) predicted a molecular mass of 17.5 and 17.4 
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kDa, and a pI of 5.0 and 5.2, for Bet v 1-like P1 and P2, respectively. These properties are similar 

to the calculated for other PR-10 proteins (352, 360).  

 

 

Figure 3. Structure modelling and comparison  between olive pollen Bet v-1 like proteins and the 
major birch pollen allergen Bet v 1. (A) Cartoon representation of the modeled structures of olive pollen 
Bet v 1-like proteins and Bet v 1.0112 (PDB:1bv1). The N- and C-terminal ends are labeled, and the typical 
hydrophobic cavity of the PR-10 fold is marked by an arrow (B) Superposed ribbon diagrams of Bet v 1-like 
P1 and Bet v 1.0112 (1), Bet v 1-like P1 and Bet v 1-like P2 (2), and Bet v 1-like P2 and Bet v 1.0112 (3). 
Bet v 1-like P1 shown in red, Bet v 1-like P1 colored grey and Bet v 1.0112 colored blue. (C) Topology 
diagrams generated by PDBsum (361), based on the hydrogen bonding plots of Gail Hutchinson's HERA 
program (362). Red cylinder, α-helix; pink arrow, β-strand; blue line, β-loop. (D) Connolly surface 
representations of the electrostatic potentials calculated by the Adaptive Poisson−Boltzmann Solver (APBS) 
program at charge level ± 5, considering 2 and 78 as dielectric constant values for protein and solvent, 
respectively. Electropositive regions are colored in blue, electronegative regions are colored in red, and 
neutral regions are colored in white. All 3D-models were visualized by PyMOL. 

 

 Structural studies have revealed that the different members of the Bet v 1 allergen family fold 

into a prototypical PR-10 protein structure consisting of the secondary structure arrangement 

β-α2-β6-α, with an anti-parallel β-sheet wrapped around a long C-terminal α-helix (356, 363). 

Here, we modelled the structures of the cloned olive pollen Bet v 1-like proteins using the SWISS 

Homology Model tool from ExPASy (364). The NMR solution structures of the major beech pollen 

allergen Fag s 1 (PDB:6gq9) (365) was used for the modelling of Bet v 1-like P1; and the major 

hazel pollen allergen Cor a 1 (PDB:6alk) (366) was used for the modelling of Bet v 1-like P2. 

Then, the models were compared to the NMR structure of Bet v 1.0112, allergenic natural variant 

(F63L) of Bet v 1.0101 which is also highly allergenic (PDB:1bv1) (363) (Figure 3). Both olive 

pollen proteins showed a predicted typical PR-10 fold, with a characteristic highly curved 

anti-parallel β-sheet surrounded by α-helices, forming a hydrophobic pocket (Figure 3A). Although 

the overall structure was highly conserved, there were clear differences between the structure of 

the molecules, especially in the curvature and coiling of the α-helices (Figure 3A and B). This has 

been described as a main cause of difference in the hydrophobic cavity between different Bet v 

1-like proteins (357). In fact, calculations of the hydrophobic cavity volumes of the proteins by 
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MOLE2.5 (367) confirmed those differences, showing values of 1640.17, 1770.8 and 2350.6 Å3 

and diverse geometric distributions for Bet v 1-like P1, P2 and Bet v 1.0112, respectively. Besides, 

the predicted structure of Bet v 1-like P2 showed three N-terminal α-helices instead of two, 

adopting different contact regions with the C-terminal α-helix (Figure 3A, B and C). All these 

structural differences probably indicate that these proteins bind distinct ligands and are involved 

in different functions. As expected due to their acidic pI, the general electrostatic potential of these 

proteins was negative, although they showed differences in the charge distribution throughout the 

surface (Figure 3D).         

 

 

Figure 4. Protein expression and purification of olive pollen Bet v 1-like P1 protein in E. coli BL21 
(DE3). (A) Analysis of the Bet v 1-like P1 expression tests in comparison to the expression of cytosolic MDH, 
by Coomassie Blue staining after 15% SDS-PAGE of the cell lysate supernatants and pellets obtained using 
lysis buffer without detergents. All samples were reduced. Ten μL were loaded per well. (B) Analysis of the 
Bet v 1-like P1 expression at 30 ºC for 16 h by Coomassie Blue staining after 15% SDS-PAGE of the cell 
lysate supernatants and pellets obtained using a lysis buffer with detergents. (C) Coomassie Blue staining 
and (D) Western blot analysis with an anti His6-tag antibody after 15% SDS-PAGE of the different fractions 
obtained in the purification steps of Bet v 1-like P1 using Ni-NTA resin. (E) Analysis of 0.5 μg of Bet v 1-like 
P1 protein along with other purified recombinant potential allergens from Article IV by Coomassie Blue 
staining after 15% SDS-PAGE under reducing and non-reducing conditions. Purified natural Ole e 1 was 
used as control. 

 

Then, we proceeded to the recombinant expression of olive pollen Bet v 1-like P1 as an 

N-terminal His6-tagged in bacteria (BL21 (DE3)). The construction of the pET28a/Bet v 1-like P1 

expression vector was performed as described in Article IV for the other potential olive pollen 

allergens. Different expression tests were firstly performed for Bet v 1-like protein, but after cell 

lysis, Bet v 1-like P1 was found as inclusion bodies in the lysate pellets (Figure 4A). To try to 

obtain soluble recombinant protein from bacterial lysates, sodium lauroyl sarcosinate and Triton 

X-100 were added to a final concentration of 0.1 % (v/v), as previously done for mild solubilization 



Unpublished data related to Article IV 

325 
 

under non-denaturing conditions of proteins in non-conventional inclusion bodies, and for the 

high-yield expression of soluble Bet v 1 (368-370). High amounts of soluble protein in the cell 

lysate supernatant could be observed using this method (Figure 4B). Finally, the protein was 

purified (Figure 4C, D and E). Purity higher than 85% was achieved, and Coomassie Blue staining 

after 15% SDS PAGE under non-reducing conditions revealed that Bet v 1-P1 was mainly present 

as a dimer of ~36 kDa in solution. This behavior has also been described for recombinant Bet v 

1.0101, which forms stable soluble dimers due to a Y6C exchange caused by a 

temperature-dependent misreading of the Tyr codon UAC (in Bet v 1-like P1, UAU) as a Cys 

codon UGC/U in E. coli (371). The IgE-reactivity of the serum samples from olive pollen allergic 

patients used in Article IV was tested using the purified Bet v 1-like P1 protein by ELISA. However, 

no significant IgE-binding was found. Further testing with other serum samples from Spanish 

patients allergic to olive pollen showed the same results. Then, olive pollen Bet v 1-like P1 was 

observed not to be an olive pollen allergen in the tested populations.   

Allergic sensitization is the result of complex interactions between the allergenic source and 

the host immune system in a given environmental context (372). Although it is well-known that 

allergens belong to a few protein families (276), the exact properties making a protein an allergen 

are not fully understood. The structure of some allergens, including Bet v 1-like proteins, has been 

related to that of certain parasite proteins and also to human proteins whose function depends on 

ligand-binding (373, 374). Thus, the 3D-structure of allergens seems to play a major role in the 

essential interplay with the cells of the epithelial barrier and the innate and adaptive immune 

systems preceding the development of the TH2-immune responses causing allergic disease. 

Numerous studies have provided evidence that most relevant IgE-epitopes of Bet v 1 are 

conformational (375-379). Here, we compared in detail the Bet v 1-like P1 and Bet v 1.0112 amino 

acid sequences, and those surface regions which in Bet v 1 have been described to contain amino 

acids belonging to conformational IgE-epitopes: the so-called “P-loop” and surrounding amino 

acids, the region opposite to the P-loop, the C-terminal region and the C-terminal α-helix (379, 

380) (Figure 5). Several amino acid differences were found, especially in the C-terminal α-helix 

region and in the region opposite to the P-loop. Thus, we hypothesized that these differences 

might provoke a lack of relevant B-cell epitopes on the surface of Bet v 1-like P1, diminishing its 

allergenic capacity. Moreover, it is known that the allergic response against many Bet v 1-like 

proteins require the previous sensitization to Bet v 1 (352, 359). In Spain, sensitization to birch 

pollen is not very common, as this tree is limited to Northern areas where elevated pollen counts 

are not usually reached (381). Nevertheless, the allergenicity of Bet v 1-like proteins from the 

pollen of other Oleaceae species, like ash, cannot be discarded, as these trees are commonly 

found in Central Europe, where they coexist with birch (297, 382). The European ash tree genome 

was recently published (383) and can be found and used for sequence blast here 

(www.ashgenome.org). After tBlastn of the Bet v 1-like P1 cDNA, a very similar protein annotated 

as “CONTIG3666” was found. Then, this protein might also be expressed in ash pollen and 

therefore, its allergenicity and clinical relevance should be assessed in ash pollen allergic 
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patients. Besides, the potential IgE-cross reactivity between these proteins and the Fagales Bet 

v 1-like allergens should also be studied.    

 

Figure 5. Comparison of the amino acid sequence, structure and IgE-binding surface regions of 
Bet v 1.0112 and olive pollen Bet v 1-like P1. The alignment of the amino acid sequences of both proteins 
is shown. Amino acids corresponding to Bet v 1 surface regions are shaded in different colors (color legend). 
Other identical amino acids between both proteins are shaded in light grey. Amino acids corresponding to 
the IgE-binding conformational epitope recognized by the monoclonal BV16 antibody and described in (380) 
are shown in italics. The upper panel shows the protein surfaces colored according to the shaded sequences 
of the alignment. Amino acid differences, not shaded in the alignment, are colored in dark grey. All 
3D-models were visualized by PyMOL. 

 

2. Cloning of a member of the pectate lyase allergen family from olive pollen  

Pectins belong to a complex class of polysaccharides formed by a long backbone of α-1,4-linked 

methylated galacturonic acid and different ramifications which contribute to the structure and 

mechanical resistance of the plant cell wall (384). Although numerous enzymes act in the 

degradation and remodeling of pectin, the galacturonan backbone is mainly degraded by 

sequential action of three classes of enzymes: pectin methylesterases (EC 3.1.1.11), 

polygalacturonases (EC 3.2.1.15) and pectate lyases (EC 4.2.2.2). Firstly, pectin methylesterases 

hydrolyze methyl-esterified homogalacturonan, producing accessible substrates for 

polygalacturonases and pectate lyases, which then cleave the galacturonan backbone (385). Of 

these three types of pectin degrading enzymes, a pectin methylesterase (Ole e 11) and a 

polygalacturonase (Ole e 14) have been described as olive pollen allergens (302, 386). Although 



Unpublished data related to Article IV 

327 
 

no allergenic pectate lyase has been described in olive pollen, these enzymes are allergens in 

the pollen of the non-related Asteraceae and Cupressaceae families (Table 1). In Central Europe, 

the allergenic Asteraceae weed species ragweed and mugwort form extensive populations, while 

in the Mediterranean countries Arizona and Mediterranean cypresses are more common. 

Besides, some populations of mugwort, but not ragweed, can also be found in the Mediterranean 

Basin (387-389).  

Table 1. List of pollen allergens of Asteraceae and Cupressaceae species belonging to the pectate lyase 
allergen family and deposited in the WHO/IUIS database.    

 

 

Importantly, pectate lyases from pollen are major allergens (390-393), except for Art v 6 and 

Hel a 6 (394), probably due the lower expression levels of these proteins. Comparative studies of 

the IgE-reactivity of these allergenic pectate lyases have revealed that they can be divided into 

four categories according to the IgE-sensitization patterns: Amb a 1, Art v 1, 

Cup a 1/Cup s 1/Jun a 1 and Cry j 1. Moreover, they only share high to medium sequence identity 

with members within the same family (95% Cup s 1/Jun a 1; 78% Cup s 1/Cry j 1; 45% Cup s 

1/Amb a 1; 59% Amb a 1/Art v 6), and thus, they do not show inter-family but intra-family IgE-

cross reactivity (387).  

In the proteomics profiling of olive pollen described in Article IV, we found four different 

proteins belonging to the pectate lyase family and annotated as “probable pectate lyase 4” 

(XP_022869881.1), “probable pectate lyase P59” (XP_022854141.1) and “pectate lyase-like” 

(XP_022866858.1 and XP_022868790.1) (Table S3, Article IV). Three of them 

(XP_022854141.1,  XP_022868790.1 and XP_022866858.1) shared a sequence similarity higher 

than 50% with the allergenic Asteraceae pectate lyase allergens Art v 6 and Amb a 1, and were 

then considered potential olive pollen allergens (Table S7, Article IV). We focused on the cloning 

of the proteins XP_022854141.1 and XP_022868790.1, which were those found with the highest 

number of isoform-specific peptides in the three replicates (Table S3, Article IV). Besides, we 

found a highly similar protein to XP_022854141.1 in the wild olive genome also annotated as 

“probable pectate lyase P59” (XP_022884005.1), and whose sequence matched two of the 

identified peptides (Figure 6A). Degenerate oligonucleotides were designed for the cloning of the 

three proteins, but only a band with the expected length was obtained after PCR with UPM and 

the forward degenerate oligonucleotide TTAGTKCAAAGRATGCCWAGGGT (specifically 

designed from XP_022884005.1) using olive pollen 3’ RACE cDNA as template (Figure 6B, 
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images 1 and 2). After sequencing, the isolated band was confirmed to encode the C-terminal 

end of a pectate lyase highly similar to XP_022884005.1. Then, a non-degenerate oligonucleotide 

designed from the sequenced cDNA fragment (CTAACACGGTCTTCCTACTATGCAATGAAGTG) 

was used to amplify the full-length cDNA from the 5’ RACE cDNA library (Figure 6B, images 3 

and 4). Then, the  cDNA was sequenced, revealing an open reading frame encoding a 445 amino 

acid pectate lyase (Pectate Lyase 1) with a signal peptide of 26 amino acids predicted by 

SignalP 4.1 and four potential N-glycosylation sites (consensus sequence N-X-S/T, being X any 

amino acid except P). The protein was almost identical to XP_022884005.1 and presented very 

high sequence identity (>70%) with those found by proteomics (XP_022854141.1 and  

XP_022868790.1) (Figure 6A).  

 

Figure 6. (A) Amino acid sequence alignment of the pectate lyase proteins identified by proteomics with the 
highest number of peptides (XP_022868790.1 and XP_022854141.1), the highly similar pectate lyase 
XP_022884005.1 and the cloned pectate lyase (Pectate Lyase 1). The identified peptides by proteomics are 
squared. The potential glycosylation sites of Pectate Lyase 1 are underlined in blue. The predicted signal 
peptide sequences have been removed before alignment. (B) Cloning of the cDNA encoding Pectate Lyase 
1 from olive pollen. Image 1, ethidium bromide staining after 1.5% agarose gel electrophoresis of the PCR-
amplified DNA bands obtained by the use of a degenerate oligonucleotide and UPM with the 3’RACE cDNA 
as template. The band of interest later purified (Image 2) is marked by an arrow. Image 3, PCR-amplified 
DNA band (arrow) corresponding to the complete cDNA encoding olive pollen Pectate Lyase 1 obtained by 
the use of a non-degenerate oligonucleotide and UPM with the 5’RACE cDNA as template. The gel-purified 
band is shown in Image 4. bp, base pairs. (C) Topology diagram of Jun a 1 (PDB:1pxz) showing the parallel 
β-sheet as the main secondary structure motif of the pectate lyase fold. (D) Two different views of the solved 
Jun a 1 3D-structure and the predicted structures for olive pollen Pectate lyase 1 and for other allergenic 
plant pectate lyases. All the structures were modeled by ExPASy SWISS model tool using the Jun a 1 
structure as template, and visualized by PyMOL.  
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Up to date, only the 3D-structure of the allergenic plant pollen pectate lyase Jun a 1 has been 

solved (PDB:1pxz) (395). Interestingly, Jun a 1 shows a very similar folding to pectate lyases from 

microorganisms, with three right-handed parallel β-sheets separated by turns with random coil 

conformations and forming a major β-helix core structure (Figure 6C and D). Here, we modelled 

the structure of the conserved regions between several pectate lyase allergens and the cloned 

olive pollen pectate lyase using the SWISS Homology Model tool from ExPASy and the solved 

structure of Jun a 1 as template. All the proteins showed the conserved parallel β-helix core 

structure of pectate lyases and the putative active site groove containing the predicted catalytic 

motif RMPR(C/A)R (Figure 6D) (395). However, recent physicochemical studies of the different 

isoforms of Amb a 1 revealed that the structure of the regions out of the β-core is highly diverse 

between different plant pectate lyases, suggesting they have different functional implications 

(396).  

Amino acid sequence alignment with Asteraceae and Cupressaceae pectate lyase allergens 

showed olive pollen Pectate Lyase 1 shares low to medium sequence identity with these proteins, 

being slightly higher with pectate lyases from Asteraceae pollen (40 to 45% identity) than with 

those from Cupressaceae pollen (36 to 39% identity) (Figure 7). Interestingly, olive pollen pectate 

lyases present an additional N-terminal sequence probably implicated in regulatory functions. 

Allergenic plant pectate lyases have been described to be N-glycosylated secreted proteins which 

bind calcium ions and present one to three disulfide bonds (390, 395, 397).     

To assess its IgE-reactivity, we proceeded to the cloning of the Pectate Lyase 1 cDNA into 

the pPICZαA vector for its extracellular expression as a C-terminal His6-tag protein in Pichia 

pastoris. This expression system was chosen because it usually provides high expression yields 

and more complex folding than E. coli, including disulfide bond formation and N-glycosylation. 

Besides, previous attempts to express allergenic plant pectate lyases in E. coli resulted in 

incomplete folding and loss of IgE-reactivity (390, 398). Moreover, although there are not previous 

published research showing the recombinant expression of Cupressaceae pectate lyases in 

P. pastoris, all the isoforms of Amb a 1 except Amb a 1.04 have been successfully expressed in 

that system (396, 399). In our case, however, Coomassie Blue staining and Western blot analysis 

after SDS-PAGE of the growth P. pastoris medium revealed the absence of protein secretion. 

Probably, Pectate Lyase 1 requires a very complex folding that P. pastoris cannot provide. 

Therefore, other heterologous expression systems, such as baculovirus or cell-free systems like 

HeLa and reticulocyte, should be tested in the future for their suitability to express this protein and 

analyze its IgE-reactivity.     
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Figure 7. Amino acid sequence alignment of the pectate lyase identified by proteomics with the highest 
number of peptides (XP_022854141), the cloned olive pollen Pectate Lyase 1, and the nine described plant 
pectate lyase allergens from Asteraceae and Cupressaceae pollen. The percentage of sequence identity (I) 
and similarity (S) of Pectate Lyase 1 with the pectate lyase allergens is shown. The sequence of Amb a 1 
corresponds to the Amb a 1.0101 isoallergen. The alignment was made with DIALIGN. Identity and similarity 
calculations, as well as visualization, were performed with GeneDoc.         
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ARTICLE V 

Ole e 15 and its human counterpart -PPIA- chimeras reveal an 
heterogeneous IgE response in olive pollen allergic patients 

The analysis of the IgE-epitopes of an allergen may allow for the better prediction of allergic 

reactions due to IgE cross-reactivity. In that case, the detection of IgEs against certain allergen 

epitopes can be considered as prognosis biomarkers. Ole e 15 belongs to the cyclophilin allergen 

family, which includes highly cross-reactive allergens from non-related plant, animal and mold 

species due to a high-degree of sequence conservation. The aim of this work was the 

identification of the main regions of the Ole e 15 surface contributing to IgE-binding. Firstly, a 

weak cross-reactivity between Ole e 15 and its human homolog, PPIA, was confirmed by IgE 

ELISA experiments in vitro. Then, after structure comparison and calculation of solvent-accessible 

surface areas in silico for both molecules, nine chimeras carrying specific regions from PPIA were 

designed using Ole e 15 as scaffold. Of these Ole e 15-PPIA chimeras, eight were successfully 

produced in E. coli, purified and tested by ELISA using 20 sera from Ole e 15-sensitized patients 

with olive pollen allergy. The contribution of linear epitopes was analyzed using twelve 

overlapping peptides spanning the entire Ole e 15 sequence. All the patients displayed a diverse 

reduction of the IgE-reactivity to the chimeras, revealing a highly polyclonal and patient-specific 

response to Ole e 15. Besides, the IgE-epitopes were distributed across the entire Ole e 15 

surface, and two main surface areas containing relevant conformational epitopes were 

characterized. To our knowledge, this is the first study to experimentally identify important IgE-

binding regions on the surface of an allergenic cyclophilin. 

 

This study is here presented with the signed consent of all co-authors. I made the general 

experimental design, the cloning and expression of the chimeric proteins, PPIA and Ole e 15, and 

their spectroscopic and immunological analysis. I also analyzed all the data and conducted the 

organization, preparation and revision of the manuscript.  

 

The study was published in the journal “Scientific Reports”.  
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GENERAL DISCUSSION 
 

In the last two decades, high-throughput screening techniques based on proteomics 

approaches such as mass spectrometry (MS) and protein microarrays have been widely used for 

the identification of new candidate biomarkers, as they allow for the identification and 

quantification of a high number of proteins in a single sample and with high sensitivity. The 

MS-based techniques most commonly used in this phase are known as shotgun bottom-up 

proteomics approaches, in which complex protein mixtures are firstly digested into peptides and 

separated by liquid chromatography prior to mass analysis (37, 38). Besides, other platforms like 

protein microarrays have been shown to be useful for high-throughput screening and biomarker 

discovery (39, 400). For chronic diseases such as Alzheimer’s disease (AD) and allergy, whose 

prevalence has alarmingly increased during the last years in the population of developed 

countries (401), these techniques are extremely useful for the design of new diagnostic tools and 

treatments, as we have also demonstrated in the works conforming this doctoral thesis.  

 

BLOCK 1 

AD is the most common form of dementia worldwide and has an estimated prevalence of up 

to 30% in the aging population and probably will double in the next years. It is characterized by a 

progressive and unremitting neurodegeneration affecting fundamental brain areas for cognition, 

memory, perception and movement (175, 402). Currently, AD diagnosis is mainly based on 

clinical symptoms, which frequently leads to misdiagnosis (139, 233). The only useful biomarkers 

for AD are based on cerebrospinal fluid (CSF) analysis and neuroimaging techniques, and are 

restricted to specialty care settings (237, 240). Besides, they fail to detect the disease at early 

stages. To deal with these problems, new biomarkers useable in primary care settings, such as 

blood-based biomarkers, are needed in the field and are subject of intense research (242).  

The alteration of the levels of specific proteins in serum, plasma and other tissues has been 

largely used for clinical diagnosis in acute myocardial infarction and cancer (403-405). In AD, the 

formation of amyloid plaques and NFTs cause alterations in the CSF levels of phosphorylated 

tau, Aβ40  and Aβ42 that are useful as diagnostic biomarkers of AD pathology (237). With the aim 

of identifying new protein alterations specific of AD and valid as new potential biomarkers, we 

performed an antibody microarray-driven proteomics approach (Article I) for the relative 

quantification of a total of 706 proteins in post mortem prefrontal cortex tissue samples from 

healthy subjects and AD, FTD and VD patients. In most proteomics-based studies for the protein 

profiling of different brain regions, CSF and serum of AD patients (see (406, 407) for reviews), 

the obtained data is compared to healthy subjects or to different clinical or pathological subgroups 

of AD (408, 409). Whereas this strategy can effectively lead to the identification of altered proteins 

related to AD, it is well known that many of the molecular pathways involved in neurodegeneration 

are shared between the different types of dementia (410, 411). Thus, this strategy loses the ability 
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to identify specific molecular alterations of AD not common to other dementias, which could be 

candidate biomarkers for diagnosis. To counter that problem, we used prefrontal cortex tissue 

samples from patients in Braak stages IV, V and VI (AD group), and compared them to FTD and 

VD patients, and healthy individuals (control group). This strategy has also been followed by other 

authors to identify alterations more prone to be AD-specific (412, 413).     

Most analyzed proteins in the antibody arrays were cytokines, growth factors, membrane 

receptors and kinases. These proteins play an essential role in cell signaling processes, and their 

levels are usually low and extremely regulated. Thus, their presence is usually missed in 

MS-based studies (414). Besides, some of these proteins are secreted, which increases their 

potential as candidate biomarkers (415). With our approach using antibody arrays, we identified 

a total of 40 proteins with altered levels in AD patients compared to healthy individuals and FTD 

and VD patients (Table 1). Then, we proceeded to validate these results using different 

methodologies.  

Firstly, we performed a meta-analysis of our data with two large GEO data sets (159) of mRNA 

alterations identified from large transcriptional studies (160, 416). An agreement in the change of 

11 of the 40 altered proteins was found (Figure 5A), increasing the validity of our results. Then, 

we also reviewed previous research on the alteration of identified proteins in AD. The 

downregulation of different PKC isoforms (417, 418), and the upregulation of chromogranin A 

(419, 420), GATA-4 (421) or MBL2 (422) were well established in the literature, further validating 

our results. 

Apart from the deregulation of the proteolytic processing of APP and the stabilization of 

microtubules by tau, many genetic and biochemical studies indicate the existence of other 

deregulated signaling pathways in AD, like endosomal vesicle recycling, cholesterol metabolism, 

innate immune system, calcium response and oxidative stress (423-426). However, whether 

these processes are the cause or the consequence of APP and tau aggregates is unknown (216). 

To get an insight into the signaling pathways potentially deregulated due to the altered proteins 

of our dataset, we used bioinformatics analysis by Ingenuity Pathway Analysis (IPA) and STRING 

(427, 428). In both types of analysis, APP and tau were also included to increase the chances of 

identifying connections between the AD pathological process and the “hallmark” altered proteins. 

Globally, IPA revealed that the altered proteins participated in processes involved in cell signaling 

for cellular maintenance, and cell death and survival (Figure 3A and Supplementary Figure 2). 

Besides, the analysis found specific activation of the lipopolysaccharide (LPS) and the 

dexamethasone response pathways, which mainly include molecules of the innate immune 

response such as NF-κB, CD14, MD-2 and TLR4 previously related to AD (Figure 3B) (429). 

Interestingly, when we removed APP and tau from the dataset, the TGF-β pathway and the 

reactive oxygen species (ROS) production pathways were downregulated (Figure 3E and 3F). 

Considering the protective effect of TGF-β against neurodegeneration in AD (430) and the 

pathological role of ROS species due to the promotion of oxidative stress (431), these results 

suggest that the alteration of proteins in the dataset might be related to neuropathological 
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pathways concomitant to APP and tau, and also to neuroprotective responses to avoid oxidative 

stress damage. Regarding STRING, six different clusters of interaction were found for the altered 

proteins when APP and tau were included (Figure 4). Remarkably, four of them were related to 

the immune system, highlighting the IPA results involving the activation of pathways of the innate 

immune response.  

Despite the huge coverage reached by the transcriptomics databases used here for 

meta-analysis, it is well-known that protein expression can be regulated translationally, usually 

provoking discrepancies between mRNA and protein levels (432, 433). Thus, we proceeded to 

the validation of the obtained altered protein dataset at the protein level by meta-analysis of 

MS-based proteomics databases, and by Western blot and immunohistochemistry experiments. 

A total of five protein datasets from quantitative proteomics approaches of AD cortical (434), 

olfactory bulb (435), hippocampus (436), prefrontal cortex (437) and temporal neocortex (438) 

samples were used. Besides, an extra proteomic dataset from the temporal neocortex of VD 

patients was also used (439). As expected, only 6 out of the 40 altered proteins had already been 

described as deregulated in AD (Table 3). This might be explained by the fact that the majority of 

the used datasets only compared AD samples to healthy subjects, and also by the dynamic range 

limitations of shotgun MS approaches making difficult to detect low abundant proteins (440). The 

concordance between antibody microarrays and mass spectrometry data was good for 5 out of 

the 6 proteins (FTL, LGALS3BP, MBL2, PKCα and PKCγ), whereas the data varied for ANX7, 

probably because the brain regions used in the comparative analysis were not the same. 

Remarkably, we also found concordance between the here observed deregulation of TGF-β 

pathways and the FTL and Furin levels, with those obtained in a previous study using protein 

microarrays to analyze AD plasma samples (441). 

Western blot experiments were performed using tubulin as loading control and six different pools 

of protein extracts corresponding to healthy individuals, DFT and VD patients; and three AD Braak 

stages (IV, V and VI) (Figure 5B). Proteins like TOPORS, XIAP, SSTR2, DDIT3 and Furin showed 

down-regulation, and MICB, LGALS3BP, Chromogranin-A, MBL2 and FTL a clear up-regulation, 

similar to that observed in the antibody microarrays. Besides, using samples from different Braak 

stages showed that changes in the levels of some of these proteins occurred in parallel with 

disease progression. As Braak stages indicate disease progression according to the increase of 

NFT levels (183), our results suggest that these changes are directly related to AD pathology. 

However, whether these changes are causative of neurodegeneration or a mere consequence of 

other AD changes should be further addressed by functional studies. Interestingly, two of the 

deregulated proteins, XIAP and TOPORS, belong to the E3-ubiquitin ligase superfamily. As part 

of the ubiquitin-proteasome system, their function seem to be directly related to 

neurodegenerative diseases characterized by the presence of protein aggregates, like AD and 

Parkinson disease (442). Besides, E3-ubiquitin ligases also mediate signaling pathways through 

regulation of protein stability as well as via non-degradative means. XIAP belongs to the inhibitor 

of apoptosis protein family, and acts as an inhibitor of caspases and as E3-ubiquitin ligase in the 

NF-κB pathway, promoting survival and regulating inflammatory responses (443, 444). Thus, a 
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downregulation of XIAP agrees with the increase in apoptosis and innate immune responses 

indicated by IPA results, and with the downregulation of PKC, which has been described as a key 

regulator of XIAP stability by phosphorylation (445).   

The approach provided here has been used as a first screening in the search of new altered 

proteins in AD potentially useful as brain tissue, CSF or plasma biomarkers. This idea is supported 

by previous research revealing through systematic review that 18 out of 371 differentially 

expressed proteins described in the literature as identified by proteomics in the brain of AD 

patients were also present in blood (446). Furthermore, our results also provide new protein 

targets for the study of the pathological mechanisms of AD and potential targets of intervention in 

the treatment of the disease.  

 

Plasma and serum tumor-associated autoantibodies have been successfully used for the 

detection of a range of cancers before the development of clinical symptoms (447-449). In AD 

and other neurodegenerative diseases, several studies have confirmed the production of specific 

autoantibodies as part of the humoral immune response to cell death, alteration of protein levels, 

expression of aberrant or mutated proteins and formation of misfolded protein aggregates (450-

453). The main advantage of serum autoantibodies is the availability of minimally invasive, cheap 

and standardized methods for blood extraction. Thus, they are really good candidates as blood-

based AD biomarkers.  

In Article II, we aimed to characterize the humoral response of AD patients by the screening of 

phage arrays using a combination of phage display and protein microarray technologies. We 

enriched two T7 phage libraries displaying peptides and proteins encoded by AD or healthy brain 

cDNA libraries in IgG-immunoreactive phages using purified IgGs from healthy subjects and AD 

patients in a process called biopanning. Then, 1,536 individual phages from the third and fourth 

rounds of biopanning were manually picked and printed in duplicate together with positive and 

negative controls onto nitrocellulose microarrays (Figure 2). A total of 57 phages, 48 of them 

showing higher IgG-immunoreactivity, were sequenced. Forty-four different peptides displayed 

on the phages were identified, and 13 unique phages were chosen for further validation following 

these specific criteria: at least 8 amino acids in length, the highest number of equal phages, the 

lowest E-values, and the highest sequence identity after protein BLAST (Table 2). Peptide coding 

sequences of these phages were PCR-amplified, cloned into a self-constructed pDEST-HisHALO 

vector (Supplementary Figure S1), and successfully expressed and purified as soluble proteins 

from the supernatant of E. coli lysates (Figure 3). Self-tuned validation experiments (Figure 4) 

confirmed that a panel of four peptides with amino acid sequence identity with ANTXR1, NUPR1, 

PYGB, and OR8J1 proteins and target of AD serum autoantibodies displayed certain ability to 

discriminate between AD patients and healthy subjects (Table 3 and Figures 5 and 6).  

The generation of specific autoantibodies in neurodegenerative diseases is linked to alterations 

in the blood-brain barrier during disease progression and the subsequent leakage of these 
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proteins (450, 454). Most of the candidate proteins found in this study have been previously 

associated to AD in large omics studies (Table 2). In the case of ANTXR1, which is involved in 

cell adhesion and migration, a SNP had been described as a risk factor to develop AD in females 

(455). For NUPR1, a chromatin-binding protein with antiapoptotic functions and also known as 

p8, different transcriptomic analyses had revealed mRNA upregulation (456). On the contrary, the 

mRNA and protein levels of the brain isoform of glycogen phosphorylase, PYGB, had been shown 

to be deregulated in AD patients compared to healthy subjects (160, 457). Only OR8J1 had not 

been previously associated to AD. Nevertheless, olfactory dysfunction is one of the earliest clinical 

symptoms of AD, and this might involve an altered expression of this protein (458). In spite of 

these data, none of the identified proteins had been previously described as altered in serum, 

plasma or CSF of AD patients, nor as targets of AD-associated autoantibodies. However, analysis 

of the 3D-structure of PYGB, NUPR1 and OR8J1 revealed that the predicted epitopes displayed 

on phages were located on exposed surface regions of the full-length proteins (Figure 5). Besides, 

all these proteins except NUPR1, were secreted proteins according to the information deposited 

in ExoCarta (459) and the HPA databases (www.proteinatlas.org), and after sequence analysis 

with SignalP 1.4.   

Phage arrays are a cheaper and more accessible format for biomarker discovery than commercial 

peptide/protein arrays, and have permitted the identification of large panels of proteins target of 

autoantibodies in other malignancies like cancer. However, the length and sequence of the 

peptides displayed on the pages clearly restricts the technique, as it does not usually allow for a 

clear protein assignation (76, 77). Here, of the unique sequences identified in the most 

immunoreactive phages, only the cDNA sequence in the 94AS phage was translated into its 

natural reading frame, showing 100% amino acid sequence identity with its protein BLAST top 

hit, NUPR1 (Table S3 and Table 2). The rest of the identified phages displayed were translated 

from non-coding regions of cDNAs and showed less sequence identity to known proteins. 

Therefore, they were assigned to its protein BLAST top hit. These peptides, which mimic the 

structure of real linear and conformational B-cell epitopes with immunogenic properties, are 

commonly known as mimotopes, and can also have diagnostic ability (460-462). Here, we 

confirmed the presence of serum autoantibodies against the identified peptides and their 

diagnostic value using a self-tuned luminescence beads immunoassay based on HaloTag 

technology, which has been previously used for the detection of autoantibodies using proteins 

expressed in cell-free systems (463, 464). Considering the peptides individually, the best 

diagnostic performance was reached by the 94AS peptide -NUPR1-, with an AUC of 68.9%. 

However, as each of the four peptides would correspond to an identified target epitope from 

different candidate proteins, their combination led to higher AUC values, being the highest value 

the one reached by the combination of the peptides with identity with NUPR1 (94AS phage) and 

ANTXR1 (4N8 phage) (Table 3, Figure 6).  

Although the ability of this panel of peptides to discriminate between AD patients and healthy 

subjects has been confirmed, it should be improved using other validated AD-specific 

autoantibody targets or any described AD blood-based biomarker. Besides, they should be further 
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tested with a higher cohort of AD patients’ serum samples, including blinded samples, and 

compared not only with healthy subjects but also with samples from patients with other dementias 

to ensure their specificity for AD.  

 

The IgG-autoantibody repertoires of the AD patients and healthy subjects used in Article II 

with the phage microarrays were further analyzed in Article III using a combination of microarray 

and mass spectrometry-based methods (Figure 1).  

Initially, large and 384 PrEST planar arrays, and an affinity proteomics approach consisting of an 

immunoprecipitation method using purified IgGs from AD patients and healthy subjects, followed 

by mass spectrometry analysis (IP-MS/MS), were used for the untargeted screening of 

autoantibody targets. PrEST arrays had been successfully used for the screening of the 

autoantibody repertoires of serum samples in previous studies (36, 465, 466). Here, a total of 

42,100 different PrESTs corresponding to 19,000 human proteins with an Ensembl ID were 

screened by the large PrEST planar arrays (72). After statistical analysis, 1,463 PrESTs showed 

a higher IgG-reactivity in the AD or the healthy group, with an overall higher reactivity for AD 

patients. For validation, those PrESTs showing any type of brain enrichment according to the 

Human Protein Atlas (HPA), reactivity in more than one AD or control groups, and high signal 

intensities were prioritized for further validation. Finally, a total of 197 of the reactive PrESTs were 

selected, 188 AD-reactive and 9 control-reactive PrESTs (Figure 2B). In the case of the five 384  

PrEST arrays used, 1,920 different PrESTs were screened against individual serum samples (20 

AD patients and 20 healthy subjects), and 23 PrESTs showed a statistically higher IgG-

immunoreactivity in AD patients compared to healthy controls (Table 2). Although the PrESTs 

included in the 384 arrays were also printed on the large planar PrEST arrays, we did not find any 

common PrEST in both microarray-based approaches. This might be explained by the technical 

differences between both types of array experiments (e.g. whereas serum pools were analyzed 

in the large planar arrays, individual serum samples were used in the 384 PrEST arrays). Besides, 

the statistical analysis was not the same for both approaches, being that of large planar arrays 

far more complex and stringent (see Article III Methods).  

Next, in order to get a more comprehensive autoantibody profiling and a higher number of 

potential AD-specific autoantibody targets from the screening phase, we used the IP-MS/MS 

method, which was based on a previous approach used for the analysis of the changes in the 

autoantibody profiling of pancreatic cancer patients (467). In this case, purified IgGs from AD 

patients and controls were screened against the prefrontal cortex lysates prepared under non-

denaturing conditions, so that we could avoid the potential bias against linear epitopes introduced 

by the use of PrEST antigens in planar arrays. In previous studies, other alternatives to PrEST 

arrays allowing for the identification of autoantibody targets potentially displaying conformational 

epitopes, such as NAPPA arrays (36, 468), have been successfully used. Here, 30 out of a total 

of 808 proteins identified by MS/MS analysis as potential autoantibody targets in AD and healthy 

control groups were exclusive of AD patients. High stringent filters for protein identification after 
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peptide-spectrum matching were used (Table 3 and Supplementary Table S4). Besides,  to 

discard possible contaminant proteins commonly found after affinity purification-mass 

spectrometry data, they were searched against the CRAPome database (469). Proteins like 

MYH9, MYH10 and PFKL, present in more than 15% of the registered affinity proteomics 

experiments, were discarded. Importantly, although none of the identified proteins had been 

identified in the phage and the planar PrEST array-based experiments, nor in previous studies of 

the autoantibody response of AD patients (450, 451, 453, 454), their misfunction and altered 

expression have been related to AD pathology. For example, EEA and the phosphatidylinositol-

4,5-bisphosphate phosphatase SYNJ1 regulate the pre- and post-synaptic activation of the 

endocytic pathway (470, 471). This process is fundamental for the generation of early endosomes 

regulating the normal proteostasis of AD-related proteins like secretases and APP, and its 

alteration leads to the formation of enlarged early endosomes, a characteristic cell phenotype 

alteration in this neurodegenerative disorder (472, 473). Besides, variants of SYNJ1 and elevated 

levels of this protein have been directly associated to memory performance and synaptic deficits 

(474-476). Other potential AD-specific autoantibody targets found by IP-MS/MS were NCKAP1 

and the proteins CYFIP1 and CYFIP2. The NCKAP1 gene was originally described as a regulator 

of APP metabolism highly downregulated in AD brains (477, 478). This protein is known to form 

part of a regulatory complex also including CYFIP1, BRK1 and ABI1 whose main role is the 

maintenance of the promoter of actin polymerization WASF3 in an inactive state (479). 

Interestingly, WASF3 was also found as a potential autoantibody target by 384 PrEST arrays, 

suggesting that the WASF3- NCKAP1-CYFIP1 complex might be altered in AD, eliciting a specific 

immune response.  

A suspension bead PrEST array with a total of 377 different PrESTs corresponding to 338 unique 

UniProtKB human protein entries (Supplementary Table S2) was used to test 128 sera, 77 from 

AD patients and 51 from healthy subjects (Supplementary Table S1). The assay was replicated, 

and a high correlation between the results for each bead confirmed the high reproducibility of the 

presented data (Supplementary Figure S4). From the large planar array, 197 target PrESTs were 

chosen (see Figure 2B). In the case of the IP approach, 10 proteins were selected for validation 

(see Table 3), and all the available PrESTs for each protein were used to reach the maximum 

sequence coverage. We also included PrESTs corresponding to proteins previously identified as 

potential AD-specific autoantibody targets by our group using a phage array approach (PYGB, 

ANTXR1, NUPR1 and OR8J1, see Article II in this thesis), and others, like the calcium-activated 

chloride-channel ANO2 PrEST, which is an autoantibody target protein with diagnostic ability in 

multiple sclerosis (466).   

Of the twenty PrESTs showing IgG-reactivity in at least one of the tested serum samples 

(Supplementary Figure S5), only the values for the isovaleryl-CoA dehydrogenase (IVD) PrEST 

were statistically different (p-value < 0.05) between AD and healthy groups after Wilcoxon’s rank 

sum test analysis (Figure 3A-1 and Figure 3A-6). IVD is a tetrameric mitochondrial enzyme 

involved in the metabolism of leucine, isoleucine and valine, not related to AD in any previous 

studies (Figure 3B) (480). The IVD PrEST, corresponding to the N-terminal region of the full-
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length protein, is a 112 amino acid and includes regions exposed on its surface (Figure 3C). 

Further studies testing a higher number of serum samples against IVD as a full-length protein in 

its native state using alternative approaches like ELISA and Western blot should be performed to 

confirm IVD as a potential AD biomarker.   

As the antigens used in the validation phase were PrESTs, most of those displaying IgG-

immunoreactivity during the screening phase had been identified by planar PrEST arrays. Only 

one PrEST corresponding to two identified targets by IP coupled to LC-MS/MS, CYFIP1 and 

CYFIP2, showed reactivity (Supplementary Figure S5). Although PrESTs are designed to be 

highly specific for the target protein, they do not cover the full-length protein. Therefore, not only 

conformational protein epitopes, but also some linear epitopes, are not covered by the PrEST 

sequence and can be missed during the analysis. Thus, the use of PrESTs for the validation of 

the reactivity of these proteins is not optimal, and alternative validation methods like ELISA or 

NAPPA arrays, in which the antigens preserve conformational epitopes and which have been 

successfully used for biomarker discovery in other diseases (36), should be performed to validate 

the targets identified by IP. 

	

 

 

BLOCK 2 

Up to 30% of the population of developed countries suffer from respiratory allergies, which involve 

the production of high-affinity Immunoglobulin E (IgE) antibodies against generally harmless 

environmental antigens known as aeroallergens (55, 269). In North America and Europe, pollen 

plays a major role in allergic sensitization (287, 288). In Spain, olive (Olea europaea L.) pollen is 

the second leading cause of pollinosis after grass pollen, and becomes the first cause of pollinosis 

in regions with a high olive pollen pressure like Andalusia. Besides, it will presumably become a 

main allergenic source in areas of the United States, China, Japan, South Africa and South 

America, where olive cultivation has increased to satisfy the demand of olive oil. Before this thesis 

research, thirteen olive pollen allergens (Ole e 1 to 12, and Ole e 14) had been identified and 

characterized. However, some allergens potentially relevant for the diagnosis and management 

of this allergy remained unidentified due to the limited availability of genomics and proteomics 

data (301, 302).  

At the end of 2017, in a research promoted and conducted by different groups of the 

International Olive Genome Consortium (www.olivegenome.org), sequences of the genome and 

transcriptomes of the wild olive tree (Olea europaea subsp. europaea var. sylvestris, also known 

as oleaster), from which the cultivated varieties proceed, were published (293). A total of 50,684 

protein-coding genes were predicted on the assembly (2n=46, 23 assembled chromosomes), with 

47,124 genes confirmed by RNA sequencing (RNA-seq) transcriptomics data. Sequences were 



DISCUSSION 

375 
 

available in the Orcae database for genomes       (https://bioinformatics.psb.ugent.be/orcae/) and 

also in the NCBI Reference Sequence Database 

(https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Olea_europaea_var._sylvestris/100/) for 

the  wild olive tree (NCBI Taxonomy ID: 158386). Importantly, the potential of all MS-based 

proteomics approaches mainly depends on the availability of protein databases, generally derived 

from genomic and transcriptomics data, allowing for the assignment of the obtained MS spectra 

to theoretical peptide sequences (481). Thus, we had the opportunity to perform an in-depth 

bottom-up MS-based proteomics approach to obtain the proteome profile of olive pollen, define 

its allergen families and identify and characterize new potential allergens (Article IV).   

Commercial olive pollen collected in California from a controlled set of cultivated olive trees 

belonging to different not specified cultivars was used for three parallel protein extractions for 

proteomics analysis. As Ole e 1, the major allergen of olive pollen, is a highly abundant protein in 

the extract (482), we separated the three replicates by 15% SDS-PAGE to avoid the masking of 

less abundant proteins during the LC-MS/MS analysis by this protein. The obtained spectra after 

MS were firstly matched with peptides from a self-made version of the NCBI wild olive predicted 

protein database without redundant sequences (49,613 entries). To create a comprehensive but 

reliable protein database from the analysis, the identified peptides and proteins were filtered with 

the Percolator algorithm to a FDR of 1% (136), and only those proteins identified with at least two 

isoform-specific peptides or with one isoform-specific peptide but in the three replicates, were 

used in the study. From a total of 2,395 proteins identified across all replicates, only 1,907 were 

considered as high-confidence proteins after applying the filtration criteria and further used in the 

study (Table S3 and Figure S1). Functional annotation, including gene ontology (GO) term 

mapping (483), InterProScan (484) and KEGG analysis (19), was performed using the software 

Blast2GO 5 PRO (485). Most proteins displayed catalytic activity and were related to metabolic 

processes (Figure 2, Figure S2, Figure S3, and Table S4).    

Pollen development is a highly dynamic process and involves important changes in protein 

expression patterns. In olive mature pollen, transcriptomic studies have revealed a total of 1,976 

protein-coding transcripts, a number in agreement with our results (486). However, 

transcriptomics studies on A. thaliana pollen revealed the expression of more than 5,000 protein-

coding transcripts (including different isoforms) in the mature pollen, and around 12,000 

transcripts when analyzing all the developmental stages (487, 488). Regarding proteomics 

studies in pollen, these have been mainly focused on pollen development, pollen germination and 

tube growth, pollen coat composition and pollen response to stress in species with available 

genomic information (489). In agreement with the expected role of pollen proteins in germination 

and tube growth, a functional analysis of the pollen proteins in our dataset and from other 

proteomics studies revealed an enrichment in proteins involved in metabolic processes and 

associated to membranes (Figure 2 and Figure S2 and S3) (490, 491). The two most complete 

proteomics studies of pollen have been performed in different developmental stages of the pollen 

of two Solanaceae species: tomato (Solanum lycopersicum), with around 1,800 protein isoforms 
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identified across five developmental stages (337); and tobacco (Nicotiana tabacum), with more 

than 12,000 protein isoforms distributed in 3,000 protein groups and expressed across eight 

analyzed stages (337). Considering that these studies: i) analyzed different developmental 

stages, ii) used much more complex and less curated databases (with more than 4×105 entries in 

the case of N. tabacum) and, iii) applied less stringent FDRs and protein filtering, we have 

obtained a comparable protein dataset from our study. Besides, the only previous shotgun 

proteomic analysis of olive pollen focused on the analysis of the pollen coat identified only 169 

proteins (492). Thus, we have here performed the most comprehensive proteomic profiling of 

olive pollen up to date, classifying its proteins according to their associated biological function and 

location, which can be helpful for further studies related to olive pollen biology. Nevertheless, it 

must be considered that the obtained data are highly dependent on several biological and 

technical issues. In plant proteomics, protein extraction methods can be determinant for detecting 

hydrophobic membrane proteins and low abundance proteins (105). Here, we directly used a 

detergent-based method for cell lysis and protein extraction without any additional step. However, 

other studies on pollen have used phenol or acetone extractions to remove pigments and 

secondary metabolites (493). This process is especially important in other plant tissues presenting 

a high content of negatively interfering components, like leaf and root (494, 495). In addition, the 

use of different methods for sample clean-up after in-gel trypsin digestion, like ZipTip, can alter 

peptide spectra and therefore, the coverage in the proteome (496). Moreover, previous studies 

have demonstrated that pollen grains from different olive cultivars differ in the quantity and 

number of proteoforms, including those of important allergens like Ole e 1, Ole e 2, and Ole e 5 

(497-499). Besides, environmental factors such as the coexistence of other allergen sources, the 

presence of pollutants, the geographic variability affecting the reached pollen counts, as well as 

other human factors like diet, alter the sensitization patterns to olive pollen, mainly regarding 

minor allergens (500). Thus, further proteomics studies analyzing pollen extracts from different 

cultivars prepared by alternative protein extraction methods would add relevant biological and 

clinical information to these data. 

After protein identification and functional annotation, we proceeded to the identification of new 

potential allergens. We firstly performed local protein blast of the whole wild olive genome 

predicted proteome and the obtained olive pollen proteomic database against the complete 

Allergome database (279). Then, only those proteins fulfilling the following criteria were 

considered as potential allergens: matching with an allergen accepted by the WHO/IUIS Allergen 

Nomenclature Subcommittee (277) with at least 50% similarity; matching directly with proteins 

belonging to the same allergen families as proteins meeting the previous criteria, with at least 

80% similarity; matching with proteins already identified as potential allergens in the Oleaceae 

family in previous studies (382). Finally, the filtered proteins were further classified into their 

corresponding AllFam allergen families based on Pfam domains (276, 280). Of a total of 2,446 

potential allergens distributed into 76 different allergen families found in the wild olive predicted 

proteome, 203 proteins belonging to 47 allergen families were present in pollen (Figure 2D, 

Table 1, and Tables S6 and S7).  
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Before this study, a total of 13 actual olive pollen allergens (Ole e 1 to Ole e 12, and Ole e 14) 

belonging to 11 allergen families had been described. Of the 47 allergen families identified in our 

proteomic database, 20 had not been previously described in this source and 10 corresponded 

to families with actual olive pollen allergens (301, 492, 501). Only the Ole e 6 allergen family was 

not found by proteomics, although it was identified among the genome predicted proteins of wild 

olive (Table S6). Besides, allergens Ole e 8 and Ole e 10, belonging to the same allergen families 

as Ole e 3 and Ole e 9 (Table 1), respectively, were neither detected. The main possible 

explanation is that all these allergens were missed in the LC-MS/MS analysis because of their 

very low abundance in olive pollen (502, 503). Therefore, a previous fractionation of the olive 

pollen extract to enrich into fractions of proteins with different molecular mass ranges would have 

helped to increase the number of low abundance proteins identified by LC-MS/MS, including 

these allergens. Among the identified potential allergens, we observed interesting potential 

allergens that remained to be studied. Interestingly, we found a thaumatin-like protein (TLP) in 

pollen (Table 1 and Table S7). A member of the TLP family had been described as an olive fruit 

allergen (Ole e 13) (309). The presence of other TLPs in olive pollen was unknown, and it 

suggests that this protein family could also be allergenic in olive pollen allergic patients implicated 

in cross-reactivity. We also identified several other allergen families commonly found in the pollen 

of weeds, grasses, and trees, such as pectate lyase, Bet v 1-like protein, papain-like cysteine 

protease, and cyclophilin (504-506).  

According to the WHO/IUIS guidelines for allergen nomenclature (277), allergenic proteins 

from the same species are isoallergens when they have similar molecular size and a sequence 

identity of at least 67%, and they are allergen variants (isoforms) when display a sequence identity 

higher than 90%. Remarkably, we found more than one protein in 34 of the 47 identified allergen 

families, being the Ole e 1-like allergen family the most heterogeneous (Table 1 and Table S7). 

Of the seventeen proteins found in this family, five were Ole e 1 isoallergens and eight were Ole 

e 1 variants. This high degree of Ole e 1 polymorphism had already been described and varies 

between different cultivars (498, 499, 507). For some allergenic sources, this high heterogeneity 

in the same allergen family is an important feature (508). For instance, different isoallergens and 

allergen variants of the major birch pollen allergen Bet v 1 display different IgE reactivity, in some 

cases much lower than that displayed by the canonical allergen (375). Moreover, some proteins 

from the same source which are not isoallergens but belong to the same allergen family, can be 

both allergenic. This is the case of the walnut vicilins Jug r 2 and Jug r 6, both IgE-binding proteins 

only sharing 44% sequence identity. Jug r 6, but not Jug r 2, is implicated in cross-reactivity with 

other nuts (509). Thus, the further study of the different components of these allergen families in 

our dataset might help us to identify new relevant allergens or low IgE-binding variants. 

To validate the allergenic potential of some of the newly identified candidate allergens, we 

selected those protein families reported to be allergenic in at least two allergenic sources, 

including one not pollinic. Mitochondrial and cytosolic malate dehydrogenases (MDHs), enolase, 

and cyclophilin were selected for validation. After cDNA cloning and recombinant production in E. 

coli, proteins were subsequently analyzed by ELISA using sera from olive-pollen-allergic patients 
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from two populations from Spain (Madrid and Córdoba), and five non-atopic individuals. Only olive 

pollen cyclophilin showed IgE-reactivity, with no significant differences in the recognition 

frequency between both patients’ populations and prevalence values of 14.3% and 12.5% in 

Madrid and Córdoba, respectively (Figure 3B and C). Olive pollen cyclophilin was named Ole e 

15 according to WHO/IUIS. Nevertheless, MDHs had been previously described as potential 

allergenic proteins in soybean seeds, watermelon, ash pollen, and yeast (510-512); and enolase 

in latex, ragweed pollen, and molds (513, 514). Then, it cannot be discarded that these olive 

pollen proteins could display IgE-reactivity when tested against other allergic populations. 

Besides, they might not have folded correctly after E. coli expression, so the use of other 

heterologous systems providing post-translational modifications and complex folding should be 

performed to test their allergenicity. 

Cyclophilins are proteins normally exhibiting peptidyl-prolyl cis-trans isomerase activity and 

part of the protein superfamily of immunophilins. (515, 516). These proteins have been described 

as relevant allergens in molds (325, 517, 518), animals (519, 520) and plants (327, 521, 522). 

The amino acid sequence comparison between Ole e 15 and other plant allergenic cyclophilins 

(Figure S6A) revealed it belongs to the subgroup of divergent cyclophilins, which possess the 

conserved Glu83, Cys40 and Cys168 residues, and an additional stretch of seven amino acids 

with the consensus sequence XXGKXLH called divergent loop (330, 332, 523). Three-

dimensional modeling of Ole e 15 using the NMR solution ligand-free structure of the allergenic 

plant cyclophilin Cat r 1 as template, predicted a typical divergent cyclophilin folding for Ole e 15, 

which consists of a β-barrel of seven to eight antiparallel strands, two surrounding α-helices, and 

the divergent loop (327, 332). Moreover, far-UV CD spectra and percentages of secondary 

structure of Ole e 15 were in agreement with those described for Cat r 1 (327). Importantly, due 

to their essential role in protein folding, cyclophilins are present in the cells of all organisms, and 

show a high degree of inter-species amino acid sequence similarity leading to IgE cross-reactivity 

(315, 325, 327). Accordingly, Ole e 15 showed high degree of sequence conservation with other 

plant, animal, and fungal allergenic cyclophilins, with identities of 94, 68, and 65% with Sola l 5, 

Der f 29, and Mala s 6, respectively (Figure S6). These data suggested that Ole e 15 could also 

be implicated in IgE cross-reactivity. In fact, as revealed by IgE-inhibition Western blot and ELISA 

experiments, Ole e 15 showed a broad cross-reactivity with cyclophilins present in pollen and 

plant-derived food protein extracts from related and unrelated species, together with dust mite 

and human lung or cell protein extracts (Figure 4D and E).  

A theoretical molecular mass of 18.1 kDa and a pI of 8.7 were predicted for natural Ole e 15 

by ExPASy Prot Param tool. Interestingly, after SDS-PAGE, the major allergen Ole e 1 appears 

as two main bands of 17 and 18.5 kDa corresponding to several non-glycosylated and N-

glycosylated proteoforms, respectively, with pIs between 5 to 9. Thus, as Ole e 1 is the most 

abundant protein in the extract and shares similar physicochemical characteristics as Ole e 15, 

we hypothesized that it might have been hampering the IgE-reactivity of Ole e 15 in previous 

studies, at least after 1D SDS-PAGE separation of the olive pollen extract. Effectively, Western 

blot analysis after 1-DE and 2-DE of the olive pollen extract using anti-Ole e 1 and anti-Ole e 15 
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pAbs confirmed that natural Ole e 15 is present as a monomeric protein with an experimental pI 

of ∼8.4 and an apparent molecular mass similar to that of the glycosylated Ole e 1 proteoforms 

(Figure 5A and B). Western blot inhibition assays of the serum from a patient co-sensitized to Ole 

e 1 and Ole e 15 confirmed Ole e 1 could mask the IgE-reactivity against Ole e 15 (Figure 5C and 

D). 

 

Next, to continue with the characterization of Ole e 15, we aimed to identify relevant IgE-binding 

regions on its surface (Article V). These regions give fundamental information to predict cross-

reactivity with other allergens using epitope sequence similarity rather than whole allergen 

sequence (524); to design hypoallergenic variants with low capacity of effector cell activation for 

allergen-specific immunotherapy (525, 526); and to understand the biological process underlying 

the generation of the IgE-repertoire by allergic patients (527). Previous studies have revealed that 

IgE-binding epitopes of most aeroallergens are mainly conformational and strongly dependent on 

the allergen native structure, making epitope mapping a challenge (528-531). Thus, the actual 

structure of only a few conformational IgE-epitopes have been solved, using complex techniques 

like X-ray crystallography and NMR (532-534). Nevertheless, there are also other approaches to 

identify specific IgE-binding surface areas containing linear and conformational epitopes, such as 

the design of mutant proteins with point amino acid mutations by site-directed mutagenesis (376), 

the use of random-peptide libraries simulating real epitopes (535, 536), or also protein 

engineering to create protein chimeras of the allergen and homologous proteins (epitope grafting) 

(379, 537, 538). For many of these techniques, it is essential to have structural information 

available. Recently, the 3D-structure of the orange tree, wheat and periwinkle (Cat r 1) divergent 

plant cyclophilins have been solved (327, 523). Besides, many other structures from human (326, 

332, 539), nematode (329, 540) and mold (316, 328) cyclophilins were previously available. 

Despite this information, no previous experimental information existed about the relevant epitopes 

of these allergens. Only three linear B-cell epitopes had been predicted to be responsible for the 

cross-reactivity between mold cyclophilins and PPIA by in silico analysis in a previous study (541). 

Thus, this is the first study showing experimental information regarding IgE-binding regions of an 

allergenic cyclophilin. 

Firstly, we analyzed the cross-reactivity between Ole e 15 and the human peptidyl-prolyl cis-

trans isomerase A (PPIA), which share a sequence identity of 70%. As Ole e 15, PPIA was 

produced as an N-terminal His6-tagged protein in E. coli and purified. Then, the IgE-binding to 

PPIA was analyzed using six serum samples from olive pollen allergic patients displaying high 

IgE reactivity against Ole e 15 by ELISA. Under the used experimental conditions, only two 

patients displayed IgE-reactivity against PPIA, reaching very low OD492nm values (Supplementary 

Fig. S1A). This low cross-reactivity was further confirmed for one of the serum samples by 

inhibition ELISA using Ole e 15 and PPIA as inhibitors, with PPIA reaching inhibition values from 

28% to 58% at concentrations to which Ole e 15 had already reached 100% (Supplementary Fig. 

S1B).  
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These results suggested that the main amino acid differences between Ole e 15 and PPIA 

might be located in regions relevant for IgE-binding. The amino acid sequence and 3D-structure 

of both molecules were compared, allowing for the identification of three main areas or patches 

(Patches 1 to 3) with most of the amino acid changes between both molecules; and a fourth patch 

(Patch 4) with the main conserved amino acids (Figures 1 and 2). Then, solvent-accessible 

surface areas (SASAs) per residue from both molecules were calculated using Parameter 

OPtimized Surfaces (POPS), and the SASAs of the changing amino acids were compared 

(Supplementary Table S1). Interestingly, the amino acid differences between both molecules only 

contributed to ~20% of the total SASA of the molecules, but were distributed all across the surface 

(Fig. 1A and B, and Supplementary Table S1), suggesting that several IgE-binding regions could 

be affected by these changes, accounting for the loss of IgE-reactivity. Besides, the total SASA 

of the identified patches was higher than 2,000 Å2 (Supplementary Table S1). Therefore, 

considering that X-ray crystallography studies on antibody-antigen complexes have revealed that 

a typical conformational IgE or IgG protein epitope comprises surface areas of around 

700~1,000 Å2  (534, 542, 543), these patches could well contain several regions being part of 

conformational IgE epitopes.  

To address this question, we based on previous studies in which different amino acid 

stretches were grafted onto target allergens or homologous proteins to analyze their contribution 

to IgE-binding (379, 538, 544). Here, nine chimeras were designed (see Methods in Article V for 

details) by grafting specific amino acids from PPIA onto Ole e 15, but only eight (with mutated 

residues on Patches 2 and 3) were successfully produced and purified as soluble proteins in 

E. coli (Table 1 and Figure 3A and B). According to the results of CD spectroscopy analysis and 

ELISA experiments with an Ole e 15-specific pAb (Figure 3 and Supplementary Figure S4), all 

chimeras preserved an equivalent protein folding, so their IgE-reactivity could be analyzed and 

compared by ELISA and inhibition ELISA experiments. All patients showed a reduction of the IgE-

reactivity against all the chimeras compared to Ole e 15 by direct ELISA (Figure 4 and 

Supplementary Table S2), and these results were further confirmed by inhibition ELISA (Figure 5 

and Supplementary Figure S5). A deeper analysis of the direct ELISA results showed at least 6 

different IgE-recognition patterns for the chimeras (Supplementary Table S3), suggesting that the 

IgE-response against Ole e 15 is highly polyclonal and patient specific, with at least two different 

epitopes located on Patches 2 and 3. This is in agreement with previous studies for other relevant 

allergens, for which a highly diverse IgE repertoire was described (379, 537, 545, 546). In fact, 

IgE-clonality, affinity and concentration are the main parameters controlling effector cell 

degranulation, which only occurs in the presence of two IgE-clones bound to non-overlapping 

epitopes on the allergen surface (259). Interestingly, chimeras 15, 17 and 4 displayed a very 

reduced IgE-binding capacity compared to Ole e 15, so basophil activation tests and T-cell 

reactivity experiments should be performed to test if they are suitable hypoallergenic variants for 

immunotherapy. Moreover, chimeras 15 and 17 displayed a similar IgG-reactivity to Ole e 15, 

whereas chimera 4 displayed a lower one. One potential explanation to this is that the IgE and 

IgG-epitopes in Patch 2 may not be the same, so the changes in the amino acids in Chimeras 15 
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and 17 do not affect to the same extent the IgE and IgG-immunoreactivities. Besides, the 

unaffected IgG-binding could be explained if the contribution to the IgG-binding of the mutated 

amino acids at the C-terminal region was low, an thus, no changes are detected. Another factor 

to take into account is the difference between the IgE and the IgG repertoires tested. Even if the 

IgG and IgE epitopes are placed at similar or equal regions in the case of Patch 2, the loss of IgG-

biding of one of the IgG clones to the chimeras in direct ELISA or inhibition ELISA experiments 

might be masked by the binding of other IgG clones present at higher concentrations or with 

higher affinity (which could be the case of the IgGs recognizing Patch 3). Thus, Patch 3 epitopes 

might show IgE and IgG immunodominance, while Patch 2 epitopes might only show IgE-

immunodominance. In the case of Ole e 1, the identified IgG and IgE-immunodominant regions 

determined by linear overlapping peptides were not the same (529). Moreover, although IgE and 

IgG-antibodies could bind to the same region, the alanine substitution of those amino acids 

showed a different effect in IgE and IgG-binding, revealing that the IgG and IgE clones were not 

the same. Therefore, the mutated amino acids in chimera 4 but not those in chimeras 15 and 17 

might be essential components of at least one immunodominant IgG-epitope.  

In this study, we also analyzed the IgG and IgE-binding to linear amino acid stretches on the 

surface of Ole e 15 using thirteen overlapping peptides covering the entire Ole e 15 sequence 

produced at the C-terminal end of His6-HaloTag constructs. Peptides covering Patch 3 and near 

residues, and Patch 2 (C-terminal region), were the most IgG-immunoreactive. Besides, we 

analyzed the contribution of linear sequences to the IgE-binding of Patches 1, 2 and 3 in four 

representative serum samples by IgE inhibition ELISA. Only the two peptides covering the amino 

acid sequence of Patch 1 could partially inhibit the IgE-reactivity of one of the sera 

(Supplementary Figure 6B). This suggested that for some patients, a linear stretch of amino acids 

in Patch 3 might be part of a relevant IgE-binding region; and strengthened the idea that Patches 

2 and 3 include IgE-binding areas with conformational epitopes.  

Human proteins displaying IgE-mediated cross-reactivity with allergenic proteins due to a 

high-degree of sequence similarity are called IgE-reactive self-antigens. These proteins are 

implicated in the so called “IgE-mediated autoreactivity” (319, 547), which has been confirmed by 

in vitro and in vivo experiments for human profilin, manganese superoxide dismutase, acidic 

ribosomal P2 protein, thioredoxin and cyclophilins PPIA and PPIB (312, 315, 319). Interestingly, 

the in silico studies of the cross-reactivity between mold and human cyclophilins predicted that 

the cross-reactive IgE-binding regions were located in inter-species conserved regions including 

the active site. In Ole e 15, these regions are located in Patch 4. Remarkably, the here performed 

ELISA experiments revealed a weak in vitro cross-reactivity between Ole e 15 and PPIA among 

olive pollen allergic patients, probably because of the presence of IgE antibodies in low levels of 

with low-affinity or clonality against the Patch 4 region. Nevertheless, this in vitro cross reactivity, 

although weak, might be clinically relevant in vivo, and further studies to address this question 

and to confirm the role of Patch 4 as an IgE-binding region should be performed. 
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CONCLUSIONS 

 

Block 1. Identification of new candidate biomarkers for the diagnosis of 

Alzheimer’s disease. 

Article I 

- Antibody microarrays are useful tools for the detection of protein alterations in prefrontal 

cortex tissue samples.  

- A total of 40 altered proteins involved in cell death and survival, calcium homeostasis, 

immune response and behavior control were identified, suggesting a deregulation of 

these pathways in the prefrontal cortex of AD patients in comparison to healthy subjects 

and patients with other dementias.  

Article II 

- The combination of phage display and protein microarray technologies is useful for the 

characterization of the AD humoral response.  

- The analysis of phage arrays revealed that AD patients and healthy subjects display 

different serum autoantibody repertoires. 

- The identified panel of four peptides displaying sequence identity with the proteins 

NUPR1, PYGB, ANTXR1 and OR8J1 possess the ability to discriminate between AD 

patients and healthy subjects. 

Article III 

- The combination of different PrEST planar array concepts with an immunoprecipitation 

method coupled to mass spectrometry analysis can lead to a more comprehensive serum 

autoantibody profiling.   

- Suspension bead PrEST arrays were mainly useful for the validation of the reactive 

proteins identified by PrEST planar arrays. Then, alternative validation methods using 

native antigens and a higher number of serum samples from AD patients, healthy 

subjects and patients with other dementias should be used for the validation of 

autoantibody targets identified by immunoprecipitation. 

- The mitochondrial enzyme isovaleryl-CoA dehydrogenase is a target of serum 

autoantibodies and displays a statistically significant higher IgG-seroreactivity in the 

tested AD patients than in healthy subjects. 
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Block 2. Identification of new candidate biomarkers for the diagnosis of olive 

pollen allergy. 

Article IV 

- In the here described proteomic profiling of olive pollen, 47 allergen families have been 

identified. Considering that the Ole e 6 allergen family is also present in olive pollen, it 

can be assumed that at least 48 allergen families are present in olive pollen.  

- Olive pollen enolase, cytosolic and mitochondrial malate dehydrogenases, and Bet v 1-

like P1 protein do not display IgE-immunoreactivity against the serum samples from olive 

pollen allergic patients available in the study. 

- Olive pollen cyclophilin (Ole e 15) is an allergen with a prevalence of sensitization 

between 12% and 14% in the tested populations of olive pollen allergic patients. 

- Ole e 15 displays a broad cross-reactivity with cyclophilins from other plant and animal 

species.  

Article V 

- There is a weak but significant in vitro IgE cross-reactivity between Ole e 15 and human 

cyclophilin A (PPIA). 

- The Ole e 15-specific IgE-response in olive pollen allergic patients is highly polyclonal 

and patient specific. 

- Two regions of the Ole e 15 surface containing relevant IgE epitopes were identified. 

- IgE-epitopes are distributed across the entire Ole e 15 surface. 

- Grafting specific areas from a low IgE-binding homolog as PPIA is useful to identify the 

main IgE-binding sites of an allergen. 
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