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RESUMEN

La alergia es un problema de salud mundial. La Organizacién Mundial de la Salud estima
que alrededor del 30% de la poblacion padece alergia, y que de esta al menos un 40% es alergia
respiratoria (AR). La AR es causada por aeroalérgenos, como el polen de las plantas, cuya fuente
principal en el ambiente es el proveniente de los arboles. Sin embargo, pocas fuentes polinicas han
sido bien caracterizadas y muchas otras permanecen sin explorar y, por ende, tampoco hay
diagnostico disponible para esas ARs. Aunado a esto, la inmunoterapia con alérgenos de las fuentes
causantes de AR ha demostrado ser el Gnico tratamiento efectivo y que mejorar la calidad de vida
de los pacientes, lo que deja de manifiesto la importancia de la exploracién de nuevas y relevantes
fuentes alergénicas. Hasta hace poco, el polen de Carya illinoinensis, especie ampliamente
distribuida en el norte de México por su fruto, la nuez pecana, habia permanecido inexplorado. En
este trabajo hemos logrado reportar la primera identificacion de alérgenos de polen de dicha fuente
(17 proteinas unicas) mediante un enfoque inmunoproteémico, utilizando una base de datos
especifica para C. illinoinensis (92,960 proteinas), creada mediante el ensamble de datos de
transcriptoma. Por otro lado, seleccionamos dos alérgenos del polen de nogal, profilina y enolasa,
obtuvimos sus marcos de lectura, y sus secuencias nucleotidicas se sintetizaron en gBlocks
independientes que se clonaron en el vector de expresion pET-28a(+) el cual se usd para
transformar células BL21(DE3)pLysS para la sobreexpresion de los alérgenos. Las proteinas
recombinantes se purificaron mediante la combinacion de IMAC y otras técnicas cromatograficas.
La identidad de cada proteina se confirmé empleando cromatografia de liquidos acoplada a
espectrometria de masas en tandem. La prediccion de epitopes se realiz6 combinando las
herramientas bioinformaticas ABCpred, BepiPred, Immunomedicine y ElliPro. En conjunto, la
identificacion de proteinas alergénicas, asi como la sobreexpresion y prediccion epitopes en los
alérgenos profilina y enolasa, sientan las bases para el diagnostico y disefio de nuevas modalidades

terapéuticas para la alergia al polen de nogal pecanero.

Palabras clave: alérgenos de polen, Carya illinoinensis, prediccion de epitopes, sobreexpresion.



ABSTRACT

Allergy is a global health problem. The World Health Organization estimates that around
30% of the population suffers from allergies, being at least 40% respiratory allergy (RA). RA is
caused by aeroallergens, such as plant pollen, whose main source in the environment is trees.
However, few pollen sources have been well characterized and many others remain unexplored
and, therefore, no diagnosis is available for these ARs. In addition, immunotherapy with allergens
from the sources that cause RA has been shown to be the only effective treatment and to improve
the quality of life of patients, which highlights the importance of exploring new and relevant
allergenic sources. Until recently, the pollen of Carya illinoinensis, a species widely distributed in
northern México for its fruit, the pecan nut, had remained unexplored. In this work we have been
able to report the first identification of pollen allergenic proteins (17 unique proteins) from this
source through an immunoproteomic approach, using a specific database for C. illinoinensis
(92,960 proteins), created by transcriptomic data assembly. On the other hand, we selected two
pecan nut pollen allergens, profilin and enolase, obtained their reading frames, and their nucleotide
sequences were synthesized into independent gBlocks that were cloned into the expression vector
pET-28a(+) which was used to transform BL21(DE3)pLysS cells for overexpression of allergens.
Recombinant proteins were purified by combining IMAC and other chromatographic techniques.
The identity of each protein was confirmed using liquid chromatography-tandem mass
spectrometry. Epitope prediction was performed by combining the ABCpred, BepiPred,
Immunomedicine, and ElliPro bioinformatics tools. Together, the identification of allergenic
proteins, as well as the overexpression and prediction of epitopes in profilin and enolase allergens,
lay the foundations for the diagnosis and design of new therapeutic modalities for pecan tree pollen

allergy.

Keywords: pollen allergens, Carya illinoinensis, epitope prediction, overexpression.
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1. SINOPSIS

1.1. Justificacion

La Organizacion Mundial de la Salud (OMS) estima que al menos el 25% de la poblacion a nivel
mundial sufre de alergia respiratoria (AR), esta enfermedad consiste en una respuesta inmunolégica
a elementos ambientales generalmente inocuos transportados por el aire, los que ocasionan
reacciones de hipersensibilidad en pacientes susceptibles. Las manifestaciones clinicas de la AR
son molestas para quienes las padecen, y en ocasiones pueden ser mortales (Oh, 2018). Las alergias
respiratorias son un problema de salud mundial por su alta prevalencia y creciente incidencia,
ademas del elevado costo de los tratamientos farmacoldgicos (antihistaminicos, corticosteroides)
dirigidos a tratar inicamente los sintomas (Bousquet et al., 2008). Se calcula que los aeroalérgenos,
de los cuales el polen es el mas comun, son responsables de hasta el 40% de las enfermedades
respiratorias alérgicas y la OMS reconoce que millones de personas que padecen alergia
respiratoria no cuentan con un diagnéstico especifico (D’ Amato et al., 2007).

El diagndstico comun de la alergia ocasionada por el polen se basa en el uso de extractos que por
lo general tienen una composicion variable e indefinida, donde la cercania filogenética entre
algunas especies ocasiona con frecuencia reactividad cruzada, por lo que el diagndéstico dista de ser
especifico (Jeong et al., 2016). Para contrarrestar esto y mejorar la especificidad del diagndstico,
se han utilizado alérgenos purificados (tanto de fuentes naturales como recombinantes), y en
algunos casos se han modificado alérgenos o se han construido hibridos moleculares, derivados del
conocimiento de los determinantes antigénicos (epitopes), mejorando los resultados de la prueba
cutanea utilizada como el principal método de diagndstico (Douladiris et al., 2018). Dichas
moléculas pueden emplearse también para inmunoterapia con alérgenos especificos, que es el Unico
tratamiento efectivo para la desensibilizacion alérgica y que ofrece una mejora en la calidad de
vida de los individuos afectados (Asero et al., 2016).

Sin embargo, actualmente solo se conocen algunos alérgenos de las fuentes mas comunes, por lo
que la exploracion de nuevas fuentes alergenicas con relevancia clinica para la identificacion de

sus alérgenos y epitopes, son de suma importancia para el desarrollo de métodos diagnosticos
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especificos y confiables. Ademas de ser el primer paso para el desarrollo de estrategias terapéuticas
(Curin et al., 2018).

Los granos de polen son la fuente mas comun de alérgenos inhalados que por su tamafio se
transportan facilmente por las corrientes de aire, y se estima que éstos causan alergias respiratorias
en entre un 15-30% de la poblacién mundial (Singh & Mathur, 2012). El polen del nogal pecanero
(Carya illinoinensis) es de relevancia clinica, el INER lo ubica dentro de los primeros 15 pélenes
de arboles causantes de alergias respiratorias en los pacientes atendidos en sus instalaciones y es la
segunda causa de alergias graves en el estado de Texas, USA (Rachmihl et al., 1996., Mani, 2015).
Este arbol tiene un gran valor comercial, ya que produce las nueces pecaneras, por lo que su cultivo,
y por ende su polen, estan ampliamente distribuidos en América del Norte, principalmente en el
Sur de Estados Unidos y el Norte de México (Reyes-Vazquez y Urrea-Lopez 2016). Su amplia
distribucion geogréafica y el aumento de las zonas de cultivo en las Ultimas tres décadas incrementan
la cantidad de particulas de este polen en el aire, causando sensibilizacion en la poblacion de
sectores cercanos a estas areas, incrementando su importancia epidemioldgica y relevancia clinica.
Hasta hace poco las proteinas alergénicas del polen de nogal pecanero no habian sido identificadas.
Hasta el momento no hay un diagndstico ni tratamiento especifico para esta alergia en particular,
el presente trabajo tuvo como objetivo la obtencidon de las versiones recombinantes de dos proteinas
alergénicas presentes en el polen de Carya illinoinensis, asi como la prediccion de epitopes que

contribuirdn a un diagnastico especifico y al futuro desarrollo de una adecuada inmunoterapia.

1.2. Antecedentes

1.2.1. Alergia Respiratoria

El sistema inmune es el encargado de montar una respuesta de defensa ante las infecciones en el
cuerpo. Dicha respuesta se genera regularmente ante agentes infecciosos como bacterias, virus,
hongos, protozoos y parasitos. Sin embargo, en ocasiones el sistema inmune de algunos individuos

tiene una reaccion exacerbada ante agentes generalmente inocuos para la mayoria de las personas,
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a dicha reaccidn se le conoce como alergia (Janeway et al., 2009).

Cuando los agentes causales de la alergia son acarreados por el aire y sensibilizan a personas
susceptibles, son denominados aeroalérgenos. En este grupo se enlistan principalmente acaros,
epitelios animales (ej. perro y gato), esporas de hongos, asi como el polen de diversos arboles y
plantas (Guidos y Almeida, 2005). Las manifestaciones mas comunes de la alergia respiratoria son
la rinitis, conjuntivitis y urticaria, catalogadas como sintomas leves, por otro lado, entre sus
manifestaciones graves se encuentran el, asma y anafilaxia, estas Gltimas pueden llegar a poner en
riesgo la vida de los individuos (Oh, 2018).

1.2.2. Manifestaciones Clinicas de la Alergia Respiratoria

Ha habido un marcado aumento en la prevalencia de alergia a finales del siglo XX, en todos los
rangos de edad y severidad. Las tasas de prevalencia varian en el mundo, siendo el mas alto en
paises desarrollados de habla inglesa. Sin embargo, la prevalencia de la alergia a nivel global sigue
aumentando, principalmente en los paises en desarrollo. Hace 150 afios las manifestaciones de la
alergia eran raras, pero su notable aumento al pasar de los afios, a la par de la civilizacion urbana
le han permitido alcanzar prevalencias de alrededor del 40% (Holgate y Church, 2012). Se ha
intentado atribuir este incremento a diversas razones como el aumento de la contaminacion, el
cambio a un estilo de vida interior, sedentario e higiénico (principalmente en ciudades), el
calentamiento global, la falta de vitamina D, exposicion a nuevos alérgenos con la globalizacion
del mundo moderno, y al mayor estrés que conlleva la vida actual. Todos estos factores contribuyen
a que las diversas manifestaciones clinicas de la alergia respiratoria, principalmente la rinitis
alérgica y el asma, sean mas incidentes con el pasar de los afios, asi como otras manifestaciones
como la conjuntivitis, urticaria y angioedema, dermatitis atopica e incluso anafilaxia (Holgate y
Church, 2012). Todas las manifestaciones clinicas antes mencionadas son diferentes entre si y son
de ayuda en el historial clinico para el diagnéstico y manejo de cada paciente, por lo que se

describiran brevemente a continuacion.
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1.2.2.1. Rinitis alérgica. Los pacientes con rinitis alérgica pueden presentar secrecion nasal,
picazon, estornudos y obstruccion, debidos a una reaccion mediada por IgE, ocasionados
principalmente por exposicion a alérgenos inhalantes como polenes y acaros del polvo o epitelio
de animales domeésticos. Pese a ser considerada como una manifestacion leve, frecuentemente es
un factor de predisposicion para el desarrollo de asma. Asi mismo, es una de las manifestaciones
mas comunes y que representa mayor costo, ya que merma la calidad de vida de los pacientes,
dificultando el desarrollo de actividades cotidianas como el estudio y el trabajo, o el tiempo de
juego en el caso de los nifios (Wheatley y Togias, 2015). Para controlar los malestares ocasionados
por la rinitis alérgica, los pacientes deben adquirir constantemente medicamentos que les hagan sus
dias mas llevaderos, representando para algunos, un gasto considerable a lo largo del afo.
Predomina en el rango de edad de 15 a 25 afios, pero en los ultimos afios muestra mayor incidencia
en nifios y es frecuente también en adultos. Aproximadamente el 85% de quienes padecen rinitis
alérgica presentan alteraciones en el suefio, debidas a la congestion nasal la cual suele empeorar en
las primeras horas de la mafiana y por las noches. Los pacientes pueden presentar microdespertares
del suefio, respiracion irregular, ronquidos y apnea obstructiva, teniendo como consecuencia fatiga
y menor rendimiento, asi como derivar en problemas de salud mental como falta de concentracion,

irritabilidad, problemas de conducta, ansiedad y depresion (Holgate y Church, 2012).

1.2.2.2. Asma. Es una enfermedad que afecta los pulmones, las vias respiratorias medias se
inflaman, estrechan y se producen mayores cantidades de mucosa de lo habitual. Esta afeccion
causa sibilancias, dificultad para respirar, opresion en el pecho y episodios de tos, dificultando la
exhalacion, en algunos casos puede exacerbarse y conducir a ataques mortales. Esta suele ocurrir
cuando las vias respiratorias se encuentran en un estado de inflamacién cronica, por lo que la rinitis
suele ser un indicativo del estado de inflamacion frecuente, causada principalmente por la
inhalacion de alérgenos (Khan, 2014). Es dificil establecer o predecir la severidad de los
padecimientos asmaticos, ya que estan influenciados principalmente por la produccion de
mediadores liberados por eosindfilos, células T y mastocitos. Esta enfermedad es mas comun en
nifos, y regularmente va disminuyendo con el pasar de los afios. Cuando pacientes mayores a 20
afios presentan asma, regularmente es indicativo de alta sensibilidad a alérgenos o mal manejo en

edades tempranas (Holgate y Church, 2012).
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1.2.2.3. Otras manifestaciones de la enfermedad alérgica. Una de las manifestaciones mas comunes
es la ocular o conjuntivitis alérgica, consiste en la inflamacion alérgica de la superficie ocular en
respuesta a un aerolérgeno transitorio, la cual acompafa regularmente a la rinitis, derivando en
sintomas desagradables, pero no graves. También existen la queratoconjuntivitis atopica y la
queratoconjuntivitis primaveral, que son manifestaciones graves, pero inusuales de conjuntivitis en
pacientes atépicos (Holgate y Church, 2012).

Urticaria y angioedema. Estas manifestaciones se deben a la vasopermeabilidad transitoria de la
microvasculatura cutdnea y submucosa, que tienen como resultado hinchazén. Las hinchazones
pueden ser superficiales, describiéndose como manchas rojizas y/o erupciones o ronchas que
pueden causar picazon en la piel, en este caso se conoce como urticaria. Por otro lado, si la
hinchazon se presenta bajo la piel en vez de en la superficie, es decir en la dermis y tejido
subcutaneo, se conoce como angioedema, ocurriendo frecuentemente en ojos y labios (Holgate y
Church, 2012).

Dermatitis atépica. En esta variedad de dermatitis es comun observar sequedad y comezén en la
piel, ademas de sarpullido en la cara, al interior de los codos y detras de las rodillas; asi como en
las manos y los pies. En esta enfermedad se presenta una infiltracion de células mononucleares en
la dermis, ocasionando claras lesiones en la piel. La dermatitis atopica es una condicién cronica,
se caracteriza por prurito intenso, con distribucién distintiva de lesiones cutaneas eccematosas,
puede ser hereditaria, cuando hay antecedentes de familiares atopicos. Suele comenzar en la
primera infancia y sigue un curso de remisiones y exacerbaciones, puede llegar a ser muy molesta
y a provocar lesiones severas en la piel (Holgate y Church, 2012; Hartmann et al., 2016).
Anafilaxia. La anafilaxia se define como una reaccion alérgica severa e inesperada de comienzo
rapido y que puede causar la muerte. El diagnostico de anafilaxia es esencialmente clinico
destacando el compromiso de varios sistemas: cardiovascular, cutaneo, respiratorio y
gastrointestinal. A nivel cutaneo se presenta como urticaria y angioedema, presentandose en el 90%
de los casos, en vias respiratorias se puede manifestar como disnea en grado variable, sibilancias,
broncoespasmo y paro respiratorio. A nivel gastrointestinal se puede presentar como dolor
abdominal, nauseas, vomitos, pujo y diarrea. A nivel cardiovascular se presenta taquicardia e
hipotension puede progresar a un paro cardiovascular. Pueden presentarse también agitacion
psicomotora y pérdida de conocimiento, se considera poco frecuente estimando una prevalencia de
un 0,05% a un 2% incluyendo todas las etiologias, sin embargo, se cree puede estar
subdiagnosticada (Toche, 2011).
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1.2.3. Mecanismo de la Alergia Respiratoria

Las reacciones alérgicas constituyen reacciones inmunologicas de desarrollo rapido, que ocurren

generalmente minutos después del reconocimiento de un antigeno por la inmunoglobulina E (IgE)

unida a mastocitos o basofilos. El reconocimiento entre la IgE y el antigeno desencadena una

reaccion localizada (rinitis, urticaria, conjuntivitis) o generalizada (anafilaxia), causada por la

desgranulacion de las células activadas y su efecto sobre los tejidos. Para poder presentar una

reaccion alérgica inmediata es necesaria una primera etapa, es decir una exposicion previa al

alérgeno, en la cual se llevo a cabo el proceso de sensibilizacion, siendo hasta la segunda etapa o

reexposicion al agente causal cuando se manifiestan los sintomas caracteristicos de la reaccion

alérgica (Kay; 2001). En la Figura 1 se muestra una representacion de las dos fases del mecanismo

de la alergia respiratoria.
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Fig. 1. Mecanismo de la alergia respiratoria.
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1.2.3.1. Primera etapa: Sensibilizacion al alérgeno. La etapa de sensibilizacion comprende dos

pasos importantes, la produccion de IgE especifica y su posterior union a receptores especificos en
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la membrana de mastocitos y eosinofilos. Los factores principales que contribuyen a la produccion
y regulacion de IgE son la herencia, el ambiente y una respuesta de los linfocitos T cooperadores
variedad 2 (Th2), estos factores en conjunto contribuyen al inicio y desarrollo de la enfermedad
alérgica (Bruhns et al., 2005).

La sensibilizacién comienza cuando el aeroalérgeno llega a tejidos como las mucosas respiratorias,
donde las células presentadoras de antigenos (CPA) o también llamadas células dendriticas lo
capturan y digieren intracelularmente. Los alérgenos son generalmente proteinas, por lo que son
digeridas hasta convertirlas en péptidos, que son ensamblados en el complejo principal de
histocompatibilidad clase Il (MHC I1), encargado de sostener a péptidos antigenicos de naturaleza
exogena, procesados por endocitosis. Posteriormente las CPA migran a los ganglios linfaticos,
donde presentan los péptidos antigénicos a los linfocitos T virgenes (ThO) mediante su interaccion
con el Receptor de células T (TCR), lo que los diferencia a linfocitos T cooperadores tipo 2 (Th2).
Esta variedad de linfocitos se caracteriza por la secrecion de interleucinas como IL-5 e IL-9, que
promueven la proliferacion de baséfilos y mastocitos, respectivamente, asi como IL-4 e 1L-13,
causantes del cambio de isotipo de los linfocitos B para la produccién de IgE (Janeway et al., 2009).
Los linfocitos B se convierten en células B plasmaticas productoras de IgE, esta inmunoglobulina
al entrar en circulacion se une, por su region FC, al receptor para IgE de alta afinidad Fcalt épsilon
RI (FceRl), presente en la superficie de los mastocitos y baséfilos, concluyendo la etapa de unién
a receptores (Bruhns et al., 2005). De aqui en adelante, los mastocitos y basofilos, seran capaces
de reconocer al alérgeno en futuras exposiciones, ya que la IgE adquiere la funcion de receptor

especifico para el alérgeno (Kay; 2001).

1.2.3.2. Segunda etapa: Reexposicion al alérgeno. En esta etapa se desencadena una respuesta
inmune, iniciada por la reexposicién al antigeno, una posterior activacion celular y liberacion de
mediadores quimicos, responsables de los sintomas de la alergia, que puede ocurrir en diversos
tejidos del organismo (Oh, 2018).

Cuando el alérgeno vuelve a entrar en contacto con los individuos sensibilizados inicia la activacion
celular, correspondiente a la reaccién de hipersensibilidad tipo 1. El alérgeno es reconocido por las
IgE ancladas en la superficie de los mastocitos y basofilos, lo que propicia el entrecruzamiento de

los FceRI, promoviendo la activacion de estas células, las cuales liberan inmediatamente mediante

17



desgranulacion, mediadores preformados, los cuales son responsables de la respuesta inflamatoria.
Los granulos contienen principalmente histamina, proteoglucanos y proteasas neutras (triptasa y
quimasa), liberadas mediante la fusion de los granulos con la membrana de las células activadas.
Este método de liberacidn garantiza una respuesta inmediata (Janeway et al., 2009). Los mastocitos
estan presentes en la mayoria de los tejidos, principalmente en las puertas de entrada a alérgenos,
como la piel, el epitelio del tracto respiratorio y gastrointestinal, asi como en la conjuntiva, por lo

tanto, la via de contacto sera la que muestre las principales manifestaciones clinicas (Kay; 2001).

1.2.4. Métodos Diagndsticos de Alergia Respiratoria

1.2.4.1. Pruebas Cutaneas. Existen dos tipos de pruebas cuténeas utilizadas para el diagndstico de
la alergia, una de tipo puntura (PT) y la otra intradérmica (ID). Ambas consisten en colocar el
extracto alergénico en contacto con las células cutaneas en una parte plana y depilada del cuerpo,
regularmente el antebrazo o la espalda, donde se encuentran mastocitos que reaccionan liberando
mediadores inflamatorios locales que promueven la formacién de una papula con eritema igual o
mayor a 3 mm entre los primeros 15-30 minutos posteriores a la aplicacion, demostrando la
presencia de IgE especifica para el alérgeno probado (Arruda-Chavez, 2004).

La prueba cutanea de tipo PT se realiza aplicando extractos glicerinados a través de una puncion
con lanceta en el tejido cutaneo. Esta técnica se considera el estandar de oro, por ser una prueba
segura, sensible, de bajo costo y poco invasiva. Por su parte, en la prueba de tipo ID se emplean
extractos acuosos, y se considera menos practica, por ser mas dolorosa, tener mayor riesgo de
provocar efectos sistémicos, y requerir una mayor habilidad de ejecucion, ya que si se aplica a una
mayor profundidad de lo debido puede causar falsos negativos. La seguridad de ambas pruebas
esta directamente relacionada con la habilidad técnica del profesional que la realiza, la calidad del
material utilizado y la correcta interpretacion de los resultados (Arruda-Chavez, 2004).

Los extractos comerciales que generalmente se utilizan para realizar las pruebas cutaneas,
contienen una mezcla compleja de proteinas y cominmente, otros compuestos co-extraidos del
polen. Dichas mezclas pueden contener proteinas alergénicas ubicuas en otras fuentes de alérgenos,

pudiendo presentarse el fendmeno de reactividad cruzada, es decir, un reconocimiento de la IgE
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especifica para un alérgeno hacia moléculas alergénicas similares, que inducen una reaccion
alérgica, generalmente de menor magnitud, lo que puede dificultar el diagnostico del agente causal
0 generar falsos positivos. Por lo anterior, estos extractos pueden ser poco especificos al emplearse
en el diagnostico clinico. Lo idoneo seria realizar las pruebas cutdneas con moléculas alergénicas
purificadas, que garanticen sensibilidad y, sobre todo, especificidad (Curin et al., 2018).

Actualmente se sugiere el uso de entre tres y cuatro alérgenos principales (reconocidos por arriba
del 50% de los pacientes alérgicos a ese polen) de la principal fuente sospechosa, acompafiados de
un panalérgeno, regularmente una profilina, purificados y en concentraciones conocidas, buscando
reducir al minimo las posibilidades de reacciones adversas y a su vez, asegurar un diagndstico
especifico. Adicionalmente, se recomienda realizar las pruebas cutdneas con un panel de fuentes
alergénicas representativa de la region en donde el paciente habita, para descartar o confirmar
polisensibilizacion. Los paneles de alérgenos estandarizados que se utilizan actualmente en México
son adquiridos de Estados Unidos y Europa, sin embargo, la sensibilizacidn a pdlenes en pacientes
mexicanos es diferente a la reportada en esos paises, por lo que los paneles para pruebas cutaneas
sugeridos en sus guias de diagnostico e inmunoterapia (ambas implementadas en nuestro pais), no
son totalmente adecuados para México (Larenas-Linnemann et al., 2019). Esto ultimo resalta la
importancia de la exploracion de nuevas y relevantes fuentes de alérgenos, principalmente en paises

como el nuestro, que no cuentan con paneles diagnosticos bien definidos con base en a su flora.

1.2.4.2. Medicion de IgE sérica Total. La técnica de determinacion de IgE sérica total se utiliza
regularmente como complemento diagnostico junto a la prueba cutdnea para enfermedades
alérgicas mediadas por esta inmunoglobulina. Esta prueba indica el cambio en la concentracion de
IgE sérica, ocasionada por la respuesta a alérgenos, su concentracién bajo condiciones normales es
un pequefio porcentaje (0.001%) respecto al total de inmunoglobulinas en suero, y se expresa en
UI/L (Unidades Internacionales por Litro) considerandose concentraciones mayores a 100 UI/L
como un resultado positivo. Sin embargo, esta medicion no ayuda en la identificacion del alérgeno
causal, simplemente indica un incremento en la abundancia de IgE sérica tras la exposicién a este
(Arruda-Chavez, 2004).

Actualmente la técnica de ImmunoCAP es la prueba de cuantificacion de IgE especifica mas

utilizada. Consiste en un panel de proteinas alergénicas unidas covalentemente a una fase sélida de
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celulosa, estos se ponen en contacto con el suero del paciente, que en principio contiene IgE
especifica que serd capaz de reconocer a su antigeno especifico. Posteriormente se utiliza un
anticuerpo anti-lgE marcado con fluorescencia, emitiendo sefial tras su excitacién, solo los anti-
IgE unidos a IgE que a su vez se unieron a alérgenos, siendo el valor de sefial detectada

directamente proporcional a la cantidad de IgE unida al antigeno (Johansson, 2004).

1.2.5. Alérgenos Recombinantes para un Mejor Diagndstico de Alergia Respiratoria.

La alta prevalencia de la alergia respiratoria demanda un estudio mas profundo respecto a la
identificacion de los pélenes alergénicos y a los alérgenos contenidos en ellos. Como se menciono
anteriormente, los extractos de polen que se utilizan para el diagndstico de la alergia respiratoria
son mezclas complejas que pueden llegar a presentar reaccion cruzada y, por ende, un diagnostico
poco especifico (Saha y Bhattacharya, 2017). La utilizacién de este tipo de extractos se ha
relacionado también con una mayor posibilidad de desarrollar efectos secundarios severos que en
algunos casos han llegado a ser fatales (Sircar et al., 2016). Para cumplir los pardmetros de
seguridad y especificidad, se ha recurrido a la sobreexpresion de alérgenos recombinantes en
modelos de expresién como las bacterias, que ofrecen un mayor rendimiento y disponibilidad en
comparacion de los obtenidos de las fuentes naturales, disponibles solo por una o dos temporadas
al afo y donde partiendo de grandes cantidades de polen, las concentraciones de los alérgenos en
los extractos son diversas y algunas llegan a ser minimas.

La identificacién y purificacion de alérgenos provenientes del polen es crucial en el conocimiento
certero de las moléculas alergénicas causantes de desencadenar la respuesta alergénica, y ha
contribuido a mejorar la especificidad en el diagnéstico (Valenta et al., 2018). Este proceso de
exploracion de alérgenos también es necesario para poder obtenerlos mediante vias recombinantes,
las cuales pueden aplicarse directamente al diagndstico como en el caso de la variante de
ImmunoCAP que consiste en un chip de microarreglos con moléculas alergénicas, conocido como
Multiplex (Hiller et al., 2002). En esta variante, los chips estan conformados por un panel completo
de alérgenos que representan a las fuentes alergenicas mas comunes. Con la capacidad de evaluar

simultaneamente a mas de 100 moléculas alergénicas, brindando una vision general y répida del
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perfil de sensibilizacion de los pacientes (Harwanegg et al., 2003). Esto vino a revolucionar el
diagndstico de la alergia, ya que ayuda a determinar las moléculas alergénicas causales. El uso del
sistema Multiplex es de gran ayuda en la exploracion de los perfiles de sensibilizacion complejos,
principalmente en los pacientes polisensibilizados (Valenta et al., 2018).

Actualmente, diversos estudios sustentan que las moléculas recombinantes no s6lo pueden
utilizarse con fines diagndsticos, si no que han resultado efectivas como tratamiento para la
desensibilizacion a alérgenos mediante exposiciones paulatinas y en cantidades adecuadas de los
mismos (Valenta et al., 2012). Sin embargo, no se conocen todos los pdlenes alergénicos, y de
muchos no se han identificado sus proteinas alergénicas, por lo que no se cuenta con la posibilidad
de un diagnostico y tratamiento especificos para todos los casos.

1.2.6. Tratamiento de la Alergia Respiratoria

El tratamiento de los enfermos con patologia respiratoria producida por alergia al polen, al igual
que la causada por otros aeroalérgenos, se basa en tres pilares fundamentales que se complementan:
medidas de control ambiental, farmacoterapia e inmunoterapia (Mims, 2017). Cuando una persona
se diagnostica como alérgica a uno o varios tipos de polen, se recomienda el control ambiental ante
alérgeno, es decir, evitar entrar en contacto directo con él, por lo que los individuos sensibles deben
evitar los lugares con gran poblacion de arboles productores del polen causante de la reaccion
(Lizaso et al., 2003). Sin embargo, en el caso del polen, como la mayoria de los aeroalérgenos de
exterior, es muy dificil evitar, cantidades suficientes para sensibilizar y ocasionar sintomas son
transportadas por el aire, por lo que el tratamiento farmacoldgico es el siguiente paso en el manejo
de la enfermedad. Este tipo de tratamiento se centra en el control de los sintomas, ya que no ofrece
una cura o mejora respecto a la etiologia de la enfermedad. Cuando la sintomatologia es leve, como
es el caso de la rinitis, los principales farmacos utilizados son antihistaminicos y corticoides
nasales. Los farmacos actualmente empleados en el tratamiento del asma se pueden dividir en
farmacos antiinflamatorios como los corticoides, cromonas y antileucotrienos; asi como
broncodilatadores (agonistas 32), los cuales solo pueden ser indicados por un medico especialista.

La eleccion de uno u otro de estos farmacos dependera de la gravedad de la enfermedad, pudiendo
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llegar a representar un gasto considerable para las personas que presentan sintomas fuertes y/o
continuos durante todo el afio (Mims, 2017).

1.2.7. Inmunoterapia

La inmunoterapia especifica es la Unica estrategia terapéutica que ofrece una mejora de los
sintomas y modificacion del transcurso de la enfermedad. Desde el primer tratamiento de
inmunoterapia alergenica (AIT por sus siglas en inglés) realizado por Noon en 1911, en el cual
inyectd repetidamente extractos acuosos de proteinas de pdlenes de pastos y registré las dosis
aplicadas necesarias para causar reaccion alérgica, que fueron cada vez mayores, lo que indicaba
una mayor tolerancia. Actualmente la AIT ha evolucionado en diferentes aspectos como el
contenido y método de obtencion de alérgenos, implementacion de diversas vias de administracion,
uso de adyuvantes y diversos esquemas de aplicacién. Todos estos en busca de una AIT que brinde
mejores resultados y seguridad a los pacientes alérgicos (Calderon et al., 2012).

Se han explorado varias rutas de administracion para la AlT, siendo la via subcuténea (SC-AIT) y
la via sublingual (SL-AIT) las mas utilizadas. La SC-AIT se administra por medio de inyecciones
y la SL-AIT se administra oralmente, mediante pastillas 0 gotas sublinguales, actualmente se
estudian rutas como la intranasal e intralinfatica, sin embargo, son implementadas con menos
frecuencia. En la via sublingual se utilizan cantidades mayores de alérgenos, respecto a la
subcutanea, ya que no todo el alérgeno administrado es absorbido. Varios estudios han tratado de
determinar cudl de las rutas es mas efectiva, sin embargo, no hay resultados significativos hasta el
momento (Pipet et al., 2009). La AIT cuenta con evidencia, respaldada por numerosos casos
clinicos y datos experimentales que han sido recabados en los Gltimos 50 afios y lo unico definitivo
es que la AIT el Unico tratamiento capaz de brindar una mejora en la sintomatologia y una menor
sensibilidad al alérgeno por lo menos 7 afios posteriores a la conclusion del tratamiento (Asero et
al., 2016).

La mayoria de las AIT actuales utilizan extractos con alérgenos de fuentes naturales que muestran
severas limitaciones, asociadas a su baja calidad. Los extractos de polenes naturales muestran una

gran variabilidad en su composicion y entre los componentes puede haber otros alérgenos que
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podrian ocasionar una reaccion o sensibilizacion durante la administracion. Este tipo de tratamiento
es reservado para los pacientes con sintomas muy fuertes o altamente recurrentes, en los que
manifestaciones como asma y anafilaxia estan controladas o ausentes, y dado que la AIT no es un
procedimiento econémico, su relacion costo/beneficio debe ser evaluada. Para la prescripcion de
AIT se requiere un médico alergdlogo experimentado e idealmente una identificacion especifica
de los alérgenos causantes de la enfermedad (Curin et al., 2018). Cabe recalcar nuevamente que
muchas de las fuentes de alérgenos no han sido caracterizadas, por lo que hay un gran nimero de
pacientes que no pueden obtener una AIT especifica a pesar de ser candidatos para su
administracion, ya que para su segura y correcta implementacion es necesario un diagnostico
especifico previo. Esta situacién pone de manifiesto, la importancia de la identificacion de los
alérgenos en los diversos pdlenes con relevancia clinica y la continua investigacion y desarrollo en

el campo de la alergia.

1.2.7.1. Epitopes alergénicas y su impacto en la ITA. Las fuentes de polenes alergénicos mas
exploradas a nivel mundial, como los provenientes de los arboles de abedul, olivo, y varios tipos
de pastos, son algunos de los cuales mejor se conoce su composicion alergénica y sus alérgenos
principales, incluso se ha llegado al conocimiento de los principales determinantes antigénicos en
algunos de sus alérgenos mas representativos (Vadlamudi y Shaker, 2015). Estos Gltimos son
denominados también como epitopes, son secuencias cortas de aminoacidos, que representan una
pequefia porcion de la macromolécula alergénica, la cual es reconocida por el sistema inmune,
especificamente por los anticuerpos. Los epitopes pueden ser de naturaleza conformacional o
lineal, esto en funcién de si su reconocimiento depende de la conformacion tridimensional del
alérgeno o no, respectivamente (Wang et al., 2018). Conocer las epitopes ha sido de gran
importancia en el tratamiento de la enfermedad alérgica, ya que en combinacion con técnicas
moleculares han impulsado el desarrollo de estrategias inmunoterapéuticas novedosas.
Actualmente en la AIT se usan alérgenos naturales o sus equivalentes recombinantes, asi como
variantes de estos alérgenos entrecruzados o también Ilamados alergoides (con la finalidad de
reducir su actividad alergénica y conservar su inmunogenicidad), pero algunas de las alternativas
terapéuticas mas efectivas y seguras que se han documentado en la inmunoterapia, son derivadas

de conocer las epitopes alergenicas. Este es el caso de las proteinas hipoalergénicas, implementadas
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en diversas modalidades como hibridos con multiples regiones o péptidos antigénicos unidos a
moléculas acarreadoras, obtenidos por técnicas recombinantes y ofreciendo alta especificidad, ya
que son alérgenos puros, generalmente con alergenicidad atenuada, disminuyendo el riesgo de
efectos secundarios y eliminando el problema de la co-sensibilizacidn hacia otros alérgenos (Curin
et al., 2018; Tulaeva et al., 2020). En la Figura 2 se muestra una representacion de las opciones de
ITA actuales que se derivan del conocimiento o prediccion de epitopes alergénicas.

Rutas de Diversas composiciones de la ITA
administracion
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Fig. 2. Infografia que muestra las diversas rutas de administracion de inmunoterapia con alérgenos
(ITA) y sus formulaciones mas comunes en la actualidad.

Entre las estrategias moleculares antes mencionadas se resalta la efectividad del uso de proteinas
hipoalergénicas. Estas son proteinas alergénicas a las cuales se les causan mutaciones sitio-
dirigidas a sus epitopes, con la finalidad de disminuir, o incluso desaparecer su reconocimiento por
IgE, pero conservando su capacidad de estimular la produccion de IgG neutralizante. Es decir, se
obtienen moléculas con baja o nula alergenicidad, pero su inmunogenicidad es conservada. Un
ejemplo de esto, son los resultados reportados para el alérgeno del hongo Rhizopus oryzae, que
mediante mutaciones en sus epitopes generaron una variante hipoalergénica, comprobando esto

mediante la respuesta alérgica de conejos sensibles a Rhi 0 1, que al ser expuestos a la molécula
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hipoalergénica mostraron sintomas inflamatorios menos adversos, menor reconocimiento de dicha
molécula por la IgE en sus sueros y una alta titulacion de 1gG especifica (Sircar et al., 2016). Por
otro lado, variantes con péptidos antigenicos, no alergénicos pero si inmunogeénicos, es decir no
inductores de respuesta por IgE pero si por 1gG, y unidos a proteinas acarreadoras se han probado
con éxito, llegando a fases avanzadas de pruebas en humanos, como el caso de la vacuna para la
alergia al pasto BM32 la cual se encuentra en fase 11l de pruebas clinicas, y presuntamente sera
registrada como vacuna oficialmente en Europa, donde se promueve mayormente el uso de
alérgenos recombinantes. La formulacién de BM32 ha llevado afios de trabajo que han sido
documentados en diversas publicaciones, en las cuales se demuestra rotundamente que esta vacuna
basada en péptidos hipoalergénicos unidos a una molécula acarreadora con propiedades
inmunoestimuladoras, es capaz de modular el sistema inmune (Tulaeva et al., 2020; Akinfenwa et
al., 2021). Idealmente la ITA debe promover escasa respuesta por IgE (sea por desensibilizacién o
inducida por mutaciones sitio-dirigidas), altos niveles de 1gG en suero, induciendo un perfil bajo
de citocinas proinflamatorias, favoreciendo una respuesta inmune Th1.

Puesto que la AIT es hasta ahora la Unica posibilidad de mejorar la calidad de vida de los pacientes,
la obtencion de alérgenos por vias recombinantes para un mejor diagnostico y tratamiento son
avances importantes en el campo de la alergia, si adicionalmente este conocimiento se
complementa con la prediccion de epitopes en dichos alérgenos, pueden llegar a desarrollarse

opciones terapéuticas como las antes mencionadas.

1.2.8. El Polen como Potente Aeroalérgeno

Por su pequefio tamafio de entre 15-75 um el polen es facilmente acarreado por corrientes de aire,
lo que le permite viajar grandes distancias y favorece su entrada por las vias aéreas, logrando
sensibilizar a individuos susceptibles (Oh, 2018). Una cantidad pequefia de polen es suficiente para
causar sensibilizacion o una respuesta alérgica. Dicha respuesta no es ocasionada por el polen per
se, sino por algun alérgeno especifico (inocuo para las personas no sensibilizadas), que
generalmente son proteinas con un peso molecular de entre 10-60 kDa (Guidos y Almeida, 2005).

La mayoria de los pacientes sensibilizados al polen presentan reaccion ante algin panalérgeno,
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estas proteinas estan presentes en menor abundancia en el polen, sin embargo, desempefian
funciones relativamente bésicas en los organismos, por lo que estdn muy conservadas y presentan
una alta identidad de secuencia en relacion con sus homdélogos en otras especies y son causa de
reaccion cruzada entre diversas fuentes de alérgenos. Los principales panalérgenos del polen son
las proteinas PR-10, polcalcinas, proteinas de transferencia de lipidos (nsLPT por sus siglas en
ingles) y profilinas (Hauser et al., 2010). Sin embargo, dado que el reconocimiento de proteinas
generalmente inocuas se considera un fallo en el sistema inmune, la lista de proteinas alergénicas
no se limita a los panalérgenos antes mencionados, y muchas proteinas podrian ser potencialmente
alergénicas. Los alérgenos en el polen son capaces de estimular una reaccion de hipersensibilidad
tipo I, descrita previamente, que es mediada por IgE y causante de manifestaciones alérgicas como
la rinitis, conjuntivitis, asma y anafilaxia (Oh, 2018). Ademas de ser el portador de alérgenos,
factores como el medio ambiente, la contaminacion y su facilidad de viajar largas distancias por
medio del aire, han contribuido a que el polen sea el principal agente causante de sensibilizacion
alérgica (Schiavoni et al., 2017).

La mayoria de los alérgenos polinicos con relevancia clinica son producidos por arboles, y
pertenecen principalmente a los érdenes Fagales, Lamiales, Proteales y Pinales, estos con una
distribucion casi mundial. EI polen de las Fagales es el principal causante de polinosis en épocas
de primavera e invierno, principalmente en zonas de clima templado. El orden de los Fagales esta
conformado por siete familias, de entre las cuales Betulaceae y Fagaceae son las principalmente
implicadas en desencadenar reacciones alérgicas (Pablos et al., 2016). En nuestro caso particular,
nos interesa el estudio del polen de nogal pecanero, Carya illinoinensis, arbol perteneciente a la

familia Juglandaceae, del orden de los Fagales.

1.2.9. Carya illinoinensis

El nogal pecanero [Carya illinoinensis (Wangenh.) K. Koch] es un arbol con gran valor comercial
a nivel mundial, es una especie altamente valorada por sus frutos, las nueces pecaneras. La
distribucion geogréafica de este arbol en el continente americano va desde el estado de California a
Carolina del Sur en USA y desde el estado de Missouri en USA hasta Oaxaca en México.
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Actualmente la produccion de la nuez pecanera proviene principalmente de plantaciones y no de
bosques naturales, simplemente en México en los ultimos 30 afios se ha triplicado el area de
siembra, llegando hasta 112,000 Ha y cuadruplicado su produccion, principalmente en los estados
del Norte como Chihuahua, Coahuila, Sonora, Durango y Nuevo Ledn (Reyes-Vazquez y Urrea-
Lépez, 2016). El polen de nogal pecanero se considera altamente alergénico y de relevancia clinica.
En el estado de Texas en USA este polen representa la segunda causa de alergias graves
ocasionadas por pdlenes y existen reportes que lo catalogan como un alérgeno de importancia
clinica en paises como Israel (White y Bernstein, 2003; Waisel et al., 1994, Rachmihl et al., 1996).
El estado de Sonora ocupaba el tercer lugar a nivel nacional en cuanto a territorio de siembra con
nogal pecanero, detras de Chihuahuay Coahuila, en 2020 el volumen de produccién de nuez crecid
de 7,867 toneladas en 2014 a 24,053 toneladas solamente en tierras sonorenses (Retes et al., 2021).
Los estudios aerobioldgicos en el territorio mexicano son escasos, sin embargo, dos realizados en
la ciudad de Monterrey, Nuevo Leon, reportan el polen del género Carya entre los mas abundantes
en su atmosfera. Cabe mencionar que Nuevo Leon ocupa el quinto lugar a nivel nacional respecto
al area de siembra de nogal (Rocha-Estrada et al., 2008; Gonzalez-Diaz et al., 2010; Retes et al.,
2021). El incremento del area de cultivo de Carya illinoinensis aumenta por consecuencia el
numero de particulas de este polen en el ambiente, confiriéndole importancia epidemiologica y
facilitando la sensibilizacion de personas susceptibles.

Existe evidencia clinica de que el polen de nogal pecanero es agente causal de reacciones alérgicas,
sin embargo, hasta el momento no hay un registro de las proteinas responsables de su alergenicidad
(Mani, 2015). En nuestro grupo de trabajo se realiz6 una primera aproximacion en busca de las
proteinas alergénicas del polen de nogal pecanero. Para ello, se puso en contacto, mediante 2-DE
Western-Blot, el extracto proteinas de polen de Carya illinoinensis con el suero de pacientes
previamente diagnosticados como alérgicos por el Instituto Nacional de Enfermedades
Respiratorias (INER). Se lograron inmunodetectar 18 manchas, de las cuales se realiz6 una
identificacion de proteinas por homologia contra la base de datos para plantas de NCBI.
Oficialmente no hay alérgenos de polen registrados para esta esta especie, sin embargo, varias
proteinas de reserva del fruto de la nuez pecanera si estan registradas como alérgenos alimenticios
importantes, como Cari 1, Cari2y Cari4.

La exploracion del polen de Carya illinoinensis, y la purificacion de proteinas especificas causantes
de alergia, permitira el desarrollo de un diagnéstico clinico y molecular especifico, y sentara las

bases para el desarrollo de estrategias inmunoterapéuticas.
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1.2.10. Inmunoprotedmica en la Exploracion de Nuevas Fuentes Alergénicas

La protedmica se encarga del estudio a gran escala de un conjunto determinado de proteinas,
centrandose en conocer las interacciones entre ellas y construir redes que ayuden a entender el
funcionamiento de los seres vivos. Es decir, la protedmica es el conjunto de técnicas usadas para
estudiar al proteoma. Dado que las proteinas son moléculas que presentan funciones estructurales,
efectoras, reguladoras, asi como de ser antigénicas, la protedmica ha resultado ser uno de los
enfoques que ha brindado una gran aportacion al conocimiento en el estudio de la enfermedad
alérgica. Tanto en la exploracién de nuevas fuentes alergenicas que eventualmente llegan al
diagnostico y tratamiento, asi como en la busqueda de biomarcadores que indiquen la efectividad
de tratamientos inmunoterapéuticos (Fulton et al., 2019). La exploracion y caracterizacion de
nuevas fuentes alergénicas requiere de la conjuncién de técnicas clasicas de proteémica, como la
electroforesis de proteinas en una y dos dimensiones, el andlisis e identificacion de péptidos por
cromatografia de liquidos acoplada a espectrometria de masas (LC-MS), y de técnicas clasicas de
inmunologia como Western Blot y ELISA, para derivar en una rama denominada
inmunoprotedmica (Fulton et al., 2019; Pitarch et al., 2018).

La respuesta humoral o produccién de anticuerpos es una de las principales estrategias de defensa
del sistema inmune. Esta le permite defenderse ante agentes reconocidos como extrafios y
potencialmente dafiinos, estableciendo una memoria ante dichos agentes a largo plazo, y que, como
en el caso de la respuesta alérgica, es capaz de desencadenar una respuesta inmediata y altamente
especifica hacia el agente causal (Janeway et al., 2009; Fulton et al., 2019). Por lo que explorar
potenciales fuentes alergénicas empleando el suero de pacientes sensibilizados, facilita el
conocimiento de las moléculas diana de los anticuerpos, permitiendo desarrollar posteriores
estrategias diagndsticas y terapéuticas, asi como profundizar en el entendimiento de la enfermedad
alérgica y sus mecanismos, ya que hasta el momento su etiologia permanece desconocida (Pitarch
et al., 2018). En este sentido la implementacion del enfoque inmunoprotedmico para el anélisis
serologico del proteoma (SERPA) culmina regularmente en la identificacion de proteinas
alergénicas, permitiendo la exploracion de fuentes alergénicas nuevas y de relevancia (Kniemeyer
et al., 2016; Pitarch et al., 2018).
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Para el anélisis seroldgico del proteoma se emplean técnicas protedmicas como la electroforesis de
proteinas en una (SDS-PAGE, condiciones desnaturalizantes y reductoras) y dos dimensiones (2-
DE), siendo esta ultima la mas utilizada. En la 2-DE las proteinas se separan por dos propiedades
fisicas, regularmente el punto isoeléctrico (pl) y el peso molecular (MW), lo que permite una
separacion de las proteinas de una mezcla compleja, como un extracto de polen, a un conjunto de
manchas, en donde en cada una de ellas hay una composicion mucho menos diversa, ya que las
proteinas en determinada mancha deben coincidir en ambas propiedades, pl y MW. Ademas, la 2-
DE es facilmente adaptable al trabajo con otras técnicas como Western Blot y espectrometria de
masas, ya que las proteinas pueden permanecer intactas para transferirse a una membrana y realizar
una posterior inmunodeteccidn o recuperarse del gel para ser posteriormente digeridas y analizadas
por cromatografia de liquidos acoplada a espectrometria de masas en tandem (LC-MS/MS),
procesos que regularmente se trabajan de forma paralela. Comdnmente, un gel se utiliza para que
las proteinas sean transferidas e inmunodetectadas, y asi visualizar qué manchas contienen
proteinas reconocidas por la IgE (como anticuerpo primario) en el suero de pacientes alérgicos, las
cuales se detectan por anticuerpos anti-lIgE (anticuerpo secundario) conjugados a enzimas o
fluor6foros que permiten evidenciar las manchas/bandas de proteinas reconocidas por los
anticuerpos de los pacientes. Una réplica de la electroforesis empleada para para la
inmunodeteccion se usa para tefiir las proteinas totales y cortar del gel las manchas de proteina
correspondientes a las manchas inmunodetectadas por los anticuerpos de los pacientes. Estas
manchas de proteina se destifien, se digieren el liquido (usualmente con tripsina) y se analizan
mediante LC-MS/MS. EI empleo bases de datos de proteinas, motores de busqueda (softwares)
especializados y los datos de LC-MS/MS permiten la identificacion de las proteinas reconocidas
por los anticuerpos IgE (Fulton et al., 2019). Después del analisis de los resultados, comiUnmente
se obtienen listas de proteinas, de donde se pueden reconocer proteinas pertenecientes a familias
bien documentadas como alergénicas o descubrirse alergenos novedosos en las fuentes estudiadas,

esto se esquematiza en la Figura 3.
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Fig. 3. Representacion del andlisis seroldgico del proteoma del polen de Carya illinoinensis
mediante un enfoque inmunoproteémico clasico.

1.3. Hipotesis

Las proteinas alergénicas puras del polen de nogal pecanero (Carya illinoinensis) constituiran una
herramienta para el diagndstico y desarrollo de una estrategia inmunoterapéutica de la alergia a

este polen.

1.4. Objetivo General

Obtener dos proteinas del polen de nogal pecanero (Carya illinoinensis), confirmar su

alergenicidad e identificar sus principales determinantes antigenicos.
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1.5. Objetivos Especificos

1. Obtener el marco de lectura abierto de dos proteinas alergénicas y expresarlas mediante
técnicas recombinantes.

2. Corroborar el reconocimiento de los alérgenos recombinantes por la IgE en el suero de
pacientes alérgicos.

3. Modelar las proteinas alergénicas seleccionadas y predecir sus determinantes antigénicos

mediante herramientas bioinformaticas.

1.6. Seccion Integradora del Trabajo

La exploracion de fuentes nuevas y de relevancia para la enfermedad alérgica es de vital
importancia. Primero, en México el panel de alergenos utilizado no esta adaptado a la flora
predominante de la regién, ya que son fuentes alergénicas de especies dominantes en Estados
Unidos y Europa. En segundo lugar, dado a que el panel de fuentes bien caracterizadas para
diagnostico es reducido, muchos pacientes no cuentan con un diagnostico especifico para su agente
sensibilizador, y esto impide en muchos casos la implementacion de una ITA segura y especifica
para cada paciente. En tercer lugar, es relevante incursionar en la sobreexpresion de alérgenos
recombinantes, ya que estos son la puerta de entrada hacia diagnésticos mas especificos e ITAs
mas seguras. Ademas, permiten seguir evolucionando en la formulacién novedosa de ITAs como
las proteinas hipoalergénicas, que presentan numerosas ventajas para los pacientes, mencionadas
en secciones anteriores.

Por lo anterior, se seleccioné al polen de Carya illinoinensis como modelo de estudio y exploracion
para profundizar en el conocimiento de sus proteinas alergénicas. Dado que es una especie
introducida en el territorio mexicano con fines econémicos por la produccién de su fruto, la nuez
pecana, esta especie amplia afio con afio su extension territorial y produccion. Existe evidencia que
reporta a este polen como causa de alergia respiratoria desde hace varios afos, sin embargo, este

no cuenta con alergenos registrados oficialmente hasta el momento. En nuestro grupo de trabajo se
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realiz6 una primera aproximacion para identificar las proteinas alergénicas de esta variedad de
polen, mediante inmunodeteccion y LC-MS/MS, de donde resultd una lista de proteinas alergénicas
identificadas por homologia, tras un andlisis bioinformatico. A partir de este antecedente, surge el
presente proyecto, que se centra en la obtencion de dos proteinas alergénicas del polen de C.
illinoinensis mediante técnicas recombinantes y la determinacion de sus principales epitopes.

Para poder cumplir este objetivo, se seleccionaron dos alergenos de la lista antes mencionada, tras
un proceso de revision se decidio iniciar con las proteinas profilina y enolasa. El primer articulo

producto de este proyecto doctoral fue el titulado “The Role of Enolases in Allergic Disease”

(seccion 2), articulo de revision con el cual pretendemos resaltar la relevancia de esta proteina
como alérgeno, ya que, si bien es un alérgeno bien caracterizado en hongos, también se ha reportado
en musculo de animales como peces y gallina, sin embargo en el polen regularmente se habia
considerado solo como potencial proteina alergénica en diversos estudios inmunoproteémicos, y
pocos se habian dirigido a confirmar su alergenicidad. Hasta donde sabemos, ninguna enolasa de
polen habia sido sobreexpresada, ni se habian predicho sus determinantes antigénicos para ser
comparados con los de otras fuentes. En este articulo, se resalta a la enolasa como un alérgeno
comun entre diversas fuentes, animales, hongos y plantas, asi como la alta identidad en las
secuencias de algunos de sus representantes alergénicos mas representativos.

Para poder cumplir el objetivo uno, y todos los siguientes, una vez seleccionados los alergenos,
debiamos tener conocimiento a sus marcos de lectura abiertos. Por lo que a partir de datos del
transcriptoma de Carya illinoinensis depositados en NCBI, se realiz6 un ensamble de transcriptoma
utilizando el programa Trinity, y tras una anotacion funcional mediante Trinotate, se cre6 una base
de datos especifica para C. illinoinensis con 92, 960 secuencias traducidas o de aminoacidos (ver
detalles especificos en la seccion 3). Con esta base de datos se analizaron nuevamente los archivos
crudos del proceso de MS/MS, mediante el motor de basqueda Spectrum Mill. Los resultados de
este trabajo comprenden el primer articulo original derivado de este proyecto, el cual se titula

“Immunoproteomic identification of allergenic proteins in pecan (Carya illinoinensis) pollen”. En

el cual se reportan por primera vez los alérgenos presentes en el polen de nogal pecanero. Este
articulo y todas sus especificaciones pueden leerse en la seccion 3 del presente documento.
En la seccion 4, presentamos el manuscrito de un articulo original titulado “Recombinant

expression and epitope prediction of enolase and profilin: allergenic proteins from pecan nut

(Carya illinoinensis) pollen”, el cual comprende los objetivos uno y tres de este proyecto. Los datos
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presentados en este articulo consisten en la sobreexpresion y purificacion de los alérgenos profilina
y enolasa, asi como el modelado y prediccion de sus determinantes antigénicos. Para esto, las
secuencias identificadas correspondientes a los marcos de lectura abiertos para ambas proteinas se
optimizaron para su expresion en E. coli, y fueron clonadas en el vector pET28pps. Las
construcciones obtenidas se utilizaron para transformar células E. coli BL21(DE3)pLysS, para
posteriormente sobrexpresar y purificar las proteinas recombinantes. La prediccién de epitopes
lineales y conformacionales se realizé mediante cuatro herramientas bioinformaticas. Por causas
ajenas al desempefio y disposicion de todos los participantes en este proyecto, relacionadas a la
situacion mundial durante la pandemia de COVID-19, fue complicado cumplir con el objetivo dos
en los tiempos establecidos por el programa educativo. Eventualmente sera cubierto con la
finalidad de culminar este proyecto y transmitir los resultados derivados del mismo de la mejor
manera posible. Sin embargo, el avance hasta el momento se considera adecuado para el proceso
de titulacion en el posgrado y que los resultados aqui mostrados sentaran las bases para el desarrollo

de estrategias inmunoterapéuticas futuras.
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Clinical Commentary Review

The Role of Enolases in Allergic Disease

Martha Beatriz Morales-Amparano, MSc®*, José Angel Huerta-Ocampo, PhD"*, Guillermo Pastor-Palacios, PhD®, and
Luis M. Teran, MD, PhD? Sonora, San Luis Potosi, and Mexico City, Mexico

Enolase is one of the most abundant cytosolic enzymes as well as
an important glycolytic metalloenzyme highly conserved among
organisms from different taxonomical groups. Participation of
enolase in processes in which its enzymatic activity is not
required has been widely reported. Some of these processes
provide special qualities to microorganisms, which favor, in
some cases, their pathogenicity. Remarkably, enolase has been
reported as an allergen by itself, it is well recognized as allergenic
in molds and yeasts, whereas it has also been recognized by the
immune system of susceptible individuals acting as a food and
inhaled allergen from other diverse sources such as insects, birds,
fishes, and plants. To date, 14 enolases have been officially
recognized by the World Health Organization/International
Union of Immunological Societies Allergen Nomenclature
Subcommittee. The use of discovery proteomics has also
uncovered novel allergenic enolases, particularly from pollen
sources. Here, we review the relevance of enolases as sensitizers
and as nonsensitizing cross-reactive allergens in allergic

disease. © 2021 American Academy of Allergy, Asthma &
Immunology (J Allergy Clin Immunol Pract 2021;m:m-m)

Key words: Allergen; Cross-reactivity; Immunoproteomics

INTRODUCTION

The glycolytic enzyme enolase is an important mediator of the
allergic response in susceptible individuals; however, it has been
an underestimated allergen. The first enolase associated with
allergic disease was identified in Saccharomyces cerevisiae, by
binding to IgE.1 However, since then a wide range of allergenic
enolase sources have been reported, highlighting its relevance as
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an elicitor of the allergic response. The present study was based
on a bibliographic search conducted in PubMed and Scopus
under the topics “enolase- and/or enolase allergy.” The search
was limited to articles published in English in the last 2 decades.

ENOLASE

Phosphopyruvate hydratase, also known as 2-phospho-D-
glycerate hydrolase or commonly called enolase (International
Union of Biochemistry and Molecular Biology, Enzyme
Commission number 4.2.1.11), is an enzyme that catalyzes the
penultimate  step  in  glycolysis, interconverting = 2-
phosphoglycerate and phosphoenolpyruvate, according to their
concentration in the medium.” The active site of enolase is found
at the carboxylic end of the TIM-type barrel, where the
magnesium metal ions act as cofactors and bind to the substrate:
2-phosphoglycerate.” The role of enolase is of vital importance in
the energy metabolism of many organisms; however, this enzyme
has also been reported as a moonlighting protein. Moonlighting
proteins are characterized by performing other functions in the
cell, in addition to its canonical or main function.” Moreover,
enolase plays an important role in adhesion, for the subsequent
infection of several microorganisms. To date, 3 enolase isotypes
have been reported in mammals: ¢.-enolase or ENO-1, which is
expressed in most dssues, P-enolase or ENO-3, normally
expressed in musde tissue, and Y-enolase or ENO-2, mainly
present in neural tssues. ENO-1 is the protein most differen-
tally expressed among human tissues under different pathol-
ogies.\ There is evidence that enolase from various organisms
such as animals, fungi and yeasts, plants, and pollen can cause an
IgE-inducing response. Cross-reactivity is another feature of
enolases, mainly between fungi and plants, and between diverse
food such as fish and chicken.”” There are 14 enolases in the list
of the systematic allergen nomenclature approved by the World
Health Organization and International Union of Immunological
Societies (WHO/IUIS) Allergen Nomenclature Subcommittee
(www.allergen.org), of which 6 correspond to fungi, 2 to pollens,
1 to plants, and 5 to foods of animal origin (Table ).

ENOLASE IN ALLERGIC DISEASE

Enolase protein sequences are highly conserved among taxo-
nomically distant groups or organisms““) causing respiratory,
food, and contact allergies. This degree of evolutionary conser-
vation of their protein sequences supports the high immunologic
cross-reactivity of enolases. To date however, the role of enolase
in allergic disease has not been fully investigated. The earliest
evidence of enolase as an allergen dates to the early 1990s, from
fungi and yeast. The combination of modern biochemistry with
molecular biology led to the identification of a small number of
enolase isoforms from the yeast Saccharomyces cerevisiae and

Candida albicans, and from the fungus Aspergillus fumigatus,
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Abbreviations used
TUIS- International Union of Immunological Societies
WHO- World Health Organization

which were purified, sequenced, and expressed as recombinant
proteins.x However, in the last decades, mass spectrometry,
specifically tandem mass spectrometry, has allowed the identifi-
cation of novel allergens in complex biological samples. In fact,
allergen identification in general has benefited from combining
proteomics with IgE immunoblotting, also known as “immu-
noproteomics.” Briefly, the allergen source proteome is first
subjected to a 2-dimensional electrophoresis; the first dimension
is an isoelectric focusing to separate proteins on the basis of their
isoelectric point, followed by separation according to their
molecular masses (second dimension), which allows proteins to
resolve as small spots that are then transferred to a membrane by
western blotting. The membrane is exposed to the IgE present in
the sera of patients with allergy, which are specific to
environmental allergens; highlighting reactive IgE spots are then
subsequently characterized by mass spectrometry. In the case of
enolase, this approach has allowed its identification in various
allergenic sources that are discussed below.

FUNGAL ENOLASE

Enolases are one of the most prominent and conserved
allergenic families in fungi. From the 6 fungal enolases officially
registered as allergens by IUIS Allergen Nomenclature Sub-
committee (see www.allergen.org), 5 correspond to molds and 1
to yeast. Enolases are considered minor allergens; however, some
authors consider them as pan-allergens among fungi.”’ It is
estimated that around 20% to 30% of people allergic to fungj are
sensitized to enolases.”” Cross-reaction between allergenic eno-
lases from fungal origin has been reported among Asp f 22, Pen ¢
22, Alt a 6, Rho m 1, Cur | 2, and Cla h 6.%”'""* Figure 1
shows the identity matrix of multiple amino acid sequence
alignment of enolases officially recognized as allergens (WHO/
IUIS Allergen Nomenclature Subcommittee), which shows that
fungal enolases share a high percentage of identity (72.02%-
94.29%) among them, and also high identity percentage is found
among plant (86.77%-89.77%) and animal allergenic enolases
(81.11%-91.20%), which explains the cross-reaction among
these allergens. Some yeast enolases have been reported as
potential allergens; however, they were not well characterized.
Some of these enolases derive from Saccharomyces cerevisiae and
Candida albicans. Interestingly, they showed -cross-reaction
between them'” and with other allergens.”

Interestingly, the prevalence of fungal allergy is an important
cause of asthma and allergic rhinitis. In 1997, a multicenter
European study by the Aerobiology Subcommittee of the Eu-
ropean Academy of Allergy and Clinical Immunology reported
that 9.5% of patients with suspected respiratory allergy were
sensitized to Alternaria and/or Cladosporium.”’ More recently, a
study conducted in Spain (Castile and Leon) showed that Alt al
from Alternaria is the most prevalent allergen in the diagnosis of
patients with allergy to fungi in the area (94.4%), followed by
enolase Alt a 6 (Alternaria), revealing the importance of these
allergens in allergic respiratory disease.”” Simon-Nobbe et al™
performed epitope mapping of Cladosporium herbarum enolase
and showed that Ala124-Leul30, Asp136-Pro143, and Argl63
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are the most probable regions for IgE binding in C herbarum
enolase. The cross-inhibition experiments demonstrated that
these IgE-binding epitopes are highly conserved between
different fungal species. From the dinical point of view, it is
important to point out that the source of different fungal aller-
gens is not identical. For example, Alternaria and Cladosporium
species are important outdoor allergens, sensitizing patients to
develop asthma and rhinitis, whereas Penicillium and Aspergillus
can cause allergic diseases as indoor allergens. It is well estab-
lished that A fumigatus can also colonize the bronchial tract of
asthmatic patients, leading to severe persistent asthma, and
sometimes causing allergic bronchopulmonary aspergillosis.
Malassezia are commensals of skin, and they are associated with
atopic dermatitis, particularly on the head and neck, but not with
respiratory allergies. The role of fungi as sensitizing agents in
allergic disease has been reviewed.”

FOOD ENOLASES

Food is an important source of allergens. It is estimated that
approximately 10% of the world population suffers from food
allergy and that it has been increasing in the last 3 decades.” Fish
is a common inducer of IgE-mediated food allergy, and it causes
severe hypersensitivity reactions. However, many cases of fish
allergy are not diagnosed. The prevalence of fish allergy may vary
depending on the consumption patterns of the populations
studied, ranging from 0% to 8%.” Fish sensitization usually
starts during childhood, and it may remain into adult life.”®
Clinical symptoms can be mild (oral allergy syndrome, ery-
thema) to moderate (urticaria, vomiting) or severe (angioedema,
asthma, anaphylaxis). Among the allergens reported in fish,
parvalbumins are recognized as main allergens, whereas B-eno-
lases and aldolases are considered minor allergens. However, only
around 0.5% of the fish species have been analyzed at the mo-
lecular level, with the species most consumed in Europe being
the most studied, such as carp, salmon, trout, tuna, and cod.”” In
2013, Kuehn et al** undertook the task of searching for addi-
tional allergens to parvalbumin in protein extracts from widely
consumed and highly commercially valuable fish such as cod,
tuna, and salmon. They were able to immunodetect the presence
of B-enolase in the 3 fish sources using the serum of fish-allergic
patients. After purification, they showed that these enolases
stimulate the degranulation of basophils and demonstrated that
they can inhibit each other, with cod enolase showing the
greatest inhibitory capacity. B-enolases of cod (Gadus morhua),
tuna (7hunnus albacares), and salmon (Salbmo salar) are currently
registered in the [UIS as the allergens Gad m 2, Thu a 2, and Sal
s 2, respectively. In the same year, Tomm et al”” reported the
identification of allergenic proteins in Nile perch fish (Lates
niloticus) and G morhua, where 66% of the patients allergic to
L niloticus and 100% of those allergic to G morhua were
sensitized to [P-enolase, indicating that enolases are relevant
allergens and a possible cause of cross-reaction.

Oreochromis mossambicus or Mozambique tilapia is a fish of
high consumption worldwide due to its pleasant texture and
flavor. Interestingly, enolase was identified among the 4 proteins
recognized by the serum of patients with a history of allergy to
tilapia.”® Enolase was also found as 1 of the allergenic proteins in
Wuchang bream (Megalobrama amblycephala).” Similarly, the
presence of enolase was reported among the allergic proteins of
largemouth  bass  (Micropterus salmoides).”® O mossambicus,
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TABLE I. Enolases identified as IgE-recognized proteins among unrelated allergenic sources

Source Allergen Identification strategy Reference
Molds and yeasts
Alternaria alternata Alta6 Serum IgE binding to purified protein on immunoblot *
Aspergillus fumigatus Asp £ 22 Serum IgE binding to both natural and recombinant protein on immunoblot 2
Cladosporium herbarum Clah6 Positive immunoblot of C herbarum extract to Cla h 6. IgE binding to recombinant 2
protein on immunoblot
Curvularia lunata Curl2 Recombinant protein was recognized by individual Curvularia-positive patient sera "
(n = 20) in immunoblot and ELISA
Penicillium citrinum Pen ¢ 22 Sera IgE binding to the natural (47-kDa component in protein extract) and g
recombinant protein on immunoblot
Rhodotorula mucilaginosa Rho m 1 Immunoblotting against recombinant and native (47-kDa) protein =
Candida albicans Nonregistered™” Circulating IgE and IgG antibodies were detected in 54 sera with positive IgE
RAST result to C albicans. IgE antibody against C albicans enolase was detected in
20 sera (37%) and IgG antibody in 27 sera (50%)
Saccharomyces cerevisiae Nonregistered*” Skin and RAST testing with purified enolase from Saccharomyces cerevisiae and =
comparisons with the whole yeast extract showed that the enzyme is a major
allergenic component of the extract
Plants
Hevea brasiliensis (rubber Hevb 9 Latex-allergic patients revealed IgE binding to recombinant Hev b 9 on 1
tree) immunoblot
Pollen
Ambrosia artemisiifolia Amb a 12 Sera from inhalation allergy and sensitized to ragweed proteins had IgE binding to "
(ragweed) enolase in western blot and dot blot
Cynodon dactylon Cynd 22 IgE-reactive proteins immunodetected in 2-DE WB and identified by LC-MS/MS 16
(Bermuda grass)
Ailanthus altissima (Tree of Nonregistered™® IgE-binding proteins immunodetected in 2-DE WB were identified using MALDI- b
heaven) TOF/TOF mass spectrometry and database searching
Cocos nucifera (coconut Nonregistered* IgE-reactive proteins immunodetected in 2-DE WB and identified by de novo iy
palm) sequencing and homology-driven proteomics
Ligustrum lucidum (Privet) Nonregistered* IgE-reactive proteins immunodetected in 2-DE WB and identified by LC-MS/MS i
and database searching
Quercus rubra (Red oak) Nonregistered” IgE-reactive proteins immunodetected in 2-DE WB and identified by LC-MS/MS 0
and database searching
Populus deltoides (Poplar) Nonregistered” Allergenicity prediction based on protein sequence and structure 2t
Fishes
Gadus morhua (Atlantic Gad m 2 Sera individuals with fish allergy had IgE that reacted with natural purified protein =
cod) in ELISA
Pangasianodon Pan h 2 IgE-binding protein immunodetected by SDS-PAGE reducing blots identified by -
hypophthalmus (Striped LC-MS/MS and database searching
catfish)
Salmo salar (Atlantic Sal s 2 Detection by IgE-immunoblots of salmon extract. Serum IgE reacted with purified 2
salmon) natural protein in ELISA. Identified by N-terminal sequencing and by peptide mass
fingerprint
Thunnus albacares Thua?2 Detection by IgE-immunoblots of tuna extract. Serum IgE reacted with purified 4
(Yellowfin tuna) natural protein in ELISA. Identified by N-terminal sequencing and by peptide mass
fingerprint
Lates niloticus (Nile perch) Nonregistered” IgE-reactive proteins were detected by 2D immunoblotting and identified using i
LC-MS/MS and database searching
Megalobrama Nonregistered” IgE-reactive proteins were immunodetected by 1D (individual serum samples) and e
amblycephala (Wuchang 2D SDS-PAGE (pooled serum) along with IgE immunoblot and identified using
bream) MALDI-TOF/TOF mass spectrometry and database searching
Oreochromis mossambicus Nonregistered™ IgE-reactive proteins were detected by 2D immunoblotting and identified using o
(Mozambique tilapia) MALDI-TOF/TOF mass spectrometry and database searching
Other
Gallus domesticus Gald 9 Case history for chicken and IgE tests and positive SPT result in 26 of 27 subjects, &
(chicken) and 4 of 5 by SPT with natural protein. Protein identified by N-terminal sequencing
and by peptide mass fingerprint
Blattella germanica Nonregistered” IgE-reactive proteins immunodetected in 2-DE WB and identified by LC-MS/MS 7

(cockroach)

and database searching. Dot Blot against natural purified protein

(continued)
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TABLE |. (Continued)
Source Allergen Identification strategy Reference
Vespa affinis venom (wasp Nonregistered™” IgE-reactive proteins immunodetected in 2-DE WB and identified by LC-MS/MS ol

venom)

and database searching

2-DE, Two-dimensional electrophoresis; MALDI, matrix-assisted laser desorption/ionization; MS/MS, tandem mass spectrometry; RAST, radio allergo sorbent test: SPT, skin

prick test; TOF, time of flight.

*Nonregistered as allergens by WHO/IUIS Allergen Nomenclature Subcommittee (http://www.allergen.org).

M amblycephala, and M salmoides are freshwater fish that are
highly consumed in countries such as China, where fish allergy
represents a public health problem.”” Although cross-reaction
between various fish species is a common phenomenon, there
are also reports of cross-reaction between fish and chicken. The
cause of this cross-reaction was thought to be mainly due to the
protein parvalbumin, the main allergen in fish that has also been
found in chicken.”® By comparing 2 groups of patents
with allergy—one group sensitized to chicken and the other to
fish—, it was found that the 7 chicken-allergic patients devel-
oped a cross-reaction with the parvalbumin present in a fish
extract. In contrast, 6 cross-reacted with fish enolase, and 2
samples, specific to cod enolase, showed 100% inhibition after
IgE incubation with purified chicken enolase. These findings give
hints of the existence of a fish-chicken syndrome, caused by
shared allergens among these species, and chicken enolase was
registered at the IUIS as Gal d 9. As we can see in Figure 1, the
fish B-enolase (Sal s 2) and chicken P-enolase (Gal d 9) share
more than 80% amino acid identity. Other fish (sablefish,
zebrafish, among others) have also been reported as possible
sources of allergenic -enolases, and further studies are required
to formally register them as allergens.””

The presence of enolase in protein sources highly consumed
worldwide such as fish and chicken hints at their importance as a
group of allergens. In a recent study, Ruethers et al” analyzed
the variability of allergenic proteins in commercial extracts used
for skin prick test for fish allergy. They report that 100% of the
extracts tested contained enolase, and that 68.75% of patents
with confirmed fish allergy tested positive for this allergen.
However, they highlight that some of the extracts used lack some
allergens or contain different concentrations of them, which can
cause variability in the diagnosis in some individuals. Allergen
characteristics such as solubility, stability, and molecular size
appear to influence allergenicity, particularly in food allergy. For
example, Maillard modification in dried fish was found to exhibit
a higher IgE-binding capacity due to the creation of new epitopes
being associated with primary sensitization to the glycosylated-
tropomyosin in scallop.”’ Purified enolases are large protein
dimers sensitive to thermal treatment: Cod and tuna enolase are
only detectable in samples heated less than 1 minute at 90°C,
whereas salmon enolase can still be detected in samples heated for
5 minutes. Kuehn et al® proposed that enolase sensitivity to
thermal treatment could either destroy or create new epitopes;
however, they concluded that further studies with a larger
number of samples should be undertaken. Pan h 2 is a novel
enolase allergen identified in raw carfish.”’

PLANT ENOLASE

Enolases have also been identified as allergens in plant and
some pollen sources. Enolase Hev b 9 was reported as allergenic
in rubber tree (Hevea brasiliensis/latex). Figure 1 shows that this
contact allergen shares more than 88% sequence identity

with allergenic enolases from the pollens of Common ragweed
(Ambrosia artemisiifolia, Amb a 12) and Bermuda grass (Cynodon
dactylon, Cyn d 22).">'® However, despite the high level of
identity, there are no reports of cross-reactivity between Hev b 9
and these 2 pollen allergens, but cross-reaction with fungal
enolases has been reported. A study conducted in 19 patients’
serum samples with IgE reactivity to recombinant Hev b 9
showed that 100% and 94.7% exhibited cross-reactivity with the
recombinant fungus allergens, rAlt a 6 and rCla h 6, respec-
tively.” Rubber tree enolase sequence identities with C herbarum
(Cla h 6) and A alternata (Alt a 6) enolases are 61.38% and
60.74%, respectively (Figure 1). Troncoso-Ponce et al** cloned
and characterized 3 cDNAs encoding different ENO isoforms
from developing sunflower seeds. However, their role in allergic
disease remains to be shown.

POLLEN ENOLASES

Pollen is the most common source of inhaled allergens,
causing respiratory allergic reactions in 15% to 30% of the world
population.”” Most of the pollens thar cause allergic disease come
from grasses, flowering trees, and weeds. Hence, pollen can be
found almost anywhere. In addition, the introduction of some
tree species as ornaments and/or shade plants in cities and private
gardens has increased the prevalence of pollen sensitization in
recent decades.”” Similarly, nonnative tree species have been
transported worldwide to create or enhance services; however,
they can also make people prone to develop pollen allergy.””
Indeed, once released in the atmosphere they penetrate the hu-
man airways, causing disease. Some pollen allergens are classified
as pan-allergens including PR-10 proteins, profilins, and pol-
calcins, which are highly conserved among plants.”**” Enolases
are not considered pan-allergens in plants but are widely
considered fungal pan-allergens.” Currently, only 2 pollen
enolases are registered in the IUIS database (htep://www.allergen.
org/; as accessed in July 2020): Cyn d 22 from Bermuda grass
and Amb a 12 from ragweed; in this last source, enolase shows
signs of being a relevant allergen: 66% of subjects (27 from 41)
sensitized to ragweed proteins had IgE binding to enolase in
western blot and dot blot. Interestingly, immunoproteomic
studies have reported enolases among the proteins recognized by
IgE antibodies present in the serum of patients sensitized to
several pollens. Bordas-Le Floch et al'” identified an enolase from
ragweed pollen, whereas Mousavi et al'” immunodetected this
allergen in the pollen of the Tree of heaven (Ailanthus altissima).
Allergy sensitization to ragweed and A altissima pollens are major
cause of respiratory disease in North America and Europe.
Enolase has also been identified in coconut palm (Cocos nucifera)
pollen: a study conducted in the city of Kolkata, India, reported
that this pollen affected 47% of the allergic population suffering
from asthma and rhinitis.”® Identification of pollen allergens
from C nucifera discovered 12 proteins, induding enolase.'®
More recently, we have identified enolase from privet
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FIGURE 1. Percent Identity Matrix of amino acid sequences of enolases reported as allergens on the Official Allergen List: WHO/IUIS

Allergen Nomenclature Subcommittee (http://www.allergen.org).

(Ligustrum lucidum)'” and red oak (Quercus rubra)”™ using pools
of sera from sensitized patients. These plants are widely distrib-
uted worldwide,”” and they cause allergy sensitization. Wang
et al” identified several forms of enolase from Chinese white
poplar (Populus tomentosa) pollen. The genus Populus contains
approximately 30 plant species widely distributed in the northern
hemisphere. However, it is not known whether they all produce
this allergen. Using combinatorial peptide libraries, Shahali
et al’’ also demonstrated that common cypress (Cupressus
sempervirens) also releases an IgE-binding protein such as enolase.
Future studies will define the role of pollen enolases in allergic
respiratory disease.

OTHER SOURCES OF ALLERGENIC ENOLASES

Enolase has also been reported as an allergen in cockroaches
(Blattella germanica) and wasp (Vespa affinis) venom. Cock-
roaches have been reported as a major source of indoor allergens
in various regions of the world, including America, Europe,
South Africa, and Eastern Asia.”” A study in Taiwan reported
that 50.7% of patients with allergic rhinitis and 57.5% of pa-
tients with asthma were sensitive to cockroach extract.”” A
subsequent study was devoted to the search for allergens in the
cockroach, among which enolase was reported as recognized by
the sera of 25% of patients sensitized to cockroach.”” However,
using an immunoproteomic approach, enolase was identified in
wasp venom, where it was recognized by the sera from 66.67% of
the patients allergic to the sting of this insect, demonstrating an
allergenic role.”

ENOLASE CROSS-REACTIVITY
Cross-reactivity is attributed t the great structural and
immunologic similarity that can exist among homologous

allergenic proteins.N So far, cases of cross-reaction have been
reported mainly between enolases of various fungi and yeasts.”""
However, in high consumption foods such as cod, salmon, and
tuna fish, this phenomenon also occurs, with cod enolase
exhibiting the greatest inhibition capacity compared with the
other 2 sources.”* Similarly, there is a cross-reaction between
salmon (Sal s 2) and chicken (Gal d 9) allergens, which, although
rare and uncommon, stands out for the apparent phylogenetic
distance of its sources; however, Gal d 9 is capable of inhibiting
IgE binding to some fish enolases up to 100%.° However, this is
not the only case in which cross-reaction between species has
been reported. This also occurs between the fungal enolases Alt a
6 and Cla h 6 with the plant enolase Hev b 9.” To date, the
cross-reactivity between  pollen enolases has not been
investigated.

ENOLASE IN CLINICAL PRACTICE

A wide range of enolases may cause allergic disease. However,
there are no reagents available for diagnosis in either the office or
the outpatient clinic. Currently, diagnostic tests based on natural
allergen extracts are the most common methods for allergy
diagnosis. However, they are composed of mixtures of allergic
and nonallergic material, making it difficult to identify the
disease-eliciting allergen. Fish enolases are the ones that have
been investigated most extensively using fish-allergen assays. For
example, Sorensen et al’’ performed double-blind, placebo-
controlled food-challenge trial with different fish species, evalu-
ating the correlation between clinical reactivity and IgE reactivity
to fish-allergen molecules in fish-allergic patients and demon-
strated sensitization to enolases in patients with objective
symptoms. The component-resolved diagnostics is an approach
that was developed to improve the current laboratory diagnoses
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of allergic diseases; in this method, allergen molecules are pro-
duced cither by recombinant expression of allergen-encoding
cDNAs or by purification from natural sources. Interestingly,
evidence for the role of enolase in allergic respiratory disease
derives from a component-resolved diagnostics study showing
increased specific IgE fungal enolase in patients sensitized to
Alternaria.”” Cross-sensitization between aeroallergens and food
allergens is also common. In some cases, the presence of a res-
piratory allergy to an allergen with a shared epitope to food may
lead to clinically relevant cross-reactivity. Pollen sensitization
may lead to “pollen-food syndromes,” such as birch-apple or
celery-mugwort-spice  syndrome.  However,  pollen-derived
enolase has not been associated with any food syndrome. To
date, immunoproteomics has been the most successful method
for the detection of enolases in allergic disease. However,
immunoproteomics is relatively expensive and labor intensive,
impeding its use in the clinic. Morever, there is limited access to
these kind of tests in developing countries where allergic diseases
are prevalent. Proteomic-based miniaturized devices allowing
accurate allergen diagnostics are being developed, and they will
be available in the near future. Indeed, there is steady progress in
the use of new nanoscopic-scale biosensors in allergy.”” In
addition to the use of immunoproteomics to improve allergen
diagnosis, purification of native enolases and production of their
recombinant versions, particularly in sources of enolases not
recognized as relevant for allergic disease (such as pollen, cock-
roaches, and venoms), is necessary to evaluate their equivalent
IgE reactivity through inhibition assays. Cross-reactive and well-
recognized allergenic enolases and total extracts of these sources
can also be used to evaluate the comparative reactivity of native
and recombinant enolases, as well as to evaluate the ability to
release allergy mediators by these enolases.

CONCLUDING REMARKS

There is increasing evidence that enolase may play an
important role in allergic disease. Indeed, enolases can sensitize
individuals orally or via the respiratory tract, and there is evi-
dence that allergen sensitization can also take place via skin. In
relation to a possible role of enolases from airborne sources
(pollen, molds), it is relevant to stress that most enolases are
dimeric proteins and thus larger than expected in relation to
sensitization as well as in relation to symptom elicitation via the
airways. Enolases derived from fish, fungi, and latex have been
extensively investigated, and they have been associated with
allergic disease. For example, the studies conducted by Kuehn
et al”” identified enolase as a major allergen in patients suffering
fish allergy, with a prevalence of 70% to 80.6% in 3 different
clusters of fish-allergic patients. Moreover, there is frequent
cosensitization between cod, salmon, and tuna homologues: 70%
for the cod enolase, 15% for the salmon enolase, and 20% for
the mackerel. Similarly, fungal enolases have been fully charac-
terized, and their role in allergic disease has been well established,
particularly in asthma and allergic rhinitis. Interestingly, the latex
enolase Hev b 9 exhibits an identity of 60% to various fungal
enolases. It has been proposed that enolases are evolutionary
proteins that resulted from gene duplications 200 million years
to 300 million years ago,”” which may explain the wide distri-
bution of enolases. The identification of novel serum IgE binding
to enolases in many patients suffering from asthma and allergic
rhinitis suggests that they may also be involved in the allergic
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disease. However, their specific contribution to allergic disease is
not fully established. The general availability of a few prototypic
enolase (eg, fungal or fish enolase) as recombinant proteins and
as ImmunoCAP-type reagents would enable testing sera with IgE
antibodies reactive to some other enolase for cross-reactivity with
these prototypic enolases and help identify the most likely
culprits for this patient. The development of specific diagnostic
tests for proper identification of the individual or cross-reactive
enolases will allow delivering personalized care and prevention.
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ARTICLEINFO ABSTRACT

Keywords: Pecan (C. illinoinensis) pollen is an important cause of allergic respiratory disease. Pecan is distributed worldwide
Immunoproteomics as shade, ornamental or cultivation tree. To date three well known pecan food allergens have been reported,
Mass spectrometry however, pollen allergens have not been identified. Here, we describe the first identification of IgE recognized
kecan pecan pollen proteins, for which proteins were analyzed by 2-DE and immunoblotting using a pool of 8 sera from
Pollen allergy i 5 3 2 5 g

Two-di 1 gel electrophoresi pecan sensitive patients as primary antibody. IgE recognized protein spots were analyzed by LC-MS/MS and

identified using a database of translated protein sequences obtained by the assembly of C. illinoinensis public
transcriptomic information. This study has identified 17 IgE binding proteins from pecan pollen including
proteins widely recognized as allergens and panallergens. These findings will contribute to develop specific
diagnosis and treatment of pecan pollen allergy.

Significance: Pecan is a tree highly valued for its fruits that have a great commercial value. To date three pecan
seed storage proteins have been officially recognized by the WHO/IUIS allergen nomenclature subcommittee as
food allergens (Cari 1, Car i 2 and Cari 4). Pecan tree pollen is highly allergenic and a clinically relevant cause of
allergies in North America (USA and Mexico) and regions where the tree is extensively cultivated (Israel, South
Africa, Australia, Egypt, Peru, Argentina, and Brazil). Here, we describe the first identification of IgE recognized
pollen proteins using an immunoproteomics approach and a protein database created by the assembly of pecan
public transcriptomic information. The findings described here will allow the development of new diagnostic and
therapeutic modalities for pecan pollen allergy.

1. Introduction

The World Health Organization (WHO) estimates that at least 25% of
the world’s population suffers from respiratory allergic diseases
including asthma and allergic rhinitis, asthma can sometimes be fatal
[1]. It is estimated that pollens are responsible for up to 40% of allergic
respiratory diseases and WHO recognizes that millions of people do not
have a specific diagnosis [2]. To date however, the allergens from many
pollens remains to be identified.

Pecan (C. illinoinensis), a tree highly valued for its fruits that have a

* Corresponding authors.

great commercial value worldwide, is also recognized as a highly
allergenic plant [3]. It is endemic to North America and is the most
economically important member of the Carya Genus, widely distributed
in the USA and Mexico, whether as a shade, omamental or cultivation
tree [4,5]. Other regions where pecans are grown commercially butto a
lesser extent are Israel, South Africa, Australia, Egypt, Peru, Argentina,
and Brazil [5] To date, three pecan seed storage proteins have been
officially recognized by the WHO/IUIS allergen nomenclature subcom-
mittee as food allergens (Cari 1, Car i 2, Car i 4) [6-8]. However, in the
clinical context, allergenic pecan pollen proteins have not been
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identified. Nevertheless, pecan tree pollen is highly allergenic, resulting
in allergic rhinitis, conjunctivitis, and asthma [3]. For example high
concentrations of this pollen was reported in an aerobiological study
conducted in Caxias do Sul in southemn Brazil [9].

In a study in St. Louis, Missouri, USA, skin tests showed that box
elder, willow and pecan elicited the highest number of allergic reactions
[10]. Similarly, a high prevalence of hypersensitivity to pecan was re-
ported in 371 allergic patients in an area surrounding New York [11].
Interestingly, pecan pollen also sensitized children: a study conducted in
209 military children in Texas demonstrated that 27.8% were skin test-
positive to this pollen [12].

In the present study, we have investigating IgE binding proteins in
pecan pollen using an immunoproteomics discovery approach. The
identification of novel IgE binding proteins may lead to the development
of novel diagnostic and therapeutic interventions.

2. Material and methods

2.1. Selection of patients and healthy volunteers

Eight polysensitized allergic patients to pecan pollen and four
healthy control subjects were recruited from the outpatient allergy clinic
at the Instituto Nacional de Enfermedades Respiratorias (INER), Mexico.
The protocol was approved by the human ethics and research commit-
tees at the INER. The study was conducted in accordance with the ethical
principles of the 1975 Declaration of Helsinki (as revised in 1983), and it
was consistent with Good Clinical Practice Guidelines. Volunteers were
enrolled in the study between January 2019 and February 2020. None of
these patients were taking specific allergen immunotherapy, cortico-
steroids, or antihistamines at the time of the study. Skin prick tests were
performed with a small drop of commercial allergenic extracts (ALK-
Abello, Round Rock, TX). Aeroallergens tested included Dermatopha-
goides pteronyssinus, dog hair, feather mix, cat fur, grass mix, tree mix,
weed mix, C. illinoinensis and mold mix. A skin reaction characterized by
>3 mm wheal and erythema within 20 min indicated that the subject
was positive. Histamine induced reaction was used as positive control,
and saline solution was used as negative control. In addition to be
allergic to C. illinoinensis, 5 patients were positive to Dermatophagoides
pteronyssinus and 3 to cat fur. Serum collected from blood samples was
stored at —80 °C until use.

2.2. Pollen collection and pollen soluble protein extraction

Fresh inflorescences were collected from pecan trees (April 2018) in
an orchard on the coast of Hermosillo, Sonora, Mexico. Once dried,
anthers were selected from the inflorescence by passing through a 2 mm
mesh. Pollen grains were separated using two USA standard test sieves
(250 and 63 pM, VWR International, Radnor, Pennsylvania USA.). Pol-
len soluble proteins were extracted using a modified phenolic extraction
[13]. Briefly, 200 mg of pollen was washed with cold acetone by
centrifugation at 10,000 rpm for 10 min at 4 °C. The acetone wash was
repeated prior to air drying the pellet at room temperature. The pellet
was then dissolved in 3 mL of SDS buffer (30% sucrose, 2% SDS, 50 mM
Tris-HCl, 5% 2-Mercaptoethanol, and 1 mM PMSF) and incubated at
4 °C with shaking for 10 min. One volume of phenol (equilibrated with
10 mM Tris-HC]) was added to the above solution, mixed and centri-
fuged. The phenolic phase was recovered in a new tube and mixed with
0.1 M ammonium acetate and incubated overnight at —20 °C. After 20
min centrifugation at 13,000 rpm and 4 °C, the pellet was washed with
acetone and dried at room temperature. The resulting pellet was sus-
pended in 400 pL of rehydration buffer (8 M urea, 2% CHAPS, 20 mM
DTT, 0.002% Bromophenol blue, 0.5% IPG buffer pH 3-10) (Bio-Rad
Laboratories, Hercules, California, USA). Protein concentration was
determined with the RC/DC Protein Assay (Bio-Rad) using BSA as
standard.
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2.3. Two-dimensional electrophoresis

Pollen proteins (900 pug) were loaded onto 7 cm linear pH 3-10 IPG
strips (Bio-Rad). Passive rehydration was carried out at room tempera-
ture during 16 h. IEF was conducted at 50 mA per IPG strip and 20 °Cin
an Ettan IPGphor system 3 (GE Healthcare, Piscataway, New Jersey,
USA). The IEF conditions were: (1) 500 V gradient until 0.01 kVh, (2)
4000 linear gradient until 5.6 kvh, and (4) Constant 5000 V until 2.5
kvh. After IEF, the strips were equilibrated by shaking for 15 min in SDS
equilibration buffer (6 M urea, 30% glycerol, 2% SDS, 50 mM Tris-HCI
buffer pH 8.8, 0.002% bromophenol blue) the first time containing 1%
dithiothreitol and the second time equilibration was performed in the
same solution now containing 2.5% iodoacetamide instead of dithio-
threitol. Equilibrated strips were transferred to a vertical SDS-PAGE gel,
sealed with agarose and the second dimension was performed using the
Mini-PROTEAN® Tetra cell (Bio-Rad). Preparative (for Coomassie stain)
and analytical gels (for immunodetection with sera from controls and
atopic patients) were run by triplicate. Preparative gels were stained
with Coomassie blue and once distained, scanned with the Typhoon FLA
9500 (GE Healthcare). Image analysis was performed with PDQuest 2-D
Analysis Software v8.0 (Bio-Rad) and experimental molecular mass of
each protein spot was estimated by comparison with molecular weight
standards (Invitrogen, Carlsbad, California USA). Experimental pI was
determined by migration of protein spots on the IPG linear gradient
strips. Pollen proteins separated in analytical gels were electro-
transferred onto PVDF sheets (Immun-Blot, Bio-Rad) by using a Mini
Trans-blot Cell (Bio-Rad). After electrotransference, membranes were
rinsed in PBS pH 7.5 and non-specific binding was blocked by incubating
for 2 h in sodium azide-free BSA solution (5%).

2.4. Immunodetection analysis

PVDF membranes were incubated overnight with pooled sera (for
controls and atopic patients) diluted to 1:50 in PBS. After washing (3
times for 5 min with PBS-Tween 20, plus one wash with PBS), the
membranes were incubated for 1 h with a mouse monoclonal (B3102E8)
horseradish peroxidase-conjugated anti-human IgE-Fc antibody
(ABCAM Laboratories, Cambridge, Massachusetts, USA) diluted to 1 pg/
mL in PBS and membranes were washed again. The enzyme-substrate
reaction was performed by incubating the membrane in peroxidase
substrate for enhanced chemiluminescence (Clarity Western ECL Sub-
strate, Bio-Rad) and imaged by Chemidoc MP Imaging System (Bio-
Rad). Exposition parameters were automatically optimized by Image
Lab software (Bio-Rad).

2.5. In-gel protein digestion and LC-MS/MS analysis

Protein spots were excised from corresponding position on
Coomassie-stained gels, reduced, alkylated, and trypsin digested, as
previously reported [13]. Tryptic peptide separation was performed
using the 1290 Infinity LC System (Agilent Technologies, Santa Clara,
California, U.S.A.) equipped with an analytical column ZORBAX 300SB-
C8 (5 pm x 2.1 mm x 150 mm, Agilent Technologies), and MS/MS
analysis was performed by a 6530 Accurate-Mass Quadrupole Time-of-
Flight LC/MS system (Agilent Technologies) as previously reported
[14].

2.6. Assembly of publicly available C. illinoinensis transcriptomic datasets

Free access transcriptomic datasets (PRINA342905, PRINA413769,
PRJNA431042, PRINA504494, and PRINA533506) from various pecan
tree tissues, ~ 150 RNAseq (fastq) files equivalent to ~ 133 GB of in-
formation, were assembled using Trinity [15] program obtaining about
170,000 unique transcripts. Functional annotation was performed by
Trinotate [16]. Trinotate uses Blastn, Blastp, and HMMER tools, besides
the Pfam and UniProt databases to obtain a specific database for
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C. illinoinensis containing 92,960 protein sequences.

2.7. Protein identification

MS/MS raw data files (.d files) were processed in the Spectrum Mill
MS Proteomics Workbench server (Agilent Technologies) and Data
Extractor tool was used to obtain .mzXML files that were used for protein
identification using the Spectrum Mill MS/MS Search Tool. Searches
were conducted against the translated protein database obtained from
the assembly of publicly available C. illinoinensis transcriptomic datasets
(92,960 sequences, October 2019). Trypsin was used as the specific
protease, allowing one missed cleavage. Mass error tolerance for pre-
cursor and fragment jons was set to 20 ppm and 0.1 Da, respectively.
Oxidation of methionine was specified as variable modification whereas
carbamidomethylation of cysteine was set as fixed modification. Indi-
vidual peptide ion scores > 9 and score peak intensities >60 thresholds
were considered for suitable peptide matches, whereas a protein score >
25 and at least two peptides were necessary for confident protein
identification.

2.8. Serum IgE measurements

Total IgE was measured in serum samples using a Human IgE Elisa kit
(OriGene, Rockville MD, USA) following the manufacturer’s protocol.
The lower limit of detection was 5 IU.

3. Results
3.1. Patients

Clinical features of the pecan allergic patients and the non-atopic
subjects that participated in the study are shown in Table 1. The two
groups were almost the same average age (39 + 4 years vs 30 + 3.2
years, respectively). Total IgE levels in allergic patients were higher
when compared with healthy controls (median 285, range: 90-1330 IU/
mL vs median 63 range: 20-86, respectively).

3.2. 2-DE profile of pecan pollen proteins and immunodeteccion of IgE-
binding pollen proteins

The 2-DE protein profile of pecan pollen was resolved into around
350 protein spots (Fig. 1A). Interestingly, two-dimensional immunode-
tection using pool sera from atopic patients revealed 18 IgE binding
protein spots (Fig. 1B) that were mainly distributed in 4 regions. The
first region was in the molecular range of 51-54 kDa and isoelectric
points of 5.2-5.7 (spots 1, 2 and 3). The second region, from 38 to 41
kDa and pI of 6.45-6.85 (spots 4, 5 and 6), the third region, 30-37 kDa
and pI of 5.1-5.9 (spots 7 to 12) and the fourth region contained spots of
28-31 kDa and pI of 6.2-6.5 (spots 13, 14 and 15). Finally, three unique
spots were observed (16, 17 and 18) with molecular masses below 25

Table 1
Clinical characteristics of allergic and non-atopic subjects.

Allergic patients Control subjects

No. subjects 8 4

Age (years) 39 =4 30 = 3.2
Females 5 3

Males 3 1

FEV 1% 84% (80-95) 106% (99-115)
Total IgE (U/dL) 285 (90-1330) 63 (20-86)
Atopy Yes No

Asthma 1 0

Asthma + Allergic rhinitis 4 0

Allergic rhinitis 3 0

FEV1 = Forced expiratory volume at the end of the 1st second.
" p < 0.05. Statistical analysis by Mann Whitney U test.
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kDa and pI in the range of 4.0-7.0 (Fig. 1). In contrast, the sera from
healthy volunteers did not exhibit strong IgE binding protein spots
(Supplementary Fig. 1).

3.3. Protein identification by tandem mass spectrometry and homology
database search

Homology database search of MS/MS datasets from protein spots
analyzed against the pecan protein database using the Spectrum Mill
search engine allowed the identification of 17 unique proteins among 17
of the 18 immunoreactive spots (Table 2 and Supplementary Table S1).
Spot 16 was not identified.

4. Discussion

Pecan pollen allergy is clinically relevant where this tree is cultivated
extensively. Allergie rhinitis caused by pecan pollen is frequently treated
with steroids and antihistamines, however they do not cure the disease.
Allergy immunotherapy is the only therapeutic strategy that induces
immunological tolerance providing prolonged symptom alleviation in
allergic rhinitis patients, it also prevents the development of asthma in
children. So far, the allergens from pecan pollen remain unknown. In
this study, we investigated IgE binding proteins from this pollen using 2-
DE immunoblotting and MS.

We have identified 17 IgE binding proteins which are known to be
involved in several cellular processes, including carbohydrate meta-
bolism, electron transport chain, lipid oxidation, anaerobic energy
metabolism, among others. Xylose isomerase (spot 3) is an oxidore-
ductase that catalyzes the reversible transformation between aldose D-
xylose and ketosa D-xylulose through the transposition of a hydrogen
atom between two atoms in neighboring positions, although it can also
carry out the same transformation between other bio-sugars of the same
types, particularly p-glucose and p-fructose. Organisms that do not have
this enzyme, such as yeasts, require two different reactions to carry out
the same conversion, catalyzed by xylose reductase and xylitol dehy-
drogenase, respectively. This protein has already been reported as an IgE
binding protein in date palm pollen [17]. We also identified two
different enolases: enolase 1 (spots 2 and 3) and a chloroplastic enolase
(spot 3). Enolase is a glycolytic enzyme and an important mediator of
the allergic response in susceptible individuals. The first enolase asso-
ciated with allergic disease was identified in Saccharomyces cerevisiae, by
binding to IgE [18]. Since then, several allergenic enolase sources have
been reported, emphasizing its significance as an elicitor of the allergic
response [19]. Enolases were also recognized by IgE from patients
allergic to tree of heaven, privet, and red oak pollen [20-22]. Interest-
ingly, a protein homologous to enolase 1 is the major latex allergen Hev
b9 [23].

Fructokinase (spots 7 and 8), another protein related to carbohydrate
metabolism, may participate in the regulation of pollen germination by
providing fructose-6-phosphate for glycolysis, or by conversion to UDP-
glucose to sustain the biogenesis of cell wall raw material for pollen tube
growth [24]. Coconut pollen fructokinase has also been reported as IgE
recognized by allergic patients [25]. Other proteins related to carbo-
hydrate metabolism identified in this study [glyceraldehyde 3 phos-
phate dehydrogenase (spot 6), and cytosolic fructose-bisphosphate
aldolase (spots 5)] have been previously described as allergenic in the
pollen of ribgrass (Plantago lanceolata) and sunflower [26,27].

Triosephosphate isomerase is a homodimeric enzyme that functions
in a non-linear step of glycolysis, converting dihydroxyacetone phos-
phate into glyceraldehyde 3-phosphate. Spots 14 and 15 contained this
protein that has been described as a IgE-binding latex protein [28].
Malonyl-CoA-acyl carrier protein transacylase (spot 9) is involved in the
fatty acid biosynthesis pathway. It catalyzes the transfer of a malonyl
moiety from malonyl-CoA to the free thiol group of the phosphopante-
theine arm of the mitochondrial ACP protein. To our knowledge, this is
the first report of transacylase as an IgE-reactive pollen protein. The
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Fig. 1. 2-DE and Immunoblotting using pollen proteins from Pecan nut. A) 2-DE of total soluble proteins stained with Coomassie blue. B) Immunoreactive protein

spots detected with pooled sera from allergic patients using 2-DE immunoblotting.

cytosolic L-ascorbate peroxidase (spots 13 and 15) is a major hydrogen
peroxide-scavenging enzyme in plant cells, and it removes hydrogen
peroxide via the ascorbate-glutathione cycle. Mus a 6, the most recent
reported banana allergen, is an ascorbate peroxidase of 27 kDa ac-
cording to the WHO/IUIS Allergen Nomenclature Sub-Committee (www
.allergen.org), whereas a pollen ascorbate peroxidase was previously
reported as a coconut allergen [25].

Two oxidoreductases: malate dehydrogenase (spots 4 and 5) and
chloroplastic malate dehydrogenase (spots 10 and 11) were also IgE
reactive. Malate dehydrogenase homologs were reported as allergens in
the pollen of Senecio jacobaea [29], whereas an IgE binding protein band
(36 kDa), detected in watermelon extract and recognized among the
three major allergens involved in watermelon allergy, was identified as
malate dehydrogenase [30]. Proteoforms of the alpha (spots 2 and 3)
and beta subunits (spots 1 and 2) of ATP synthase were also identified
from pecan pollen as IgE binding proteins in this study. They have
recently been reported as allergens in the pollen of common lantana
(Lantana camara), privet (Ligustrum lucidum), date palm (Phoenix syl-
vestris), and red oak (Quercus rubra) [17,20,21,31]. Carbonic anhydrases
(spots 12, 13 and 14) are ubiquitous zinc enzymes encoded by five
distinct, evolutionarily unrelated gene families, present in prokaryotes
and eukaryotes. They catalyze the interconversion between carbon di-
oxide and the bicarbonate ion, and are therefore implicated in key
physiological processes [32]. Carbonic anhydrases serve also as
signaling molecules to control anther cell differentiation in plants [33].
This enzyme has been identified as a protein recognized by IgE in date
palm pollen [17].

Nucleoside diphosphate kinase B (NDPK-B, spot 18) has been re-
ported as an allergen in largemouth bass (Micropterus salmoides) [34]. In
the present study, NDPK-B (spot 18) was detected as an IgE binding
protein. To our knowledge, NDPK-B has not been previously reported as
a pollen protein recognized by IgE.

Isoflavone reductase (spot 5) and profilin (spot 17) were also IgE
reactive in pecan pollen. Two food [Dau ¢ 5 from Carrot (Daucus carota),
and Pyr ¢ 5 from Pear (Pyrus communis)] and two airway [Cor a 6 from
Hazelnut (Corylus avellana) and Ole e 12 from Olive (Olea europaea)]
allergens recognized by the WHO/IUIS Allergen Nomenclature Sub-
Committee (www.allergen.org) are isoflavone reductases. Addition-
ally, isoflavone reductase was identified as a pollen allergen in date
palm, coconut, and olive pollen [17,25,35]. Profilin has been found in
several pollen species including olive, birch, hazelnut, timothy grass,
and maize [36,37]. According to the literature, profilins 1, 2 and 3 are
commonly expressed in all plant tissues, but types 4 and 5 are expressed
mainly in floral tissues and reproductive organs such as pollen [38].

Profilins are panallergens with clinical relevance since they cause cross-
reaction between various pollens and fresh foods of plant origin. Thus,
profilin cross-reactivity can occur between pollens and fruit profilins,
causing the oral allergy syndrome in susceptible people [35-41].

Pecan tree, C. illinoinensis (Jugalndaceae) belong to the order Fagales
that comprise 8 families: Betulaceae, Casuarinaceae, Fagaceae, Juglan-
daceae, Mpyricaceae, Nothofagaceae, Rhoipteleaceae, and Ticoden-
draceae. Bet v 2, a birch (Betulaceae) profilin, may result in cross-
reactivity with other pollen (mugwort, ragweed, timothy grass) or
food (anise, apple, carrot, celery, coriander, cumin, fennel, hazelnut,
mango, paprika, peach, peanut, potato and tomato) profilins [42,43].
Similarly, cross-reactivity between species of Carya and Juglans genera is
expected, and to a lesser extent with another Fagales because amino acid
sequence. For example, the identity between pecan and walnut profilin
is 98.50%, whereas that between birch (Bet v2) and pecan profilin is
90.23%.

5. Conclusions

We have identified 17 IgE binding proteins from pecan pollen
including proteins widely recognized as allergens and panallergens. To
date this is the first study demonstrating that pecan pollen produces IgE
binding proteins. These findings may lead to the development of new
diagnostic and therapeutic interventions for pecan allergy. For example,
the component-resolved diagnostics (CRD) use recombinant protein
immunoassays rather than extracts to establish the specific proteins the
patients are allergic to. Similarly, the development of recombinant hy-
poallergenic immunotherapy has been proposed as a replacement for
whole allergen extracts in allergen immunotherapy.
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Table 2
Allergenic proteins identified in pecan pollen.
Spot Protein Accession number Exper. Theor. PM /
E: g Mr./pl Mr./pl score
e d .

1 ATP synthase DN362.c0gl i4.pl  53.6/  57.6/ 14/
subunit beta, 5.20 5.28 224
mitochondrial

2 ATP synthase DN362.cOglil.pl 522/  59.9/ 8/121
subunit beta, 5.52 5.75
mitochondrial

2. ATPase subunit DN17467 c0_gl _i4. 52.2/ 55.6/ 8/98
alpha, pl 5.52 5.84
mitochondrial

2 Enolase 1 DN65134 _c0 gl il. 52.2/ 48.3/ 7/68

pl 5.52 5.60

3 ATPase subunit DN17467 c0_gl _i4. 51.4/ 55.6 5/76
alpha, pl 5.69 /5.84
mitochondrial

3 Enolase 1 DN65134 c0_gl.il. 51.4/ 48.3/ 6/74

pl 5.69 5.60

3 Enolase 1, DN1916_c0_gl_il. 51.4/ 52.5 5/61
Chloroplastic pl 5.69 /6.23

3 Xylose isomerase DN3168_c0_gl_il. 51.4/ 53.5/ 2/28

pl 5.69 5.57

4 Malate DN1199_¢c0_gl_il. 41.0/ 35.8/ 5/76
dehydrogenase pl 6.45 6.32

5 Malate DN1199_c0_gl_il. 39.0/ 35.8/ 8/116
dehydrogenase pl 6.61 6.32

5 Isoflavone DN799 c0_gl_il.pl 39.0/ 34.0/ 7/89
reductase 6.61 6.20

5 Fructose- DN38 _c0_gl_i2.pl 39.0/ 38.8 5/62
bisphosphate 6.61 /8.41
aldolase, cytosolic

6 Glyceraldehyde-3- DN46_c0_gl_i2.p1 38.5/ 37.1/ 7/86
phosphate 6.85 7.82
dehydrogenase

7 Fructokinase-4 DN330_c6_g3.il.pl 34.4/ 35.7/ 6/72

5.15 5.27
8 Fructokinase-4 DN330_c6 g3_il.pl 36.5/ 35.7/ 6/83
5.27 5.27

9 Malonyl-CoA-ACP  DN5246.c0.gli3.  31.0/  44.3/ 2/26
transacylase, pl 5.32 8.52

10 Malate DN689.cOglil.pl 339/  43.8/  3/40
dehydrogenase, 5.57 7.80
chloroplastic

11 Malate DN689 _c0.gl il.pl 32.8/ 43.8/ 5/67
dehydrogenase, 5.75 7.80
chloroplastic

12 Carbonic DN45949 c0 gl il. 30.2/ 20.9/ 3/40
anhydrase 2-like pl 5.83 6.35

12 Carbonic DN3629_c0_g1_i5. 30.2/ 29.0/ 3/36
anhydrase 2-like pl 5.83 7.85

13 L-ascorbate DN1667_c0_gl_il. 30.7/ 27.5/ 5/76
peroxidase, pl 6.25 5.84
cytosolic

13 Carbonic DN3629_c0_gl_i5. 30.7/ 29.0/ 4/64
anhydrase 2-like pl 6.25 7.85

13 Carbonic DN45949 c0 gl il. 30.7/ 20.9/ 2/40
anhydrase 2-like pl 6.25 6.35

14 Triosephosphate DN576_c0_gl_il.pl 29.7/ 27.5 6/96
isomerase 6.45 /6.24
cytosolic

14 Carbonic DN3629_c0_gl i5.  29.7/ 29.0/ 4/89
anhydrase 2-like pl 6.45 7.85

15 L-ascorbate DN1667_c0_gl_il. 28.6/ 27.5/ 7/92
peroxidase pl 6.23 5.84
cytosolic

15 Triosephosphate DN576 c0gl il.pl  28.6/  27.5/ 5/63
isomerase 6.23 6.24
cytosolic

16 Not identified - 24.5/ - -

4.01
17 Profilin DN10658 c0_gl i2. 11.3/ 14.5/ 2/31
pl 4.82 5.00

18 Nucleoside DN181 c0. g2 il.p2 15.0/ 16.45/ 2/33
diphosphate 6.65 6.31
kinase B
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? Spot numbers as indicated in Fig. 1.

b Accession numbers according to Carya illinoinensis protein database obtained
by the assembly of public transcriptomic information.

¢ Experimental molecular mass (kDa) and pI.

¢ Theoretical mass (kDa) and plL

© Peptides matched/ Spectrum Mill Protein Score (Scores >25 and at least two
peptides were necessary for confident protein identification).
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Abstract

The World Health Organization estimates that pollen is responsible for up to 40% of respiratory
allergies. However, the number of well-characterized allergenic sources is limited; being
identification and purification of allergens, the basis for developing diagnostic and
immunotherapeutic strategies. Three pecan nut (Carya illinoinensis) seed proteins are recognized
as allergens, but so far none from pollen, which has been reported as a cause of severe allergies in
Texas, USA, and whose allergens were recently identified. We aimed to overexpress and purify
two recombinant allergenic proteins from this pollen and predict their linear and conformational
epitopes. We selected the Carya illinoinensis pollen allergens, profilin and enolase, obtained their
open reading frames, and their nucleotide sequences were synthesized into independent gBlocks
that were inserted into the expression vector pET-28a(+) which was used to transform
BL21(DE3)pLysS cells for overexpression of allergens. After purification by chromatographic
techniques, identity of recombinant proteins was confirmed using LC-MS/MS. Linear and
conformational epitope prediction was performed by combining the ABCpred, BepiPred,
Immunomedicine, and ElliPro bioinformatics tools, taking into account the coincidence of the same
sequence predicted by 3 of the 4 tools, as well as lengths between 5 and 25 amino acids for linear
epitopes. We obtained a total of 4 and 13 linear epitopes, as well as 2 and 3 conformational epitopes
predicted for profilin and enolase, respectively. This lays the groundwork for the design of new
therapeutic modalities for pecan pollen allergy.

Keywords: Pecan allergens, epitope prediction, overexpression, Carya illinoinensis.
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1. Introduction

The World Health Organization (WHO) estimates that at least 25% of the world's population
suffers from respiratory allergy (RA), which represents a global health problem due to its high
prevalence and increasing incidence (Bousquet et al., 2008). It is estimated that 40% of allergic
diseases are of respiratory origin, caused by aeroallergens, the most common of which is pollen,
and the WHO recognizes that millions of people suffering from respiratory allergy do not have a
specific diagnosis (D’amato et al., 2007). On one hand, RA has no cure, and then pharmacological
treatments are aimed at treating only the symptoms. On the other hand, there is the option of
immunotherapy, which consists of repeated and gradual exposure to the allergens, employing
extracts from the allergenic source. This results in the desensitization of individuals to allergens,
making symptoms less frequent and/or less intense (Asero et al., 2016). Generally, both the
diagnosis and treatment of pollen allergy are based on the use of extracts that often have a variable
and undefined composition, so the diagnosis is far from being specific (Jeong et al., 2016). In
addition, the number of explored and well-characterized allergen sources is small. To improve the
specificity of diagnosis and treatment, purified allergens have been used (both from natural and
recombinant sources), and in some cases, allergens have been modified or molecular hybrids
derived from the knowledge of the antigenic determinants have been constructed, improving the
results of diagnosis using skin testing and immunotherapy (Asero et al., 2016; Douladiris et al.,
2019).

There are currently three registered Carya illinoinensis allergens (Car i 1, Car i 2, and Car i 4)
derived from the pecan nut fruit, but so far, none from its pollen, which has shown to be of clinical
relevance in regions such as the state of Texas, USA, where it has been reported as the second
cause of severe pollen allergy (White & Bemstein, 2003; Geiselhart et al., 2018). Immunodetection
and identification of allergenic pecan pollen proteins were recently published (Morales-Amparano
et al., 2021). Profilin is a highly conserved protein among plants, being a cause of cross-reactivity
between different pollens. However, this phenomenon occurs not only between profilins of pollens
but also with profilins of fresh plant foods such as fruits and vegetables, which is known as oral
allergy syndrome, causing swelling and itching in the mouth (Scheurer et al., 2000; Santos & Van
Ree, 2011). Enolase as a pollen allergen has been little explored, although it is frequently included

in the list of allergenic proteins identified in several pollen sources studied under an
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immunoproteomic approach. However, only three pollen-derived enolases are registered in the
official list of allergens (http://www.allergen.org/), belonging to Cynodon dactylon (Cyn d 22),
Ambrosia artemisiifolia (Amb a 12) and Platanus acerifolia (Pla a 6). In the last 30 years, purified
allergens have been obtained, which are not only used to improve diagnostic procedures, they are
useful in the implementation of safer, more controllable, and effective immunotherapies (Popescu
& Vieru, 2018). In recent years, with the emergence of bioinformatic tools it is possible to predict
epitopes of unexplored allergens; assess mutations of specific amino acids in already known
epitopes, in the process of reducing their allergenicity and modulating the immune response
(Raoufi et al., 2019). The aim of this work was the recombinant expression and epitope prediction
of two allergenic proteins from the pollen of the pecan nut tree Carya illinoinensis, enolase and

profilin, as an initial step to evaluate its potential diagnostic and therapeutic use.

2. Materials and methods

2.1 In silico obtaining of nucleotide sequences of allergenic proteins

As previously reported (Morales-Amparano et al., 2021), open-access transcriptomic data sets
from various pecan nut tissues (PRINA342905, PRINA413769, PRINA431042, PRINA504494,
and PRINAS533506) were used, = 150 RNAseq (fastq) files equivalent to = 133 GB of data were
assembled using Trinity (Grabherr et al., 2011), obtaining approximately 170 000 transcripts.
Functional annotation was performed by Trinotate using tools such as Blastn, Blastp and HMMER,
in addition to the Pfam and UniProt databases to obtain a specific database for Carya illinoinensis
that resulted in a total of 92,960 protein sequences. Using the BioEdit tool, we performed local
blast for each of the proteins, using the aforementioned database and as Query, the peptides used
for the identification by mass spectrometry of enolase and profilin (Morales-Amparano et al.,
2021). We also used the Carya illinoinensis genome at the scaffold level (GenBank
ASM1103780v1) and the TBLASTN tool, using as query the protein sequences obtained by the
local Blast analysis mentioned above.

The open reading frame of both proteins was localized using the ExXPASy Translate tool, and the
sequences were optimized for expression in E. coli by complementarily using the GenScript and

IDT websites (https://www.genscript.com/tools/rare-codon-analysis and
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https://www.idtdna.com/site/account/login?returnurl=%2FCodonOpt, respectively). Finally, the
sequences were analyzed by NEBcutter (http://nc2.neb.com/NEBcutter2/) to corroborate the

absence of the recognition sites for the restriction enzymes Ndel and HindlllI.

2.2. Cloning and expression of recombinant proteins

Optimized nucleotide sequences of profilin and enolase were synthesized by Integrated DNA
Technologies (IDT) as gBlocks, which were cloned into the expression vector pET28pps between
the restriction enzyme sites Ndel and Hindlll, generating a construct for each of the proteins, which
were used to transform chemically competent BL21(DE3) pLysS cells by heat shock, which were
grown in one liter of LB medium with kanamycin and chloramphenicol at 37 °C under constant
agitation, until an optical density of 600 nm was obtained. Overexpression was induced with 0.5

mM IPTG for 3 h, and cells were harvested by centrifugation.

2.3. Isolation by nickel pseudo affinity chromatography

Thirty milliliters of binding buffer composed of 50 mM NaH2PO4, and 300 mM NacCl, spiked with
1 mM DTT and 1 mM PMSF was used to suspend the bacterial pellet and lysed by sonication on
ice and centrifuged at 13 000 x g, keeping the soluble fraction. The supernatant was filtered through
a 0.45 um membrane and transferred to a Ni-NTA agarose column with 2 mL as bed volume,
previously equilibrated with 20 mL of binding buffer. Later, the column was washed with 20 mL
of wash buffer 1 (binding buffer plus 20 mM imidazole), subsequently with 20 mL of wash buffer
2 (binding buffer plus 50 mM imidazole), and finally elution buffer (binding buffer plus 300 mM
imidazole). A sample from each step of the process was collected and resolved by SDS-PAGE.
Histidine tail cleavage reaction was performed with PreScission protease (GE Healthcare,

Piscataway, New Jersey, USA) according to the manufacturer's instructions.

2.4. lon exchange chromatography

Before performing ion exchange chromatography, a buffer change was made from elution buffer
to buffer A (50 mM Tris, 0.5 mM DTT, pH 8.0). Both samples were brought to a volume of 15 mL
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each, filtered on a 0.22 um membrane to be injected onto an anion exchange column in an FPLC-
AKTA (GE Healthcare, Piscataway, New Jersey, USA). Samples were eluted in a linear gradient
of buffers A and B (buffer B: Tris 50 mM, NaCl 1M, DTT 0.5 mM, pH 8), from 0-100% buffer B
for 150 min, on a column previously equilibrated with buffer A. Elution in both cases was detected
by absorbance at 280 nm and the different fractions were visualized with SDS-PAGE gels. Enolase
fractions were combined and lyophilized. The same procedure was done with profilin fractions.
Finally, a portion of the proteins was suspended in deionized water and visualized by SDS-PAGE
gels stained with Coomassie blue. Bands with the expected molecular weights of enolase and
profilin, around 50 and 15 kDa, respectively, were removed from the gel digested with trypsin and
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) as detailed below.

2.5. Molecular exclusion chromatography

Lyophilized recombinant proteins were suspended in 50 mM Tris pH 8.0 and quantified by the
Bradford method. An amount of 600 pg of r-Enolase and 300 pg of r-Profilin, both in a volume of
200 pL, were injected onto a Superdex 200 column, using 50 mM Tris pH 8.0 as eluent in an FPLC-
AKTA (GE Healthcare, Piscataway, New Jersey, USA). The runs were 60 min, both at a constant
flow rate of 0.5 mL/min, 1 mL fractions were collected, and according to their chromatograms, the
total elution volume was divided into different pools, which were desalted, lyophilized, and
suspended in deionized water. Protein concentration in each pool was quantified and visualized on
SDS-PAGE by loading 5 pg of each pool.

2.6. In-gel protein digestion and liquid chromatography-tandem mass spectrometry (LC-MS/MS)

analysis

Protein bands excised from the SDS-PAGE gels corresponding to r-Enolase and r-Profilin were
chopped, destained, and subsequently reduced with 10 mM DTT in 25 mM ammonium bicarbonate
followed by protein alkylation with 55 mM iodoacetamide. Protein digestion was carried out
overnight at 37 °C with mass spectrometry-grade trypsin (Pierce™ Thermo Scientific. Rockford,
IL, USA). Tryptic peptide separation was performed using the 1290 Infinity LC System (Agilent
Technologies, Santa Clara, California, USA) equipped with an analytical column ZORBAX
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300SB-C8 (5 pm x 2.1 mm x 150 mm, Agilent Technologies), and MS/MS analysis was performed
by a 6530 Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS system (Agilent
Technologies) at the Institutional Analytical Platform from the Research Center for Food and
Development A.C. (Hermosillo, Sonora, Mexico) as previously reported (Morales-Amparano et
al., 2019).

2.7. Protein identification

Protein identification was performed using the MS/MS raw data (.d files) and the Spectrum Mill
MS Proteomics Workbench server (Agilent Technologies), Data Extractor tool was used to obtain
.mzXML files and proteins were then identified using these files in the MS/MS Search tool.
Searches were conducted against the .FASTA files with the sequences of both recombinant
proteins. Trypsin was used as the specific protease, allowing one missed cleavage. Mass error
tolerance for precursor and fragment ions was set to 20 ppm and 0.1 Da, respectively. Oxidation
of methionine was specified as variable modification whereas carbamidomethyl cysteine was set
as fixed modification. Protein identifications were considered successful when at least two peptides

and a significant protein score (>25) was obtained.

2.8. Prediction of linear and conformational epitopes

Allergen epitope prediction was performed by combining several bioinformatic tools. The protein
amino acid sequences were introduced in the following predictors of linear epitopes: ABCpred
(https://webs.iiitd.edu.in/raghava/abcpred/ABC_submission.html), BepiPred

(https://services.healthtech.dtu.dk/service.php?BepiPred-2.0), Immunomedicine

(http://imed.med.ucm.es/Tools/antigenic.pl), and ElliPro (http://tools.iedb.org/ellipro/). ElliPro
was used for the prediction of conformational epitopes, for the use of this tool and for the
visualization of the spatial arrangement of the linear epitopes in PyMol, modeling by homology
was carried out using Swiss Model (https://swissmodel.expasy.org/interactive) to generate the
required .PDB file, and as templates the structures of Bet v 2 (SMTL ID: 1cqa.1) for profilin and
human alpha-enolase (SMTL ID: 2psn.1). For linear epitopes, we selected sequences from 5 to 25
amino acids, predicted by three of the four computational tools used. The parameters recommended
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by each of the tools were used. After reviewing the data, totally linear epitopes that appeared in the
results, that had fewer than 5 amino acids involved and/or that had scores below 0.65 were
discarded, this score value was also used as a cut-off value for the selection of conformational

epitopes.

3. Results and discussion

3.1. Overexpression and isolation by chromatographic techniques

Overexpression and isolation of enolase and profilin were successful. Fig.1 includes SDS-PAGE
analysis of fractions corresponding to the overexpression of r-Enolase and r-Profilin and their
subsequent purification process by nickel pseudo affinity chromatography. Fig. 1A shows the
elution fractions corresponding to r-Enolase in 12 % SDS-PAGE, where the protein predominates
in lanes 6 and 7 (eluted with 300 mM imidazole binding buffer) in the expected mass range of
approximately 50 kDa. In Figure 1B, r-Profilin overexpression on a 15% SDS-PAGE (migrated

as a predominant band of approximately 15 kDa) in lanes 5, 6, and 7.

Subsequently, both proteins were analyzed by ion exchange chromatography using a linear salt
gradient. The elution chromatograms and fractions collected from each protein are shown in Fig.
2. r-Enolase eluted at 230 to 380 mM NaCl, while r-Profilin at 340 to 450 mM NaCl. After
lyophilization of both recombinant proteins fractions (Fig. 2E) were suspended in deionized water
and analyzed by 13% SDS-PAGE, where both allergens were predominant in their corresponding

fractions.
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Fig. 1 SDS-PAGE gels (12% and 15 %) corresponding to the overexpression of A) r-Enolase and
B) r-Profilin, respectively, and their subsequent purification process by nickel pseudo affinity
chromatography. Each of the lanes, in both gels, was loaded with 10 uL of each of the samples in
the following order: M) molecular mass marker, 1) insoluble fraction from extraction, 2) soluble
fraction from extraction, 3) flow through, 4) wash with 20 mM imidazole binding buffer, 5) wash
with 50 mM imidazole binding buffer, 6 and 7) elutions with 300 mM imidazole binding buffer.

Molecular exclusion chromatography was used to further purify the recombinant proteins. The
elution of each sample was divided into pools corresponding to the absorbance peaks at 280 nm
present in each one of them, both molecular exclusion chromatograms are shown in Fig. 3 (A and
C). For r-Enolase three protein pools were obtained and SDS-PAGE analysis (Fig. 3 C) showed
characteristic bands of about 50 kDa. On the other hand, the purification of r-Profilin resulted in a
single predominant peak, corresponding to pool 4, which showed the expected band close to 15
kDa (Fig. 3 D). In both experiments, recombinant proteins fractions show higher purity after size
exclusion chromatography in comparison to ion exchange chromatography.

Pollen enolase has been reported as an allergen in several immunoproteomic studies derived from
different sources, such as Cocos nucifera, Ligustrum lucidum, and Quercus rubra (Mani et al.,
2015; Saha et al., 2015; Huerta-Ocampo et al., 2020). Allergenic enolases from fungi have been
overexpressed, as for Rhodotorula mucilaginosa, Penicillium citrinum, Aspergillus fumigatus, and
Curvularia lunata (Chang et al., 2002; Lai et al., 2002; Sharma et al., 2006), which retained their
IgE binding capacity of serum from sensitive patients. Recently, a recombinant enolase from
Platanus acerifolia pollen (Pla a 6) was expressed and purified from E. coli. Allergenicity of this
novel allergen was characterized by enzyme linked immunosorbent assay (ELISA), Western blot,
inhibition ELISA, and basophil activation test. However, epitope prediction has not been
performed (Jiao et al., 2022).
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Fig. 2 Fig. 2 Ion exchange chromatography for recombinant pecan nut allergens, in a linear NaCl
gradient. Chromatogram of recombinant r-Enolase (A) and r-Profilin (C). SDS-PAGE 12% for
enolase (B) and 15% for profilin (D), corresponded to the various elution fractions, each lane
contained 5 uL of each of the samples. In both gels lane 1) shows the protein obtained by nickel
pseudo-affinity chromatography, line 2) protein in 50 mM tris pH 8.0, and following lanes show
anion exchange elution fractions. Fractions framed with the dotted line were lyophilized. E) SDS-
PAGE 13% with 5 pg of 1) r-Profilin and 2) r-Enolase suspended in deionized water. Boxed regions
were excised out for in-gel trypsin digestion and LC-MS/MS analysis.

Profilin is a widely studied pollen panallergen, and several recombinant profilins from pollen have
been used for this purpose, such as rGly m 3, rChe a 2, and rOle e, recombinant parallels of profilins
from Glycine max, Chenopodium album, and Olea europaea (Asturias et al., 1997; Rihs et al.,
1999; Barderas et al., 2004). The exploration of profilins as allergens has made it possible to
understand the cross-reactivity and to include them in diagnostic allergen panels. Furthermore,
being able to express them on demand has made it easier to obtain the required quantities in a faster
and more efficient way, concerning natural source allergens (Pablos et al., 2016). This allergen has
also been linked to oral allergy syndrome, and some recombinant profilins have been used to study
the cross-reactivity of pollen profilins, mainly Bet v 2, with profilins present in fresh plant foods
such as celery, pear, and cherry (Scheurer et al., 2001); increasing its clinical relevance in allergic

disease.
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Fig. 3 Molecular exclusion chromatography on Superdex 200 matrix. Chromatograms
corresponding to A) r-Enolase and C) r-Profilin. B) 13% SDS-PAGE loaded with 5 pg of protein
from 1) pool 2, 2) pool 3 and 3) pool 4 corresponding to r-Enolase. D) 13% SDS-PAGE loaded
with 5 pg of protein from pool 4 corresponding to r-Profilin.

3.2 Protein identification by tandem mass spectrometry and homology database search

A homology database search of MS/MS data sets from protein bands analyzed against the
recombinant protein sequences, using the Spectrum Mill search engine allowed the confirmation
of both proteins. Table 1 shows the peptides for their identification, this corroborates the identities

of the overexpressed proteins as r-Enolase and r-Profilin from Carya illinoinensis.
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Table 1. Identification of r-Enolase and r-Profilin

Accession humber Theoretical PM*/ Score*® Unique peptides
Mr(kDa)/pl % coverage
Enolase_recombinant_Carya 48.28/5.72 20/ 56.7 400.69  AAVPSGASTGVYEALELR
DGGSDYLGK
IIGPALIGK

LGANAILAVSLAICK
KIPLYQHIANLAGNK
LVLPVPAFNVINGGSHAGNK
MGVEVYHNLK
YGQDATNVGDEGGFAPNIQENK
EGLELLK
TYDLNFKEENNDGSQK
ISGDALINLYK
LTAEIGEK
VQIVGDDLLVTNPK
VEKAIKEK
SCNALLLK
VNQIGSVTESIEAVK
AGWGVMASHR
SGETEDTFIADLSVGLATGQIK
YNQLLR
IEEELGSEAVYAGANFR
GPH(M)ATIQLVK

Profilin_recombinant_Carya  14.34/5.02 5/ 39 81.88 DFEEPGHLAPTGLHLGGTK
- - YMVIQGEAGAVIR

KGSGGITIKK
KGSGGITIK
LGDYLADQGL

* PM: peptides matched

o Spectrum Mill Protein Score (Scores >25 and at least two peptides were necessary for confident protein identification).

3.3 Prediction of linear epitopes

Bioinformatics analysis of the properties of allergens has progressed greatly in the last few years,
in this work analysis of amino acid sequences of the two allergenic proteins from pecan pollen
using several bioinformatic tools (ABCpred, Immunomedicine, BepiPred, and ElliPro) allowed to
identify 4 potential linear epitopes for profilin and 13 for enolase (Fig.4 A and B). Characteristics
of the -R groups of amino acids such as the presence of positive or negative charges,
hydrophobicity, flexibility, access to the surface and ability to interact with solvents contribute to
the allergenicity of an amino acid sequence. These features are considered by computational tools
to predict epitopes (Guo et al., 2020). PyMol was used to make a three-dimensional representation
of the recombinant proteins with the predicted epitopes numbered and colored as shown in Fig. 4
C and D. For both proteins, the predicted epitopes were exposed to the surface, facilitating their
interaction with the solvent, and therefore easily accessible for IgE recognition.

Prediction of linear epitopes for profilin match with those reported by Radauer et al, 2006. They
reported the prediction of a linear epitope (EEPGHLAPT) shared and similar in profilins Api g 4,
Hev b 8, and Bet v 2 corresponding to food, contact and airway allergens, respectively.
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Consistently, linear epitopes 1, 2, and 4 are among those reported by Jimenez-Lopez et al, (2014)
for diverse profilins and their isoforms, all shared with Bet v 2, linear epitope 1 differing only in
one amino acid, while epitopes 2 and 4 are 100% identical. On the other hand, there are also
evidence from profilin epitopes obtained experimentally, as in the case of the epitope FPQFKPQ
predicted in C. illinoinensis (Fig. 4A), which match with the region recognized by the IgE of
patients allergic to Betula verrucosa profilin (Bet v2) (Wiedemann et al., 1996), this shares 90,23
% of amino acid total sequence identity with C. illinoinensis profilin (data not shown).

For enolase, experimental allergenic sequences have also been reported, mainly for fungi, such as
the C. albicans hexapeptide (ALELRD) recognized by IgE (Ito et al., 1995), which is identical to
pecan nut pollen enolase and joins the first two regions predicted by bioinformatics tools. Evenly,
a region predicted for C. illinoinensis enolase (KKLVLPVPA) shares over 66% identity with an
epitope conserved in various fungi (KPYVLPVPF) such as Paracoccidioides brasiliensis,
Coccidioides immitis, Blastomyces dermatitidis, Cryptococcus neoformans, Aspergillus fumigatus,
and Candida albicans. This peptide was synthesized and experimentally tested, yielded promising
results as a potential candidate for a protective vaccine against various types of fungi (Kischkel et
al., 2021).
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Exposing allergens to IgE after denaturing conditions, such as in a Western Blot may result in little
or no binding of the antibody, but when testing it under more gentle conditions, such as in a prick
test or ELISA, the binding to IgE appears or increases. This occurs due to the conformational nature
of some epitopes, so it is important to consider this when exploring the allergenicity of novel
allergens (Ivanciuc et al., 2009). Important linear and conformational epitopes have been described
for relevant food allergens in nuts such as Jur r 1 (walnut), Ber e 1 (Brazil nut), Arah 2 and Ara h
6 (peanut) (Moreno et al., 2005; Downs et al., 2014; Chen et al., 2016). Profilin is classified as a
food allergen in fresh foods of plant origin, such as fruits and vegetables. However, the main cause
of sensitization in relation to oral allergy syndrome is pollen. Profilin is considered a weak food
allergen, as it is easily denatured by heat or other denaturing conditions, due to the existence of
conformational epitopes (Saunders and Platt, 2015). This is clearly exemplified by our results
where the terminal ends of the profilin were not predicted as linear epitopes, even though there are
numerous reports of its allergenicity, these regions only appear as allergenic when analyzed from
a conformational perspective (Wiedemann et al., 1996; Mares-Mejia et al., 2020).

Table 2 shows the data corresponding to the amino acids that make up the discontinuous epitopes
for the pecan pollen allergens, two for profilin (PC1 and PC2) and three for enolase (EC1, EC2 and
EC3), the representation of these conformational epitopes in the three-dimensional structure of

both proteins are shown in Figures 5 and 6.

Table 2. Conformational epitopes predicted by ElliPro to profilin and enolase.
Profilin

Epitope No. No. of AAs Score
PC1 A:H30, A:T99, A:G100, A:Q101, A:Y127, A:A129, A:D130, A:Q131, A:G132, A:L133 10 0.72
PC2 A:S2, A:W3, A:Q4, A:A5, AY6, A:D8, A:E9, A:H10, A:C13, A:D14, A:l15, A:D16, 29 0.687

A:G17, A:Q18, A:G19, A:Q20, A:H21, A:L22, A:A23, A:S38, A:S39, A:S40, A:K89,
A:G90, A:S91, A:E109, A:E110, A:P111, A:V112

Enolase
Epitope No. No. of AAs Score
EC1 A:N166, A:K167, A:Q223, A:Y257, A:G258, A:Q259, A:D260, A:K261, A:T262, 29 0.814

A:Y263, A:D264, A:N266, A:K268, A:E269, A:E270, A:N271, A:N272, A:D273,
A:G274, A:S275, A:Q276, A:K277, A:1278, A:S279, A:G280, A:D281, A:A282,
A:N285, A:K288
EC2 A:T3, A:l4, A:Q5, A:L6, A:V7, A:T26, A:C27, A:S28, A:H29, A:G30, A:I31, A:F32, 44 0.81
AE68, A:N69, A:N71, A:K72, A:173, A:G75, A:P76, A:A77, A:L78, A:179, A:G80,
A:K81, A:D82, A:P83, A:T84, A:E85, A:F92, A:Q95, A:Q96, A:D98, A:G99, A:T100,
A:V101, A:N102, A:E103, A:W104, A:G105, A:W106, A:C107, A:Q109, A:K110,
A:L111
EC3 A:G179, A:Al180, A:S181, A:S182, A:K184, A:E185, A:K188, A:E192, A:N196, 38 0.755
A:K198, A:A199, A:V200, A:1201, A:K202, A:K203, A:K204, A:Y205, A:G206,
A:Q207, A:D208, A:A209, A:T210, A:N211, A:V212, A:F218, A:A219, A:P220,
A:N221, A:1222, A:A237, A:K238, A:A239, A:G240, A:Y241, A:T242, A:S243,
A:Q244, A:V245
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Allergenicity was not predicted in two regions widely reported as IgE epitopes on profilin, one
towards the amino-terminus and the other to the opposite terminal end of the protein. These regions
are part of important discontinuous epitopes, and since they are in a nonlinear conformation and
interact with other amino acids in the tertiary structure of the protein, they have the capacity to be
recognized as allergenic. Regions of this nature are revealed in predictions of conformational
epitopes. The results indicate that PC2 epitope contains in its composition most of the sequence
MSWQAY, shaded in gray in Table 2, located towards the amino terminus, which is identical to
epitopes reported in other allergens such as Phl p 12, Hel a 2, Bet v 2, Cuc m 2 and Ara h 5, the
last two corresponding to melon and peanut, respectively (Cabanos ef al., 2010). Likewise, PC1
contains the allergenic region towards the carboxyl-terminal, with most of the sequence LADQGL
(also shaded in Table 2), which is similar in Bet v 2 (LIDQGL) and Cuc m 2 (LIEQGL). These
conformational epitopes on the pecan pollen profilin that are shared with food allergens may be
involved in oral allergy syndrome as is the case with other profilins.

Table 2 also highlights the amino acid sequences involved in conformational epitopes, for profilin
and enolase, which in turn were predicted as likely linear epitopes (underlined). All conformational
epitopes except PC1 contain more than one of the predicted linear sequences, e.g., EC2 contains
three of those sequences, emphasizing that at the end of antigenic processing, the sequences
presented to generate memory are short peptides (Kucuksezer et al., 2020). The study of
conformational epitopes can provide valuable information regarding their linear counterparts and
be a guide in the selection of regions important for protein allergenicity. Identification of IgE-
binding epitopes is important for allergen identification, clinical diagnosis, analysis of potential
immunotherapeutics and better understanding of the mechanisms of allergy, this includes exploring

linear and conformational epitopes (Sun et al., 2014; Guo et al., 2020).
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A) PC1

Fig 5. 3D representation of the predicted conformational epitopes for the C. illinoinensis profilin,
visualization of the model in cartoon and spheres by PyMol. A) PC1, and B) PC2.

C)EC3

Fig 6. 3D representation of the predicted conformational epitopes for the C. illinoinensis enolase,
visualization of the model in cartoon and spheres by PyMol. A) EC1, B) EC2, and C) EC3.
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There is little information about plant allergenic enolases, obtaining one of the first recombinant
allergenic enolases and the prediction of its linear and conformational epitopes presented in this
work, open the way to new knowledge about the role of this protein in allergic disease. It is worth
mentioning that the epitopes predicted by computational tools are of great help in understanding
allergic reactions, however, what occurs in vivo may be different. Allergens can go through various
processes of denaturation, digestion or the same variability of the antigenic processing of each
individual can lead to different IgE epitopes. More studies are required to confirm allergenicity and

the main epitopes of r-Profilin and r-Enolase, from Carya illinoinensis pollen.

4. Conclusions

Two pecan nut pollen allergenic proteins, r-Enolase and r-Profilin were successfully overexpressed
and purified from E. coli. For enolase, three conformational (EC1, EC2 and EC3) and 13 linear
epitopes were predicted. Likewise, two conformational and four linear epitopes were predicted to
profilin. The advances presented here for the first recombinant allergens from Carya illinoinensis
pollen, lays base for the development of a specific diagnosis and treatment. However, further
experiments are required to confirm their allergenicity by IgE antibody binding and epitope
confirmation, as a prerequisite to start the development of new diagnostic and therapeutic strategies

in this type of allergy.
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5. CONCLUSION

Este trabajo deja como contribucion al conocimiento el primer reporte de proteinas
alergénicas del polen de nogal pecanero Carya illinoinensis, se logré la sobreexpresion y la
prediccion de epitopes lineales y conformacionales de las primeras dos proteinas alergénicas de
este polen. Una de ellas es la profilina, panalérgeno importante entre los polenes de los arboles y
alimentos frescos de origen vegetal, y la otra es la enolasa, enzima glucolitica reportada como
alérgeno en diversas fuentes y no caracterizada en polen, respecto a la composicidn de sus epitopes
lineales y conformacionales. Estos conocimientos sientan las bases para el desarrollo de estrategias

inmunoterapéuticas futuras, como el desarrollo de proteinas hipoalergénicas.
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6. RECOMENDACIONES

Se recomienda corroborar la alergenicidad de las proteinas recombinantes rProfilina y
rEnolasa, para validar su equivalencia con sus contrapartes de la fuente natural. Una vez hecho esto
puede considerarse en perspectivas futuras la evaluacion de estos alérgenos recombinantes como
herramienta diagnostica y partiendo de las epitopes predichas se podria incursionar en el desarrollo

de proteinas hipoalergénicas derivadas del polen de nogal pecanero.
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