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PRESENTACION DE LA TESIS DOCTORAL

La presente tesis doctoral titulada “Desarrollo de métodos para la deteccion de gluten en
alimentos, a partir de repertorios de anticuerpos recombinantes derivados de la respuesta
inmune celiaca” ha sido realizada en el Departamento de Nutricién y Ciencia de los Alimentos de
la Facultad de Veterinaria de la Universidad Complutense de Madrid, y se presenta en formato de

compendio de articulos cientificos.

El objetivo principal de este trabajo de investigacion ha consistido en el desarrollo de nuevos
sistemas de inmunodeteccidén de gluten en alimentos basados en anticuerpos recombinantes.
Para la obtencién de estas sondas de deteccion de gluten, se ha optado por el empleo de
metodologias de evolucién dirigida, concretamente la tecnologia de presentacién sobre fagos
filamentosos o phage display. Con este fin, se describe la construccién de dos repertorios de
fago-anticuerpos tipo Fab generados, completa o parcialmente, a partir de linfocitos de sangre
periférica de pacientes celiacos. Se detallan, asimismo, los resultados obtenidos de la seleccién
por afinidad de variantes de Fab con capacidad de unién a gliadina empleados para el desarrollo
de diferentes formatos de inmunoensayos para la deteccién de gluten en alimentos, basados
tanto en fago-anticuerpos como en los anticuerpos recombinantes obtenidos tras su produccién
soluble. Por ultimo, se presenta la caracterizacion de los repertorios mediante tecnologias de
secuenciacion masiva, y aplicacion de técnicas de modelizacion in silico para estudiar la interaccién

de los Fab obtenidos con el antigeno.

Esta Tesis Doctoral esta constituida por tres articulos de investigacién que han sido publicados
en revistas recogidas dentro del campo de Food Science and Technology del Journal Citation
Reports (JCR):

1. Garcia-Calvo Eduardo, Garcia-Garcia Aina, Rodriguez Santiago, Farrais Sergio,
Martin Rosario, Garcia Teresa (2022). Construction of a Fab library merging chains
from semisynthetic and immune origin, suitable for developing new tools for gluten
immunodetection in food. Foods, 12(1), 149. https://doi.org/10.3390/foods12010149


https://doi.org/10.3390/foods12010149

2. Garcia-Calvo Eduardo, Garcia-Garcia Aina, Rodriguez-Gémez Santiago, Farrais Sergio,
Martin Rosario, Garcia Teresa (2023). Development of a new recombinant antibody,
selected by phage-display technology from a celiac patient library, for detection of
gluten in foods. Current Research in Food Science, 7, 100578. https://doi.org/https://
doi.org/10.1016/j.crfs.2023.100578

3. Garcia-Calvo, Eduardo, Garcia-Garcia Aina, Rodriguez Santiago, Takkinen Kristiina,
Martin Rosario, Garcia Teresa. (2023). Production and Characterization of Novel Fabs
Generated from Different Phage Display Libraries as Probes for Immunoassays for Gluten
Detection in Food. Foods, 12(17). https://doi.org/10.3390/foods12173274

Por otra parte, se incluyen también dentro de la Tesis Doctoral, dos trabajos de investigacién que
seran enviados para su publicacidn en revistas cientificas especializadas, asi como un articulo de

revision ya publicado que se recoge dentro del anexo.

e Garcia-Calvo Eduardo, Garcia-Garcia Aina, Rodriguez Santiago, Martin Rosario, Garcia
Teresa (2023). Exploring gluten assessment in marketed products through a sandwich-
ELISA methodology based on novel recombinant antibodies. Comunicacion breve en

preparacion.

e Garcia-Calvo Eduardo, Garcia-Garcia Aina, Rodriguez Santiago, Martin Rosario, Garcia
Teresa (2023). Unveiling the properties of phage display Fab libraries and their use in
gliadin-specific probes selection by high-throughput sequencing techniques. Articulo en

preparacion.

e Anexo I|: Garcia-Calvo Eduardo, Garcia-Garcia Aina, Madrid Raquel, Martin Rosario,
Garcia Teresa (2020). From Polyclonal Sera to Recombinant Antibodies: A Review
of Immunological Detection of Gluten in Foodstuff. Foods, 10(1), 66. https://doi.
org/10.3390/foods10010066


https://doi.org/https://doi.org/10.1016/j.crfs.2023.100578
https://doi.org/https://doi.org/10.1016/j.crfs.2023.100578
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RESUMEN

El gluten es la fraccién proteica de granos de cereales como el trigo, cebada, centeno, espelta
y kamut, que es insoluble en agua y soluble en disoluciones hidroalcohdlicas. Su uso esta muy
extendido en la industria alimentaria, debido a que proporciona caracteristicas funcionales como
extensibilidad a las masas o consistencia a las salsas. Ademas, al ser termorresistente, se puede
utilizar como ingrediente en productos que se someten a tratamiento térmico. El gluten no
sélo se usa como ingrediente en alimentos, sino también como excipiente de medicamentos y
cosméticos. Sin embargo, contiene péptidos que pueden desencadenar respuestas patoldgicas en
personas sensibles, como alergias, enfermedades autoinmunes como la celiaquia o intolerancia

al gluten no celiaca.

A pesar de que se han desarrollado muchas terapias farmacoldgicas para tratar las patologias
relacionadas con el gluten, ninguna ha demostrado mayor efectividad que la adhesidn estricta a
una dieta sin gluten. Para ello, es necesario tomar medidas de prevencidn, control y trazabilidad
en la industria, que garanticen que los productos comercializados como “sin gluten” contienen

menos de 20 mg/kg de este compuesto, en cumplimiento la legislacidn vigente.

Las técnicas mas utilizadas para la deteccion de gluten en alimentos son las inmunoquimicas,
basadas en la interaccidn especifica entre un anticuerpo y su correspondiente antigeno.
Actualmente, el método de referencia avalado por el Codex Alimentarius para la deteccidon
de gluten en alimentos es una técnica immunoenzimdtica de ELISA sandwich basada en el
anticuerpo monoclonal R5. Sin embargo, la identificacidon y cuantificacidn precisa del gluten
sigue siendo un gran desafio para la ciencia de los alimentos, debido a que el gluten no es una
proteina bien definida, como ocurre con otros alérgenos alimentarios, sino que se define en
términos de caracteristicas quimicas que abarcan una amplia gama de proteinas con ciertas
similitudes, pero cuyas secuencias pueden variar. Por ello, diversos estudios han revelado
notables discrepancias en la cuantificacién de gluten cuando se comparan los resultados
obtenidos con los kits comerciales disponibles en el mercado. En consecuencia, sigue siendo
necesaria la investigacion y el desarrollo de métodos de deteccion de gluten en alimentos, ya

sea para abordar sus limitaciones o para complementar los métodos existentes.



RESUMEN

La mayoria de los anticuerpos para la deteccion de gluten desarrollados hasta el momento
se han obtenido a partir de hibridomas, que requieren de la inmunizacién de animales de
experimentacidn. Con esta metodologia se han obtenido anticuerpos de elevada afinidad frente
al antigeno empleado en la inmunizacién, pero que no reproducen la respuesta inmune de las

personas que padecen una enfermedad desencadenada por el gluten.

El objetivo principal de esta tesis doctoral ha consistido en el desarrollo de nuevas metodologias
analiticas que permitan detectar en los alimentos componentes del gluten potencialmente
peligrosos para una persona sensibilizada. Para ello, se han desarrollado nuevos anticuerpos
recombinantes a partir de repertorios que derivan de la informacidén genética expresada en

pacientes con enfermedad celiaca.

La colaboracién de los servicios de Medicina Digestiva e Inmunologia del Hospital Universitario
Fundacion Jiménez Diaz de Madrid permitid seleccionar pacientes con sospecha de padecer
celiaquia. Estas personas, tras firmar un consentimiento informado, donaron sangre de la
que obtener linfocitos productores de anticuerpos especificos frente al gluten. Los pacientes
seleccionados presentaban unos elevados niveles de biomarcadores utilizados en el diagndstico
de celiaquia, y no habian comenzado una dieta sin gluten (dado que inhibe muy rdpidamente la
respuesta inmunitaria). Ademas, se realizaron pruebas complementarias sin fines diagndsticos,
para profundizar en la caracterizacion de la respuesta inmune (isotipado y subisotipado de los
anticuerpos del suero de los pacientes que reaccionaban frente a la gliadina). Finalmente se

seleccionaron dos pacientes idéneos, que donaron 350 mL de sangre periférica.

A partir de estas muestras bioldgicas se aislaron las células mononucleares, entre las que se
incluyen los linfocitos B, de las que se extrajo su ARN total. Tras la retrotranscripcién a ADNc, se
amplificaron las secuencias codificantes para las cadenas ligeras y pesadas de los anticuerpos.
Ademas, a partir de un dAb, de origen semisintético, desarrollado anteriormente por nuestro
grupo de investigacion, se generd un juego de cadenas pesadas de Fab. A partir de este material, se
generaron dos repertorios de Fab recombinantes. Un repertorio se obtuvo mediante la clonacion
de las secuencias obtenidas de las muestras bioldgicas (cadenas pesadas y ligeras inmunes), y
el segundo repertorio, que se denomind semiinmune, se obtuvo mediante la combinacién de

cadenas ligeras inmunes con cadenas pesadas semisintéticas.

Los repertorios generados permitieron la seleccion de diversos anticuerpos recombinantes
mediante la tecnologia del phage display, que posteriormente se caracterizaron para determinar
su capacidad de detectar gluten de forma especifica. Los cuatro anticuerpos recombinantes que
presentaron mejores caracteristicas de especificidad y afinidad frente al gluten (Fab-C, Fab-E y
Fab-H a partir del repertorio inmune, y el Fab8E-4 del semiinmune) fueron producidos en formato
soluble a escala semiindustrial a partir de Escherichia coli RV308 para su posterior caracterizacion.
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El Fab-C demostré ser el anticuerpo recombinante con mejores caracteristicas de sensibilidad
y especificidad en diversos ensayos con muestras de gliadina en solucién y con mezclas
experimentales de harinas de cereales con gluten en una matriz de harina de arroz. Utilizando
el Fab-C se pudo desarrollar una metodologia de ELISA indirecto con un limite de deteccion de
11 mg/kg de gluten en muestras de alimentos. También se analizaron 50 muestras de productos
comerciales. Adicionalmente, se desarrolld una metodologia de ELISA sandwich indirecto,
mediante la combinacién del Fab8E-4 como anticuerpo de captura y el Fab-C como anticuerpo
de deteccidn, capaz de detectar hasta 10 mg/kg de gluten en muestras de alimentos, con mayor
exactitud que el ELISA indirecto, y que permitié confirmar los resultados obtenidos al analizar los

productos comerciales.

La caracterizacion de los anticuerpos recombinantes obtenidos se completé mediante el empleo
de diversos sistemas de prediccidn del plegamiento de proteinas basados en la inteligencia
artificial, para modelizar la estructura tridimensional del Fab-Cy el Fab8E-4, asi como suinteraccion
con la gliadina. Los resultados obtenidos muestran que ambos Fab, sobre todo los CDR de su
cadena pesada, interaccionan principalmente con epitopos presentes en la region C-terminal de
la gliadina. Esta caracteristica es novedosa, ya que otros anticuerpos monoclonales comerciales

interaccionan con la regiéon N-terminal.

Finalmente, utilizando técnicas de secuenciacién masiva del ADN, se ha analizado la composicidn
de los dos repertorios de Fab recombinantes generados en esta tesis doctoral. Los resultados han
puesto de manifiesto que muchas caracteristicas de la respuesta inmune celiaca se transfirieron
al repertorio inmune y a los anticuerpos obtenidos del mismo, y que mediante la metodologia de
phage display se produjo una auténtica seleccidn por afinidad de los mejores anticuerpos frente

a la gliadina.






SUMMARY

Gluten is the protein fraction of cereal grains such as wheat, barley, rye, spelt, and kamut,
which is insoluble in water and soluble in hydroalcoholic solutions. Its use is widespread in the
food industry because it provides functional characteristics such as extensibility to doughs or
consistency to sauces. Moreover, being heat-resistant, it can be used as an ingredient in products
that undergo heat treatment. Gluten is not only used as an ingredient in food, but also as an
excipient in medicines and cosmetics. However, it contains peptides that can trigger pathological
responses in sensitive individuals, such as allergies, autoimmune diseases like celiac disease, or

the non-celiac gluten intolerance.

Although many pharmacological therapies have been developed to treat gluten-related
pathologies, none have proven more effective than strict adherence to a gluten-free diet. To this
end, it is necessary to take measures for prevention, control, and traceability in the industry to
ensure that products marketed as “gluten-free” contain less than 20 mg/kg of this compound, in

compliance with current legislation.

The most commonly used techniques for detecting gluten in foods are immunochemical
methods, based on the specific interaction between an antibody and its antigen. Currently, the
reference method endorsed by the Codex Alimentarius for the detection of gluten in food is an
immunoenzymatic sandwich ELISA technique based on the monoclonal antibody R5. However, the
accurate identification and quantification of gluten remain a significant challenge for food science
because gluten is not a well-defined protein, unlike other food allergens. Instead, it is defined in
terms of chemical characteristics that encompass a wide range of proteins with some similarities
but different sequences. As a result, several studies have revealed notable discrepancies in gluten
quantification when comparing results obtained with commercially available kits. Consequently,
there is still a need for research and development of methods for gluten detection in foods, either

to address their limitations or to complement existing methods.
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Most of the antibodies for gluten detection developed so far have been obtained from hybridomas,
which require the immunization of experimental animals. This methodology has produced
antibodies with high affinity for the antigen used in immunization, but which do not reproduce

the immune response of people suffering from a gluten-triggered disease.

The primary objective of this doctoral thesis has been the development of new analytical
methodologies for the detection of potentially harmful gluten components for sensitized
individuals in food samples. To this end, new recombinant antibodies have been developed by

building libraries derived from the genetic information expressed in patients with celiac disease.

The collaboration of the Digestive Medicine and Immunology services of the Hospital Universitario
Fundacion Jiménez Diaz in Madrid made it possible to select patients suspected of suffering from
celiac disease. After signing the informed consent form, these individuals donated blood from
which lymphocytes producing specific antibodies against gluten were isolated. The selected
patients had high levels of biomarkers used in the diagnosis of celiac disease and had not started
a gluten-free diet (because its absence rapidly inhibits the pathological immune response).
Additional non-diagnostic tests (isotyping and subisotyping of serum antibodies in patients
reacting to gliadin) were performed to further characterize the immune response. Finally, two
suitable patients were selected and donated 350 mL of peripheral blood.

Mononuclear cells, including B lymphocytes, were isolated from these biological samples and
their total RNA was extracted. After retro-transcription into cDNA, the coding sequences for the
light and heavy chains of the antibodies were amplified. In addition, a set of Fab heavy chains
was generated from a semi-synthetic dAb, previously developed by our research group. Two
recombinant Fab libraries were then produced. A library was obtained by cloning the sequences
amplified from the biological samples (immune heavy and light chains), and the second library,
called semi-immune, was obtained by combining immune light chains with the semi-synthetic
heavy chains.

The libraries generated allowed the selection of different recombinant antibodies using phage
display technology, which were subsequently characterized for their ability to specifically detect
gluten. The four recombinant antibodies with the best specificity and affinity characteristics
against gluten (Fab-C, Fab-E, and Fab-H from the immune repertoire, and Fab8E-4 from the semi-
immune) were produced in soluble format on a semi-industrial scale from Escherichia coli RV308
for further characterization.

Fab-C proved to be the recombinant antibody with the best sensitivity and specificity
characteristics in several assays with gliadin samples in solution and with experimental mixtures
of gluten-containing cereal flours in a rice flour matrix. An indirect ELISA method with a detection
limit of 11 mg/kg of gluten in food samples was developed using Fab-C. In addition, 50 samples
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of commercial products were analyzed. Furthermore, an indirect sandwich ELISA method was
developed using a combination of Fab8E-4 as the capture antibody and Fab-C as the detection
antibody This method was able to detect up to 10 mg/kg gluten in food samples with a higher
accuracy than the indirect ELISA and allowed confirmation of the results obtained when analyzing
commercial products.

The recombinant antibodies were further characterized by modelling the three-dimensional
structure of Fab-C and Fab8E-4 and their interactions with gliadin, using various artificial
intelligence-based protein folding prediction systems. The results showed that both Fabs,
especially the CDRs of their heavy chains, interact mainly with epitopes located in the C-terminal
region of the gliadin. This is a novel feature, as other commercially available monoclonal antibodies
interact with the N-terminal region.

Finally, by applying high-throughput DNA sequencing techniques, the composition of the two
recombinant Fab libraries generated within this doctoral thesis has been analyzed. The results
have shown that many characteristics of the celiac immune response have been successfully
transferred to the immune library and to the antibodies obtained from it, and that a true affinity

selection of the best antibodies against gliadin was produced using phage display methodology.
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1. INTRODUCTION

Gluten is the general term used to define the group of ethanol soluble proteins found in the
endosperm of cereals such as wheat (including varieties like spelt and kamut), barley and rye
(Fasano & Catassi, 2012). The Codex Alimentarius provides the following definition based on its
physicochemical properties: “a protein fraction from wheat, rye, barley or their crossbred varieties
and derivatives thereof, to which some persons are intolerant and that is insoluble in water and
0.5 M NaCl” (Codex Alimentarius, 2008). These cereals are widely used in the food industry due to
the properties that gluten gives to doughs. Primarily, it plays an essential structural role in many
bakery products, providing elasticity and helping dough rise, resulting in the desired texture and
volume of bread, pastries, and cakes. Its cohesive properties also make it an ideal ingredient in
pasta production, contributing to the formation of a firm and chewy dough. Moreover, gluten
acts as a binding agent and stabilizer in processed foods, such as sausages and processed meats,
helping to maintain their shape and consistency. Additionally, Gluten can also be incorporated

into different foods to improve their nutritional profile by increasing their protein content.

However, this remarkable physical and chemical stability of gluten protein, leads to a gradual
and prolonged digestion process within the gastrointestinal tract. This poor digestibility has
been associated with the pathogenic effects of gluten ingestion. Gluten-related disorders can be
classified into three main groups according to their pathological mechanism. Firstly, there are
allergic conditions, which include diseases such as baker’s asthma (a respiratory allergy allergic
caused mainly by inhalation of cereal flour), IgE-mediated food allergies (particularly against wheat
proteins), contact urticaria and WDEIA (wheat-dependent exercise-induced anaphylaxis) (Sharma
et al., 2020). The second group comprises autoimmune diseases, with celiac disease being the most
widely recognized example. Other conditions in this category include gluten ataxia and dermatitis
herpetiformis (Sapone et al., 2012). The third group includes the non-celiac gluten sensitivity (NCGS)
and encompasses situations whose pathogenesis cannot be attributed to any of the previous
categories. Although the specific molecular causes of NCGS are not fully elucidated, some research

suggests a significant involvement of the innate immune system (Volta et al., 2019).



10

EXTENDED SUMMARY

In this context, celiac disease is particularly relevant due to its high prevalence, which has been
estimated at 1% of the population. It has been described that in celiac patients, the immune
system mounts a strong response against self-transaminases involved in the intestinal gluten
processing, resulting in severe damage of the intestinal tissue. Undigested gliadin peptides can
increase intestinal permeability and exhibit specific binding to the CXCR3 chemokine receptor.
Consequently, this interaction triggers the release of zonulin, a modulator of intestinal tight
junctions. While this phenomenon occurs in all individuals, it can lead to inflammatory responses
in celiac consumers, particularly in those individuals carrying the human leukocyte antigen (HLA)-
DQ2 and DQ8 haplotype (Leonard et., al 2017).

Although there are different therapeutic alternatives for celiac disease under investigation (such
as anti-inflammatory drugs, inhibitory monoclonal antibodies, and gluten chelators), the strict
adherence to a gluten-free diet stands as the most effective treatment. This dietary approach
not only halts the autoimmune destruction of intestinal tissue, but also promotes the healing of
intestinal crypts and the recovery of a proper digestive function (Itzlinger et al., 2018). Based on
the establishment of a safe gluten threshold for celiac patients (50 mg of gluten per day), current
European legislation indicates that foods containing less than 20 mg/kg of gluten can be labeled as
“gluten-free” (Official Journal of the European Union, 2014). In this scenario, taking into account
the high prevalence of gluten-related disorders and the proven efficacy of a gluten-free diet, rapid
and effective methods for gluten detection in foods are essential to strengthen traceability and
allergen control systems in the food industry. Only in this way could it be guaranteed that accurate

labeling is provide to allergic consumers, thus contributing to their safety and well-being.

Amongthe different analytical techniques available for the detection of gluten in foods (Garcia-Garcia
et al., 2018), immunoassays based on the detection of proteins, specifically ELISA methodologies,
are of particular interest due to their precision and simplicity. These methods rely on high-affinity
antibodies specific to gluten. There are currently immunoassays on the market for the qualitative
and quantitative detection of gluten based on monoclonal antibodies obtained by immunization of
animals. Among them, the sandwich ELISA based on the monoclonal antibody R5 is considered as
a Type | method by the Codex Alimentarius, and is therefore the gold standard for the detection of
gluteninfood products (Valdés et al., 2003). Despite significant legislative advances in food safety and
the availability of a wide variety of gluten immunoassays, the analysis this allergen presents several
challenges. Multiple independent comparative studies have revealed considerable discrepancies
in gluten quantification when using different commercial kits (Bugyi et al., 2013). The term gluten
itself encompasses a wide variety of proteins, which consequently confers further complexity to the
analysis process. It has been found that, despite sharing certain similarities, the sequences of gluten
constituting proteins can differ significantly. Furthermore, the composition of gluten proteins can
vary considerably even among cereals of the same species, and can be influenced by various factors,

such as the variety of cereal, its origin and even the method of cultivation (Wieser et al., 2023). Due
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to this large variability, further research is needed in the development of gluten detection methods

to obtain more consistent results.

In this context, it is crucial to advance in the generation of new antibodies against gluten which
exhibit different characteristics to the currently available antibodies. The implementation of
these new affinity probes in a set of detection systems, either individually or in combination
with other probes, could provide an essential strategy to address the limitations inherent to
gluten quantification in food. The search for new antibodies using directed protein evolution
techniques, such as phage display technology (Smith et al., 2019), is postulated as an interesting
alternative to meet these requirements. Recombinant antibodies offer several advantages such
as scalability, customizability, and the ability of working with easy and consistent production

processes (Bradbury et al., 2018).

The last years of the 20th century ushered in a new era in antibody development, thanks to
the pioneering work in phage display of Winter and Smith (Smith et al., 2019), who introduced
the concept of directed molecular evolution. This innovative approach transcends the mere
recombinant expression of antibodies, encompassing three key steps: the generation of
diversity, the selection of high-affinity antibodies against a specific target antigen, and their
subsequent amplification. The main prerequisite for the successful generation of recombinant
antibodies using this technology relies on the availability of high quality antibody libraries
from which guide the selection of specific probes. Thereafter, through 3 to 6 rounds of
screening, one to ten variants with the desired affinity can be identified from the initial set
of 107 antibodies. Following the selection process, these binders become dominant in the
phage population, and their genetic characteristics (genotype) are linked to their observable

features (phenotype).

Phage display has been applied to elucidate the molecular mechanisms of celiac and related
diseases, both through immune and naive antibody libraries (Not et al., 2011) as well as peptide
libraries (Chen et al., 2011). Although clinical research has been the primary focus, the generation
of antibodies against gluten for the analysis of food has also been described. For this purpose, a
sandwich-ELISA was successfully developed based on VHH antibodies which were isolated from
a phage library generated from immunized llamas (Dofia et al., 2010). As in this work, libraries
are frequently constructed from the genetic material of allergen immunized animals, since
these antibodies have undergone a natural affinity maturation process. However, the response
elicited by intramuscular allergen injection during animal immunization may significantly differ
from the response triggered by gluten ingestion in a person with celiac disease. For this reason,
it was hypothesized in this doctoral thesis that transferring the characteristics of the humoral
response of celiac individuals to the antibody libraries could potentially lead to the production
of probes that recognize the immunogenic gluten fractions for these consumers. Therefore, the

methodologies developed in this work should be based on recombinant antibodies selected from

11
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libraries generated, either partially or entirely from the genetic information of celiac patients.
This innovative approach could not only contribute to improve detection accuracy, but would also
allow a significant advance in the ability of analytical methods to adapt to the complexity and

diversity of gluten proteins present in food.

2. 0OBJECTIVES

Taking into account these considerations, the main objective of this doctoral thesis was the
development of new gluten immunodetection systems based on recombinant antibodies
obtained by phage display. For this purpose, two Fab (antigen-binding fragment) libraries were
constructed from peripheral blood lymphocytes (PBLs) of celiac donors. Firstly, a semi-immune
library was generated through a protein engineering process in order to improve the performance
of a previously developed single domain antibody against gluten (dAb8E). Alternatively, in order
to find new affinity probes, it was proposed the construction of a second immune library in which
the humoral response of celiac patients is transferred to both Fab chains. In this context, to

achieve this global objective, the following partial objectives were established:
1. Selection of celiac patients and collection of biological samples to be use as starting
material for the construction of the recombinant antibody libraries.

2. Construction of a semi-immune Fab library by fusion of a heavy chain based on a variable
domain against gliadin (dAb8E) with light chains derived from the PBLs of celiac patients.

3. Construction of an immune Fab library by amplification of both heavy and light chains
from PBLs of celiac patients.

4. Affinity selection of Fab variants with gliadin-binding capacity from both libraries and

characterization of the selected phage-antibodies.

5. Semi-industrial soluble production of the best gliadin-binding Fab candidates and

development of ELISA methods for gluten detection in food.

6. In silico elucidation of the three-dimensional structure of the two Fab with the best
features for gluten detection and study of their interaction with gliadin.

7. Characterization of both libraries and their affinity selection processes through a massive

DNA sequencing technique based on nanopores.

3. SUMMARIZED METHODOLOGY

To accomplish the objectives outlined in this doctoral thesis, diverse immunological, biochemical,
genetic, genomic and proteomic methodologies were employed. A brief description of these

methodologies is given in this section.
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3.1. Sample and antigen preparation

In this work, gliadin-PWG (produced by the Prolamin Working Group) was used as a reference
material for gluten detection in food. Following the supplier’s recommendation, this material was

dissolved at a concentration of 1 mg/mL in a 60% (v/v) ethanol/water solution.

All the analyzed samples (cereals with and without gluten, heterologous species, and commercial
products) were individually ground in an analytical mill using 50 g of each sample. Ethanol
extracts were prepared from several cereals (wheat, rye, barley, corn, rice, among others) from
250 mg of the finely ground sample with 10 mL of a 60 % (v/v) ethanol/water solution, followed
by shaking for 30 minutes at room temperature and centrifugation at 867 g for 15 minutes. For
immunoblotting assays, extracts were performed in a similar manner as that described above but

starting from 200 mg of sample with 1 mL of 50 % (v/v) isopropanol/water solution.

To evaluate the developed ELISA techniques, binary mixtures prepared with increasing
concentrations of wheat, barley, and rye flours in a gluten-free matrix based on rice flour were
analyzed. Commercial food products subjected to diverse processing methods were also analyzed.
In these cases, gluten was extracted from 250 mg of the ground samples with 2.5 mL of Ingezim
gluten extraction solution. This mixture was homogenized and incubated at 50 °C for 40 minutes
before adding 7.5 mL of an 80 % (v/v) ethanol/water solution. Finally, it was incubated for 1 hour
on a vertical shaker and then centrifuged at 2000 g for 10 minutes at room temperature to obtain

the protein extract from the supernatant.

3.2. ldentification of patients with high Llevels of biomarkers of the celiac humoral
response

Patient selection was performed at the Fundacién Jiménez Diaz University Hospital (FID, Madrid,
Spain) after approval of the study by the ethics committee. The physicians from the Department
of Digestive Medicine and Immunology recruited donors among those patients with initial
suspicion of celiac disease during their medical consultations. Patients identified as potential
donors, who had not started a gluten-free diet (since the humoral response disappears rapidly
when gluten is eliminated from the diet), underwent an analysis to evaluate their celiac humoral
response. The biomarkers used in this evaluation were IgG and IgA antibody titers against tissue
transglutaminase and gliadin deamidated peptides. Finally, patients who exhibited high levels of
these humoral markers according to the clinical guidelines used at the FID Hospital, and which
provided the signed informed consent to participate in the study, made a donation of 350 mL of
blood. Additionally, isotyping (general levels of IgA and 1gG) and subisotyping (specific levels of
IgG1, 1gG2, 1gG3, and 1gG4) of their humoral response to native gliadin were performed using
ELISA techniques.

13



14

EXTENDED SUMMARY

3.3. BNA extraction and retro-transcription of the biological samples for Fab libraries
building

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood samples by a Ficoll-
Paque® density gradient separation procedure. From the isolated PBMCs, total RNA was
extracted using a standard protocol based on TriZol LS reagent. Before employing the RNA
for the reverse transcription reaction (RT-PCR), a microarray systems was used to measure its
concentration and quality. Afterwards, non-specific RT-PCR was performed using oligo-dT-20
primer. The complementary DNA (cDNA) generated was used as template in the following step
for subsequent amplification of the specific genes encoding genes encode the antigen-binding

site of immunoglobulins.

3.4. Amplification of antibody chain-encoding sequences

Throughout this research work, two distinct Fab repertoires were constructed. The first
library resulted from the combination of semi-synthetic heavy chains with a sub-library of
immune light chains obtained from the biological samples of the celiac donors, resulting
in a semi-immune library. In contrast, the second library was constructed with an entirely
immune nature, with both heavy and light chains amplified from the cDNA obtained from

the celiac patients.

The semi-synthetic heavy chains of the semi-immune library derived from a parental dAb (a single
domain antibody named as dAb-8E) that exhibited high affinity for gluten. This antibody fragment
was isolated in previous works of our research group from a semi-synthetic library composed
of mutated human VH3-23 genes. The dAb-8E served as a template for the VH domain of the
Fab, and a set of CH1 domains (corresponding to each IgG sub-isotype) were added by overlap
extension polymerase chain reaction (OE-PCR). This strategy allows the assembly of overlapping
DNA fragments in which the 3’ end of the first amplicon (VH domain) is completed with the 5’ end

of the second amplicon (CH1 domain).

To obtain the immunoglobulin chains of immune origin, the light and heavy chains were
independently amplified using a collection of primer sets. Amplification was performed
through two consecutive rounds of PCR. In the first round of PCR, primer pairs were used
that hybridized at 5’ with sequences specific to each V gene family and at 3’ with sequences
characteristic of each immunoglobulin subtype. Thus, the target chains were amplified adding
a different restriction site to each end. Resulting PCR products were purified through agarose
gel electrophoresis and subjected to a second round of PCR to introduce enhanced restriction
sites by elongation of the DNA regions adjacent to the restriction sites in order to facilitate

subsequent cloning.
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3.5. Construction of the recombinant antibody libraries and affinity selection of
gliadin binders

Final PCR products were cloned into the pComb3X vector, a phagemid that allows the expression
of antibody fragments fused to the protein Il of the helper phage capsid (VSC-M13). A sequential
cloning approach was employed to construct the libraries. Initially, a sub-library containing the
amplified light chains was generated and transformed into E. coli XL1-Blue via electroporation.
The transformed cells were cultured in a carbenicillin-containing medium, from which the
phagemids containing the sub-library of light chains were purified. Subsequently, the heavy
chains obtained from two different sources were separately cloned, resulting in the generation of

the two described Fab libraries (semi-immune and immune libraries).

Each library was transformed into electrocompetent E. coli XL1-Blue cells. The transformed cells
were recovered in SOC medium, followed by plating of serial dilutions of the transformed bacteria
to evaluate transformation efficiency and determine library size (RZ). Subsequently, the culture
was expanded in Super-Broth media (SB: 30 g/L tryptone, 20 g/L yeast extract, 10 g/L MOPS, pH 7)
with increasing concentrations of carbenicillin as bacterial growth progressed. Then, 1012-1013
particles of the auxiliary phage VSC-M13 were added, and after 2 h of incubation, kanamycin was
added to the medium for selection of those bacteria co-transformed with the phagemid and the
helper phage. Finally, phage-Fab were expressed in the culture supernatant after incubation at
37 °Cfor 16 h.

The next day, phage-antibodies were isolated from the supernatant through PEG/NaCl
precipitation. For library selection against the target antigen, an immunoplate was coated
with gliadin-PWG standard and blocked with 3 % BSA in PBS (137 mM NaCl, 2.7 KCI, 10 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4). Once the phage-Fab library was exposed to the antigen,
five washes with PBS-T (PBS with 0.05% of Tween20 detergent) were performed to remove
phages bound with non-specific interactions. Thereafter, phage variants specifically bound to
the antigen were eluted by a sharp pH shift generated with glycine-HCI (pH 2.2). The eluted
phage-Fab were rapidly neutralized with Tris-base. The recovered phages from the first
round of selection were used to infect a new E. coli XL1-Blue culture that was expanded in SB
medium, followed by a process analogous to the previously explained procedure of helper
phage infection and PEG/NaCl precipitation. This cyclic steps, commonly referred to as (bio)
panning, was repeated over 3-4 successive rounds, increasing the stringency of selection by
introducing additional PBS-T washes (five in the first round, ten in the second, and fifteen in

the subsequent rounds).
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3.6. Monitoring of the panning process. Selection and sequencing of individual clones

The panning process was monitored after each selection round by the number of transformed
bacteria infected with the phage-Fab eluted after each round. The selection of phage-Fab
variants against the antigen was considered positive when a significant increase in the number
of transformed bacteria was observed between two consecutive rounds. In this assay, a negative
control (selection rounds without antigen) was performed to ensure that phage-Fab were not

selected against other components of the system (blocking protein, support, etc...).

To confirm the enrichment of the library in antigen-specific variants, an indirect polyclonal ELISA
against gliadin-PWG was conducted using the set of phage-Fab precipitated after each panning
round. The system was revealed using a conjugated antibody directed to the phage capsid protein
VIIL. If the enrichment process was successful, an increase in the absorbance signal should be
observed in the phage populations from the later rounds, which is indicative of a higher proportion

of high-affinity phage-Fab.

To conduct the study of individual clones, expression of phage-Fab was induced in the supernatant
of isolated colonies from the last rounds of panning that exhibited enrichment in the polyclonal
ELISA. The induced supernatants were used as primary antibody in a monoclonal indirect ELISA.
Those clones that demonstrated proper recognition of the target antigen, without presenting
cross-reactivity against the blocking agent used as a negative control, were selected for further

characterization.

In addition, the phagemids encoding each individual Fab were purified and sequenced by Sanger
employing two sets of primers (one for light chains sequencing and another for heavy chains).
The obtained sequences were classified using online tools such as IMGT/V-QUEST and IgBLAST,
considering their V(D)) gene composition, isotype, subisotype and clonotype, as well as their

structural features (CDR loops).

3.7. Evaluation of the selected phage-Fab as probes for gluten detection

Before expressing the Fab as soluble molecules, a first characterization in phage-Fab format was
performed with all the different clones that exhibited affinity for gliadin in the monoclonal ELISA.
For this purpose, PEG/NaCl purified phages were obtained at larger scale (50-100 mL of culture)

to provide sufficient phage-Fab for the characterization assays.

The phage-Fab were used as the primary antibody in an indirect ELISA format against different
antigens. Firstly, a dose-response curve was obtained by analyzing different concentrations of the
gliadin-PWG standard. Additionally, ethanolic extracts from different cereal flours (wheat, barley,

rye, oats, corn, rice, etc.) and other widely used heterologous species in food production were
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examined. An experimental mixture with increasing concentrations of a gluten-containing cereals
homogenate (40 wheat varieties, 10 barley varieties and 10 rye varieties) in a gluten-free rice
based matrix was analyzed in order to evaluate gluten detectability in real food samples. Finally,
commercial products with different types of labeling regarding the gluten-containing cereals

were analyzed.

3.8. Production of the recombinant Fab as soluble molecules

The four Fab that exhibited superior gluten detection properties in phage-Fab assays were
expressed in its soluble format. Three of the selected Fab (Fab-C, Fab-H, and Fab-E) were isolated
from the immune library, while only one (Fab8E-4) was from the semi-immune library. Synthetic
genes encoding each Fab were cloned into the pKKtac expression vector, which allowed the
optimized expression of the Fab in the culture supernatant due to the pelB signal that precedes
the Fab sequences. Besides, Fab were expressed with a C-terminal histidine tag which facilitated
their subsequent detection and purification. After verifying that vectors with the appropriate

inserts had been obtained, they were transformed into chemically competent E. coli K12 RV308.

To induce the expression of the recombinant antibodies, an individual colony was inoculated in
Terrific Broth (TB) media (12 g/L tryptone, 24 g/L yeast extract, and 4 g/L glycerol in phosphate
buffer (0.17 M KH2PO4, 0.72 M K2HPO4, pH 7.2)) supplemented with glucose and ampicillin.
After scaling up the culture to 1.8 L, it was incubated at 37 °C at 220 rpm until reaching an optical
density of 4. At that point, Fab expression was induced by adding 1 mM IPTG (isopropyl-B-D-
1-thiogalactopyranoside) and further incubation at 30 °C and 170 rpm for 16 h. The next day,
cell-free supernatant was obtained by centrifugation, and Fab expression was confirmed through

protein electrophoresis and immunoblotting.

Once the proper production of the Fab was confirmed, the supernatant was clarified by treatment
with DNase, and a tangential filtration unit was used to buffer exchange and sample concentration.
The clarified supernatant was purified using an Immobilized Metal Affinity Chromatography
(IMAC) column coupled to a Fast Protein Liquid Chromatography (FPLC) system. The purification
process was monitored at 280 nm, and collected fractions were analyzed by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and peptide fingerprinting (MALDI-TOF mass spectrometry) to

confirm their identity.

3.9. Evaluation of the recombinant Fab as probes for gluten detection

The four Fab produced as soluble molecules were used as primary antibodies in an indirect ELISA
methodology against the same antigens previously described (section 3.7). Among them, clone
Fab-C exhibited the best recognition properties for gluten detection, prompting a more detailed

characterization of this antibody fragment.
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The specificity indirect ELISA based on the Fab-C was evaluated by analyzing 60 heterologous
species that showed no cross-reactivity. Assay sensitivity was calculated from the dose-response
curve (linear regression) generated from the analysis of decreasing concentrations of gliadin-PWG.
The limits of detection (LOD) and quantification (LOQ) were calculated from the interpolation of
three and ten times the standard deviation of 10 blank measurements, respectively. Additionally,
a recovery assay was conducted by analyzing certified gluten-free rice flour spiked with solid
gliadin-PWG. In parallel, the rice flour extract was spiked with an equivalent concentration of

gliadin-PWG as control for the recovery assay.

3.10. Development of a sandwich ELISA based on the recombinant Fab

In order to develop a sandwich immunoassay based on the obtained Fab fragments, compatibility
between the different antibody fragments was first confirmed. First, the four Fab fragments were
chemically biotinylated. Subsequently, the Fab fragments were immobilized on streptavidin-
coated plates as capture antibodies. Similarly, the biotinylated Fab fragments were incubated
with the enzyme alkaline phosphatase conjugated to streptavidin to be used in a direct sandwich
ELISA without the need of secondary antibody.

With this methodology, it was determined the pair of recombinant antibodies (Fab8E-4 as capture
antibody and Fab-C as detection antibody) that exhibited the best properties for gluten detection

in the sandwich immunoassay.

Since a loss of sensitivity was observed compared to the expected detection levels, an indirect
sandwich ELISA was designed. This assay was based on direct adsorption of the capture Fab on
immunoplates and revelation of the detection Fab using an HRP-conjugated anti-Fab secondary
antibody. This sandwich ELISA was evaluated against the same food samples as described for the

other developed immunoassays.

3.11. Analysis of food products with the developed ELISA systems

To verify the applicability of the indirect ELISA based on the Fab-C and the indirect sandwich ELISA
developed in this work, a total of 50 commercial products obtained from various local stores were
analyzed. Based on their labeling, food products were classified as follows according to their
gluten-containing cereal content: 9 products declared gluten-containing cereals in their label,
6 products had no declaration regarding the presence of gluten-containing cereals, 21 products
declared that may contain gluten, and 14 were certified as gluten-free. To validate the obtained
results, all products were analyzed in parallel with the direct sandwich ELISA based on the
monoclonal antibody R5, which has been approved as Type | method by the Codex Alimentarius
for gluten detection in food and offers a limit of quantification (LOQ) of 3 mg/kg of gluten.
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3.12. Characterization of the generated libraries and study of the affinity selection
processes by high-throughput sequencing

The phagemids encoding the phage-antibody subpopulation obtained after each round of panning
were extracted for analysis using high-throughput sequencing. Sequencing was performed using
the nanopore technology on an Oxford Nanopore© MinlON device. Since linear fragments of
double-stranded DNA are needed for this sequencing system, the obtained phagemids were
treated with the restriction enzyme Nhel. Each sample coming from a different panning round
was labeled with a unique barcode for sequence differentiation after the data acquisition process.
Sequence data were collected for 30 h, and the raw data was recorded in FASTS5 format files. The

raw data generated was analyzed in two distinct phases: primary analysis and secondary analysis.

During the primary analysis, Megalodon v1.9.5 was used for basecalling. This procedure
transformed the FASTS5 files into high quality base sequences using human genome as reference.
This initial analysis produced a demultiplexed FASTQ file, meaning that the information was
classified into different files based on their respective barcodes. Subsequently, the adapter
sequences were removed, and a quality control of the obtained sequences was carried out using
the FASTQC program. Sequences of low quality or incorrect size were excluded from the analysis
using the LUMC/FASTQ program.

The secondary analysis was performed with the IMGT/HighV-QUEST tool which is based on the
identification of V, D, and J genes by sequence alignment against a reference database. The
statistical analysis and graphical representations were generated with the R package called IMGT/
StatClonotype.

3.13. In silico modeling of the structure of the Fab8E-4 and Fab-C, and elucidation of
their interaction with gliadin

In silico modeling of the Fab8E-4 derived from the semi-immune library was performed using the
sAb Pred server. Once the Fab structure (specifically its variable fragment or Fv fragment) was
generated, paratopes and epitopes were identified using the structure of gliadin generated by

AlphaFold2 as the antigen.

In the case of the Fab-C obtained from the immune library, the structure and antigen-antibody
interactions were elucidated following the next process: 1) The nucleotide sequence was
analyzed with the IMGT/V-QUEST server in order to detect and define the antibody domains; 2)
the prediction of the Fab structure was obtained through the bioinformatics tools Abodybuilder2
and IgFold; 3) matches and discrepancies between both models were studied using the ChimeraX
Matchmaker tool; 4) interactions between Fab-C and gliadin were elucidated by epitope and
paratope predictions using the Epipred and Antibody iPatch tools; and 5) based on the epitope
and paratope information obtained, a simulation of the interaction of Fab-C with the antigen
(docking) was conducted using the HADDOCK 2.4 server.
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4. BRESULTS AND DISCUSSION

The emphasis in gluten detection assays has traditionally centered around monoclonal antibodies
produced through hybridoma technology (such as R401, R5, and G12). Rarely have recombinant
antibodies been employed to address this issue, and mainly they have been applied for studying
clinical aspects of the gluten-related diseases rather than the direct detection of gluten in

foodstuffs as is the case of the present research work.

Chapter 4.1 describes the development of a library suitable for selecting antibody fragments for
prolamin detection that involved a direct transformation of one antibody format into another
(dAb to Fab). This work was the continuation of a previous study where a semi-synthetic library
based on human VH3 germline, was confronted to a peptide proposed to be a consensus HLA-
presented peptide of digested gluten. From this process, a suitable candidate was selected
(dAb8E) and used as the specific reagent for the development of a phage-ELISA method for
gluten detection in foodstuff. It was hypothesized that the transformation of the dAb8E into a
Fab could enhance its properties, since constant domains also might affect to antigen binding
due to their influence in segmental flexibility and inter-antibody associations. Therefore, a novel
Fab antibody library merging chains of two different origins was generated: light-chains derived
from plasmocites isolated from celiac patients, and heavy chains derived from the dAb8E coding
sequence transformed into human heavy-chains (IgG1, 1gG2, 1gG3 and 1gG4). The light chain
coding sequences were amplified from the cDNA obtained from lymphocyte-isolated RNA of two
donors diagnosed of celiac disease and presenting high serum response against gluten proteins,
since they had not yet adhered to a gluten-free diet. Unlike conventional methods, this approach
incorporated a direct evolutionary process in order to enhance the properties of the parental
dAbS8E. Fab library was constructed by a two-step cloning process consisting of cloning firstly the
immune-light chains and subsequently the semi-synthetic heavy chains. Firstly, double digested
inserts coding for light chains were cloned into linearized pComb3X and transformed into
electrocompetent E. coli XL-1 Blue, obtaining the light chain sublibrary (1.4 x 10 transformants).
Subsequently, double digested heavy chain constructs were cloned into the relinearized plasmid,
resulting in a Fab library with a repertoire size (RZ) of 2.7 x 107. The extensive diversity within this
library facilitated the isolation of positive clones after three rounds of biopanning against gliadin-
PWG. From the 24 individual clones tested, 4 clones (approximately 17 %) were identified as
high-affinity gliadin-binding clones. Following the characterization of the different phage variants
by monoclonal phage-ELISA, clone Fab8E-4 showed the most promising recognition properties,
exhibiting the most sensitive dose-response curve against gliadin and specifically recognizing the
extracts from the gluten-containing cereals. The dose response curve obtained against increasing
concentrations of gliadin-PWG (0.5 — 6 ug/mL) with the phage-Fab8E-4 seemed to significantly
improve the methodologies for gluten detection in food products based on the semi-synthetic

dAb-8E, reaching a limit of detection (LOD) of 0.01 pg/mL. Besides, a set of binary mixtures of
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a rice-based matrix spiked with different levels of an un-treated wheat/barley/rye proportional
mixture (WBRm) were analyzed. According to these experimental binary mixtures, the developed
phage-Fab8E-4 was able to detect up to 10 ppm of gluten, fulfilling the legislation requirements
that set the threshold of 20 ppm to classify the products as gluten-free. The field application
functionality of the proposed method was further assessed trough the analysis of ten food
products (five labeled as gluten-free and five as containing gluten) being the Fab8E-4 indirect
phage-ELISA able to differentiate both types of products. Consequently, Fab8E-4 exhibited
enhanced properties compared to its parental dAb, underscoring the utility of this methodology
for enhancing the performance of existing antibodies. Finally, an in-depth characterization of the
generated antibody was conducted using computational tools. Based on the sequencing results
of the Fab8E-4, the whole molecule 3D-structure prediction was generated using Alpha-Fold2
and the Fv (fragment variable of the antibody, composed of the VL and VH), was computed using
the AbodyBuilder tool included in the sAbPred server. Once the 3D model of the Fab8E-4 was
obtained, epitope and paratope prediction was assessed to investigate the antigen-antibody
interaction surface. These predictions were performed with Epipred and Antibody-ipatch
algorithms, using as protein templates the 3D antibody structure generated by AbodyBuilder and
the antigen 3D-structure of wheat o/B-gliadin and barley y-hordein solved by Alpha-Fold, since
the structure of gliadins are not completely solved by X-ray crystallography or cryomicroscopy.
Regardless the prolamin protein used in the analysis of the paratope models, the main antigen-
antibody interactions remained in the heavy chain of Fab8E-4. However, reformatting of the dAb8E
added new contacts between the antigen and light chain residues, which presumably could have
improved the characteristics of the detection method. The epitope predictive models showed that
the conformational epitopes were mainly found in the a-helix motifs on the C-terminal region of
both antigens. This fact suggests the potential of dAb8E and Fab8E-4 recombinant antibodies as
new alternatives for gluten determination, providing likely contacts to the C-terminal region of
the antigens, which could complement the already available antibodies that usually bound to the
N-terminal region. In conclusion, the obtained Fab8E-4 presented enhanced properties regarding
the parental dAb, indicating that the proposed methodology was a useful tool to improve the
performance of existing antibodies. This is the first time that a directed evolved engineered

antibody fragment has been applied for gluten detection in foodstuffs.

Chapter 4.2 presents the first construction and application of a fully human immune library with
the final goal of obtaining a novel tool for gluten detection in foods. It was proposed the isolation
of new Fab recombinant antibodies against gluten trough the construction of an immune library
generated from the mRNA of two celiac patients with a high humoral response to gluten-related
proteins. The objective of this study was to translate the humoral features found in the selected
donors to build a platform for antibody discovery which could result in developing accurate
systems for gluten detection in food. Amplification of the fragments coding for the antibody chains

was performed in two sequential PCR rounds including as many VH genes as possible to generate

21



22

EXTENDED SUMMARY

a wide diversity, in contrast to other studies that focused on certain VH families (such as VH4
or VH5). The Fab library was built through a two-step cloning procedure: firstly, the light chains
were introduced into the pComb3X vector and transformed into E. coli XL1-Blue cells, followed
by a similar procedure for cloning the Fab-heavy chains. The resulting Fab library (with a RZ of
1.1 x 107) was subjected to selection against gliadin using phage display technology. Following
three rounds of enrichment, forty-eight individual clones were assayed and the Fab-C variant
was selected as the most promising candidate for gluten detection in foods. Fab-C belonged to
the IgA2 immunoglobulin subclass (directly linked to celiac pathology), presented the VH3-15
locus (a scarcely expressed gene in the human repertory, but one of the most identified loci in
gluten-reactive antibodies in celiac disease) and had an unusually long HCDR3 of 21-mer. The
indirect ELISA based in phage-Fab-C demonstrated good functionality to specifically detect the
gluten-containing cereals with a limit of detection of 15 mg/kg (obtained from the analysis of the
rice-based mixtures spiked with increasing amounts of the WBRm). The developed methodology
demonstrated its capability to discriminate gluten-free products in accordance with the existing
legislation, showing a strong correlation with the results obtained by the standard method for
gluten detection in foods (R5 sandwich ELISA). Finally, a quick, simple, and universal pipeline,
based in novel prediction tools, has been developed. In silico elucidation of the Fab-gliadin
interaction revealed that the antigen epitopes recognized by the Fab-C were likely to occur on
the C-terminus. As expected, the main paratopes of the Fab-C were found in the heavy chain.
The HCDR1 interacts with proline and glutamine residues (position 250-251), the HCDR2 mainly
interacts with glutamines (positions 203, 207, 251 and 254), and the abnormal length of the
HCDR3 enabled it to have double contact with the antigen. Interestingly, the PQ pattern form
by proline and glutamine residues (which are likely to be detected with the Fab-C) have been
identified in several peptides related to celiac toxicity. While the contribution of the light chain
to the interaction appeared to be comparatively weaker, the model indicated a potential contact
between the LCDR3 and the glycine 159 and arginine 160 residues, which could likely contribute

to the overall stability of the union.

Chapter 4.3 describes the semi-industrial scale production of the best phage-Fab candidates for
gluten detection in food based on the pkktac expression vector and the Escherichia coli RV308
biofactory. The four selected gliadin-binding recombinant antibodies had been previously
isolated by phage display from the semi-immune (Fab8E-4) and the immune (Fab-C, Fab-H,
Fab-E) Fab libraries generated in this doctoral thesis. To enhance the recombinant soluble
expression of Fab, the original isotypes found after library isolation were switched to IgG1. The
recombinant Fab fragments were expressed in the culture supernatant, facilitated by the pelB
secretion signal located upstream the antibody sequence and the weak cell wall of the bacterial
strain used. Western blot analysis of the supernatants confirmed effective Fab expression
(stained protein bands of approximately 50 kDa), prior to the purification process by IMAC
(Immobilized Metal Affinity Chromatography). The recombinant production strategy yielded 6
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to 9 milligrams of antibodies, a high yield for E. coli production using non-continuous cultures
(1.8-liter flasks). This approach presents an economically viable and highly efficient alternative
to conventional antibody production methods, which can be both time-intensive and costly.
Furthermore, recombinant antibodies offer a more uniform and reproducible affinity probe,
allowing the development of standardized methods without the need for experimental animals.
Despite their close phylogenetic relationship, the soluble Fab antibodies did not exhibit any
cross-reactivity with the non-gluten-containing cereals in the indirect ELISA developed. The
sensitivity of the different assays was evaluated by analyzing gliadin-PWG reference material
dilutions. The results showed that FabC exhibited the highest sensitivity (limit of detection
of 28 ng/mL of gliadin, which corresponds to a gluten concentration of 11 mg/kg), followed
by Fab8E-4. Therefore, the indirect ELISA based on Fab-C was further characterized. A gluten
recovery analysis was performed by testing a gluten-free certified rice flour spiked with both solid and
dissolved gliadin-PWG, resulting in adequate recovery values in the range of 75 — 125 %. Moreover,
the analysis of 60 heterologous samples demonstrated that Fab-C exhibited no cross-reactivity
with these matrices, indicating its high specificity for gluten detection. Finally, a wide variety
of commercial food products (50 samples) were analyzed with the developed indirect Fab-C
ELISA and the R5-based sandwich ELISA. Most of the samples yielded similar result with
both methods and showed good agreement with product labeling following the guidelines
of European legislation. However, three products tested positive by the R5 reference method
but negative by the Fab-C assay. It is hypothesized that this result could be attributed to the
absence of cross-reactivity of Fab-C with oats, since this product declared to contain this cereal
as the main ingredient. It has been reported that certain oat cultivars produce cross-reactivity
when analyzed with other detection antibodies like R5, reporting up to 100 mg/kg of gluten for

some oats cultivars (Benoit et al., 2017).

Chapter 4.4 describes the development of a sandwich ELISA methodology for gluten detection in
foods based on the four recombinant Fab antibodies against gliadin previously isolated by phage
display. Fab molecules underwent chemical biotinylation for immobilization on streptavidin-
coated plates, serving as capture antibodies. Simultaneously, alkaline phosphatase-streptavidin
was used to obtain conjugated Fab which could be used as detection probes. Although the
implementation of this direct approach presented several advantages such as avoiding the
need for secondary antibodies, a signal loss was observed in ELISA results. This fact was mainly
attributed to the chemical biotinylation procedure which enabled the conjugation of biotin
molecules to all available amino groups, (N-terminal and lysine residues). This could have led
to significant alterations in the conformation of the Fabs, resulting in the observed reduced
affinity for the target. From these experiments, it was concluded that the Fab-pair with the best
compatibility in a sandwich ELISA format was Fab8E-4 as the capture probe and Fab-C for the
detection reaction. Besides, it was demonstrated that in this case, the use of the same Fab in

both positions (as capture and detection antibody) generated low absorbance values, probably
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due to the competition for the same epitopes of gliadin. Subsequently, the unmodified Fab8E-4
(capture probe) and Fab-C (detection probe) were used to develop a sandwich immunoassay
capable of detecting 26 ng/mL of gliadin, which corresponds to a limit of detection of 10 mg/kg
of gluten in foods. A total of 60 different gluten-free species commonly used in the food industry
were assayed with the developed ELISA showing no cross-reactivity. Finally, the analysis of 50
commercial products showed consistence with the results obtained with the standard method
for gluten detection. Moreover, the developed immunoassay exhibited no cross-reactivity with
oat products, which could be a potential advantage over other available detection systems
that cross-react with this cereal. Compared to the results of the previously developed indirect
Fab-C ELISA, this sandwich assay requires an additional step, which increases the time of the
analysis. However, the sandwich immunoassay showed a slightly higher sensitivity, which could
be attributed to the increased affinity due to the existence of two paratope-epitope interactions.
In addition, this ELISA methodology yielded better results in the recovery analysis, obtaining an
excellent recovery range close to 100 % (95 - 105 %), affirming the accuracy and reliability of the

developed method.

Chapter 4.5 presents the development of a rapid methodology to characterize the obtained
recombinant antibody libraries (semi-immune and immune Fab libraries) by high-throughput
nanopore sequencing. The use of Oxford Nanopore technology streamlines sequencing
with portable equipment, yielding significantly longer reads that enable sequencing of the
complete Fab without the need for assembly from fragmented data. Besides, since the phage
populations recovered after each biopanning round were labeled with different barcodes, this
method also allowed an in-depth understanding of the affinity selection process, capturing
information often overlooked by traditional Sanger sequencing of individual colonies due
to data size constraints. Comparison of the changes in library composition in the different
antibody chains over the consecutive rounds of biopanning provided an overall picture of
the performance of the gliadin-guided selection procedure. A total of 4.68 million of reads
were collected in a FAST5 format. Through the primary analysis workflow, the reads were
transformed into demultiplexed and trimmered FASTQ sequences grouped by barcode (0.5
million sequences per barcode). The primary analysis streamlined the raw data, encompassing
steps like neural network-based basecalling, demultiplexing, quality assessment, low-
quality sequence trimming, and reference genome alignment. After completing acquiring a
set of adequate sequences in terms of quality and length (sequences with 4-6 kb in length
and phred-scores greater than 15), secondary analysis was performed with high-quality
sequences to study the antibody composition of the constructed libraries. Throughout the
panning process of the immune library against gliadin, a pattern of selection was detected,
since the VH3-15 variants expanded significantly within the Fab population after round 2.
Although statistically significant changes in light chain composition occurred, light chains

appeared to play a minimal role in the selection process. In contrast, the analysis of the semi-
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immune library revealed that the conservation and expansion of certain features observed
in the transformation of a pre-existing dAb into a Fab were not influenced by molecular
selection. Suggesting that other factors, such as structural characteristics or stability, may
have contributed to their preservation and amplification. Another crucial aspect under
investigation was the identification of specific features associated with the celiac response
within the immune library. analysis of the VH3-15 variants selected during panning shed
light on specific immunological characteristics of the Fab. The lower mutation rate in the
VH segment suggested that the generated Fab originated from plasma cells activated by
extrafollicular T-cell dependent stimulation. This finding indicated the presence of crucial

attributes found in individuals with celiac disease in the Fab derived from the immune library.

In summary, the methodology described in the present doctoral thesis for generating
Fab (construction of celiac-derived Fab libraries for phage display selection) allowed the
transference of some features from the humoral response of celiac patients to the obtained
probes instead of the classical approach of using polyclonal or monoclonal antibodies,
generated by a forced immune response of experimentation animals. This feature could be
important, as the recombinant probes produced are prone to recognize those epitopes that
may be harmful to gluten-sensitive patients. Despite the existence of other antibody-based
tests in the market with lower LOD for gluten detection, the Fab developed in this doctoral thesis
exhibit interesting attributes that warrant further exploration and advancement. Notably, both
Fab-C and Fab8E-4 complied with the legal standards of detection, having a single interaction
with the antigen, in contrast to monoclonal antibodies that typically require two interactions
(which can be increased to four in a sandwich ELISA format). This distinctive feature of the Fab
molecules results in highly efficient binding to gliadin, emphasizing their potential as valuable
candidates for gluten detection. Another noteworthy aspect in the developed immunoassays
is the complete absence of cross-reactivity with oats. The cross-reaction of the R5 monoclonal
antibody has been attributed to the substantial similarity between certain peptides present
in avenins (gluten-like proteins in oats) and gluten peptides (Hardy et al., 2015). The absence
of this inadvertent detection in oat-derived products labeled as gluten-free may highlight the
efficacy of Fab-C and Fab8E-4, making them valuable tools for assessing gluten content in these

oats-based products.

25






1. INTRODUCCION






29

1. INTRODUCCION

11 CARACTERISTICAS DEL GLUTEN

Gluten es el término general que define al conjunto de proteinas solubles en etanol que se
encuentran en diferentes endospermos de cereales como el trigo, cebada, centeno, espelta y
kamut (Fasano & Catassi, 2012). La definicidén aportada por el Codex Alimentarius seiala, ademas,
gue se compone de proteinas insolubles en agua y disoluciones 0,5 M de cloruro sddico (Codex
Alimentarius, 2008). Debido a estas caracteristicas, el gluten es digerido lentamente y presenta
una elevada permanencia en el intestino.

En 1924, Osborne desarrolléd un método, que todavia se sigue utilizando, de clasificacion de las
proteinas vegetales mediante su extraccion con diferentes disolventes. Segun este método, las
proteinas de trigo se pueden dividir segun su solubilidad en las siguientes fracciones (Tabla 1):
globulinas (solubles en soluciones salinas diluidas), albuminas (solubles en agua), prolaminas

(solubles en etanol) y glutelinas (solubles en 4cido acético) (Goesaert et al., 2005).

Tabla 1. Fracciones proteicas de cereales.

Fraccion Trigo Centeno Cebada Avena Maiz
Globulinas Edestina
Albuminas Leucosina

Prolaminas Gliadina Secalina Hordeina Avenina Zeina
Gluten

Glutelinas Glutelina Secalinina Hordeinina Avenina Zeinina

Fuente: Martin et al. (2010).
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Tradicionalmente, las proteinas de gluten se han dividido en dos fracciones segun su solubilidad
en soluciones hidroalcohdlicas. Las proteinas solubles en disoluciones hidroalcohdlicas
(habitualmente 60-70 % de etanol) se denominan gliadinas y las insolubles, glutelinas. Estas
fracciones contienen proteinas estructuralmente relacionadas, con diferente solubilidad,
derivada de la presencia de mondmeros que se encuentran unidos por fuerzas no covalentes
(gliadinas) o puentes disulfuro intercatenarios (glutelinas). Las glutelinas se vuelven solubles
en disoluciones hidroalcohdlicas mediante reacciones de reduccion (Shewry et al., 2003). Las
glutelinas son muy heterogéneas y se pueden separar mediante técnicas electroforéticas en
doce fracciones segun su peso molecular (Cebolla et al., 2018). Las subunidades de glutelina
se correlacionan con la calidad de los alimentos horneados (Shewry et al., 2003). Las gliadinas
son polipéptidos monocatenarios y se clasifican por su movilidad electroforética a pH bajo en

cuatro grupos: a, B, y, w-gliadinas (Wieser, 2007).

Las proteinas del gluten contienen muchos dominios repetitivos compuestos de secuencias
homoélogas de 6 a 8 aminoacidos, ricas en prolina (P) y glutamina (Q) (Shewry, 2019).
Concretamente, en la estructura de la a-gliadina se encuentra un dominio central que contiene
penta (PQQPY) y heptapétidos (PQPQPFP), que forman un caracteristico péptido inmunogénico
de 33 aminodcidos (33-mer), compuesto por seis epitopos que se superponen entre si, y son
importantes en la enfermedad celiaca (Ozuna et al., 2015). Sin embargo, este péptido no
aparece en todas las variedades de trigo (Schalk et al., 2017). Varios fragmentos de gliadinas
y glutelinas estdn asociados con enfermedades como, por ejemplo, las y-gliadinas con Ia
enfermedad celiaca (Balakireva & Zamyatnin, 2016), mientras que las a/B, y, w5, w1,2-gliadinas
y las subunidades de alto y bajo peso molecular de glutelina estan implicadas en alergias al
gluten (Matsuo et al., 2015).

1.2 PATOLOGIAS RELACIONADAS CON EL GLUTEN

Se han descrito varias enfermedades relacionadas con la exposicion al gluten en personas
sensibilizadas (Figura 1), que se pueden clasificar en tres grupos: alergias, enfermedades

autoinmunes e intolerancia al gluten no celiaca (Caio et al., 2019).

1.2.1 Patologias de etiologia alérgica

Las alergias relacionadas con el gluten también son conocidas como alergia al trigo, y presentan
una prevalencia del 0,1 % en la poblacion general (Sapone et al., 2012). Se desarrollan mediante
un mecanismo patolégico bien conocido con dos etapas: la fase de sensibilizacién y la fase

efectora.
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Figura 1. Clasificacion de las diferentes patologias relacionadas con el gluten segin su etiologia. *WDEIA:
Wheat-Dependent Exercise-Induced Anaphylaxis, anafilaxia inducida por el ejercicio dependiente de trigo. Fuen-
te: elaboracién propia

Autoinmunidad

Dermatitis herpetiforme

En la fase de sensibilizacion, las células dendriticas mucosales capturan, procesan y transportan
los alérgenos a los ganglios linfaticos mas cercanos, para promover la generacion de células Th2
especificas, en un proceso regulado parcialmente por la interleuquina 4 (IL-4). La expansion clonal
y la activacion de las células Th2 especificas que producen IL-4 e IL-13 favorecen el cambio de
clase en los anticuerpos de IgM a IgE en las células B. Los anticuerpos IgE especificos de alérgenos
se unen a la superficie de las células efectoras (mastocitos y basdfilos) a través del receptor de
alta afinidad FceRI de las IgE, lo que lleva a la sensibilizacion del paciente. También se genera
en esta fase una reserva de memoria de células Th2 y células B especificas de alérgenos. Los
basoéfilos y las células NKT (Natural killer T) también podrian representar una fuente temprana de
IL-4 (Palomares et al., 2017).

En la fase efectora, las nuevas exposiciones de los pacientes sensibilizados al alérgeno provocan
su union a las IgE ancladas a basofilos y mastocitos, lo que conduce a la liberacién de mediadores
proinflamatorios como la histamina, proteasas, prostaglandinas, leucotrienos y citoquinas
responsables de los sintomas de la inflamacién aguda. La acumulacion de estos mediadores y la
activacion de células Th2 especificas, en cooperacion con las células linfoides innatas de tipo 2
(Annunziatoetal., 2015), la eosinofiliay el reclutamiento de células con capacidad proinflamatoria,
asi como la produccion de moco, y el dafo tisular es lo que produce las manifestaciones clinicas
mas graves y la inflamacidn cronica. Las células NKT, Thl y/o Th17 también podrian contribuir a

la infiltracion de neutrdfilos y al dafio tisular (Akdis et al., 2012).
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La alergia mediada por IgE incluye una serie de patologias clasificadas en funcidn de la localizacién
anatémica de sus sintomas: (a) alergia respiratoria, también conocida como el asma del panadero
con sintomatologia bronquial (Al Badri et al., 2020); (b) alergia alimentaria, con manifestacién
digestiva (Sharma et al., 2020); (c) anafilaxia inducida por el ejercicio dependiente de trigo (WDEIA,
Wheat-Dependant Exercise-Induced Anaphylaxis), desencadenada por situaciones de estrés (Al

Badri et al., 2020) y (d) urticaria de contacto, con sintomatologia dérmica (Sapone et al., 2012).

El trigo puede causar otro tipo de alergia que no estd mediada por IgE. En esta patologia se
produce una respuesta Th2 exacerbada, con procesos inflamatorios que suelen ser érgano-
especificos como la esofagitis, gastritis, gastroenteritis y colitis, todas ellas con un pronunciado

componente eosinofilico (Cianferoni, 2016).

1.2.2 Patologias de etiologia autoinmune

El segundo grupo de enfermedades relacionadas con el gluten son las patologias autoinmunes.
La principal patologia de este grupo es la enfermedad celiaca, y tiene una prevalencia del 1 % en

la poblacion general (Sapone et al., 2012).

Aunque muchos mecanismos moleculares que producen el dafio intestinal en la enfermedad celiaca
son bien conocidos, todavia quedan otros por esclarecer. La ingestién de gluten por personas
sensibilizadas da lugar a la digestidn parcial de la gliadina, que interacciona con el receptor CXC3
(receptor de quimioquinas 3) que estimula la liberaciéon de zonulina (Gao et al., 2020), produciéndose
un incremento de la permeabilidad intestinal que facilita la translocacion de péptidos de gliadina
del lumen a la lamina propia, estimulandose la secrecién de mediadores de la inmunidad innata
(IL-15 e IL-18), asociada a un reclutamiento neutrofilico (Hollon et al., 2015). El debilitamiento de
la barrera intestinal facilita el reclutamiento del complejo del receptor de tipo toll (TLR) 4-M2-CD14
por inhibidores de tripsina y a-amilasa, estimulando la liberacion de citoquinas proinflamatorias
(Kim et al., 2015). Debido a la apoptosis de células intestinales mediada por la inmunidad innata,
se produce la liberacién de transglutaminasa tisular intracelular (tTG), que provoca la desaminacién
parcial de los péptidos de gliadina (Caio et al., 2019). Dichos péptidos desaminados son presentados
a través del haplotipo DQ2/8 del Complejo Mayor de Histocompatibilidad (CMH) a los linfocitos
T ayudantes que, a su vez, estimulan la activacién, diferenciacion y expansién de los linfocitos
B productores de anticuerpos IgM, IgG e IgA dirigidos frente a la tTG (Stamnaes & Sollid, 2015).
Ademas, los linfocitos T activados producen citoquinas proinflamatorias como el factor de necrosis
tumoral o el interferon-gamma (Pagliari et al., 2015). La enteropatia se inicia debido a esta respuesta
humoral sumada a la actividad de los linfocitos T citotdxicos. Los enterocitos dafados expresan
fuertemente el transportador CD71 que estimula la retrotranscitosis (Schumann et al., 2008). Se
induce, a continuacién, un incremento de la permeabilidad intestinal generando un ambiente
proinflamatorio y estimulante del desarrollo celular, que da como resultado la aparicidn de criptas

hiperplasicas que afectan a la absorcién de nutrientes (Caio et al., 2019).
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Existen otras enfermedades autoinmunes diferentes a la enfermedad celiaca y relacionadas con
la ingestion de gluten. La ataxia por gluten es una enfermedad neuroldgica caracterizada por
una pérdida irregular de células de Purkinje en todo el cdrtex cerebeloso, debido a la aparicién
de autoanticuerpos frente a estas células que pueden reconocer y reaccionar de forma cruzada
con péptidos de gliadina en la circulacidn intestinal y, a través de un proceso de propagacion de
epitopos, generar anticuerpos antigliadina (Hadjivassiliou et al., 2008). También se han descrito
patologias dermatoldgicas, como la dermatitis herpetiforme causada por la respuesta mediada por
autoanticuerpos dirigidos frente alatTG2 al igual que en la enfermedad celiaca (Salmi, 2019). Aunque
esta Ultima es la mds comun, también se han descrito otras patologias dérmicas relacionadas con
el gluten como la psoriasis, pustulosis palmoplantar, estomatitis, vitiligo, angioedema hereditario,

urticaria, vasculitis, dermatosis, dermatitis atdpica, y alopecia (Muddasani et al., 2021).

1.2.3 Otras patologias

La intolerancia al gluten no alérgica y no celiaca es el tercer grupo de enfermedades relacionadas
con el gluten. La prevalencia estd estimada en un 7 % en la poblacidon general (Sapone et al.,
2012). Los mecanismos patoldgicos son desconocidos pero la inmunidad innata juega un papel
muy importante (Volta et al., 2019). Los signos y sintomas son muy similares a otras patologias
relacionadas con el gluten, la enfermedad de Crohn o el sindrome de intestino irritable. El haplotipo
DQ2/8 y la expresion de IgG e IgA antigliadina estan presentes solo en la mitad de los pacientes,
y se observa un menor dafio intestinal que en la enfermedad celiaca (Roszkowska et al., 2019).
Ademads de las fracciones del gluten, se han descrito otros componentes alimentarios que estan
relacionados con el desencadenamiento de esta patologia, como son los inhibidores de amilasa y
tripsina que son un tipo de albimina presente en cereales y otras plantas, con una gran resistencia
a la accidn de las enzimas digestivas y con una alta permanencia en el intestino, que pueden activar
receptores TLR, desencadenando respuestas inflamatorias (Biesiekierski, 2017). Debido a la falta
de biomarcadores y criterios diagndsticos claros, esta patologia se solia diagnosticar cuando se
descartaban las anteriores. Actualmente se recomienda no seguir este criterio, sino llevar a cabo
una exhaustiva observacion de la aparicion o desaparicién de sintomas tras la eliminacion del gluten

en la dieta del paciente, seguida por una reintroduccion paulatina del mismo (Catassi et al., 2015).

Algunos autores sugieren que el consumo de ciertas sustancias fermentables en el intestino como
mono, di, oligosacaridos y polioles podria exacerbar los sintomas de la enfermedad celiaca y de

la intolerancia no celiaca (Priyanka et al., 2018).

1.2.4 Tratamiento farmacoldgico

El desarrollo de un tratamiento farmacoldgico para las patologias relacionadas con el gluten ha
sido un objetivo prioritario para grupos de investigacidn y el sector industrial. Una via consiste en
el uso de enzimas con capacidad hidrolitica del gluten, para eliminar su presencia en el intestino,

de manera andloga al uso de lactasas en la intolerancia a la lactosa (Tack et al., 2013).
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Otra estrategia trataria de prevenir la absorcién intestinal de péptidos relacionados con estas
patologias, mediante la utilizacidon de un polimero no absorbible, con capacidad de unirse al
gluten, evitando asi su degradacién y la aparicidon de péptidos inmunogénicos (McCarville et
al., 2014). De forma andloga, en lugar de un polimero sintético, se pueden emplear anticuerpos
aviares (lgY) con alta afinidad por el gluten, que han demostrado la capacidad de interrumpir
su absorcion en el tracto intestinal de animales de experimentacidn (Gujral et al., 2015). Otra
propuesta consistiria en el uso de antagonistas de la zonulina, un modulador de las uniones
celulares entre enterocitos, que evitaria la permeabilidad intestinal inducida por la gliadina
(Leffler et al., 2015).

La catalisis de la desaminacidn de péptidos del gluten por parte de enzimas tTG2 endégenas es
central en la patologia celiaca. Por este motivo se han desarrollado inhibidores de estas enzimas,

aungue aun no hay ensayos clinicos para su utilizacién terapéutica (Rauhavirta et al., 2013).

Una estrategia completamente diferente consistiria en la aplicacién de inhibidores de la
catepsina S, una cistein-proteasa que puede tener un importante papel en la degradacién de
antigenos a péptidos procesados para su presentacion unidos al complejo CMH de clase |l
(Kurada et al., 2016).

En diversos estudios se ha demostrado que las patologias relacionadas con el gluten provocan
cambios en la microbiota intestinal que favorecen la colonizacidn de patdgenos, por lo que se ha
propuesto la utilizacién de antibiéticos (Chang et al., 2011) y probidticos (Smecuol et al., 2013)

para reestablecer un equilibrio saludable en la composicidn de la microbiota intestinal.

Se han propuesto también otros abordajes, como la infeccién con helmintos intestinales (debido al
efecto inmunomodulador que provocan) o nanoparticulas unidas a gliadina. Otras aproximaciones
mas tradicionales incluyen la suplementacion con enzimas pancredticas o terapias antiinflamatorias
basadas en aminosalicilatos, corticoides, andlogos de nucleésidos o inhibidores de calcineurina.
También se han aplicado trasplantes autélogos de células madre para regenerar el intestino dainado.

Finalmente, también se ha planteado el uso de interleuquinas recombinantes (IL- 10), anticuerpos
monoclonales inhibidores de IL-15 y bloqueantes del receptor de quimioquinas CXC282-B (Kurada
et al., 2016). Existen estudios basados en la utilizaciéon de anticuerpos monoclonales como el
alemtuzumab y el infliximab para el tratamiento de la inflamacién intestinal causada por el gluten
(Verbeek et al., 2006).

1.2.5 Tratamiento dietético

A pesar de todos los intentos efectuados para desarrollar un tratamiento para estas patologias,
la mejor alternativa para frenar los sintomas sigue siendo que las personas sensibilizadas

frente al gluten lleven una dieta libre de este compuesto. Ademas de la sintomatologia tipica
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de estas enfermedades, cuando estos pacientes se exponen al gluten se puede producir un
agravamiento de la patologia, acompafiada de malnutricién o de un aumento de la posibilidad
de padecer adenocarcinoma, melanoma, neoplasias esofagicas o linfoma no- Hodking (Aljada
et al.,, 2021). El aumento de la incidencia de estas patologias ha impulsado a la industria
alimentaria a comercializar una mayor cantidad de productos sin gluten. En los Estados Unidos,
este mercado supuso un beneficio de 15.500 millones de ddlares en el aiio 2016, mas del doble
que 5 afos antes (Niland & Cash, 2018).

Una dieta sin gluten no solo inhibe los sintomas de estas patologias, si no que en la enfermedad
celiaca se ha demostrado que permite la regeneracién de los dafios histoldgicos. Los nifios que
llevan una dieta estricta sin gluten son capaces de regenerar en solo dos afios el tejido intestinal
dafiado (Wahab et al., 2002). Esta capacidad de recuperacién va disminuyendo con la edad. En
adultos, solo un tercio de los pacientes regeneran el tejido dafiado en dos afos, aunque a los 5
afios, dos tercios presentan una recuperacién de la mucosa intestinal (Rubio- Tapia et al., 2010).
Sin embargo, esta recuperacién no se observa en personas a partir de los 60 afios con una dieta
sin gluten (Tursi et al., 2006).

La regeneracidén tisular inducida por una dieta libre de gluten también se ha observado en
pacientes sensibles, pero no celiacos (Tursi & Brandimarte, 2003). El empleo generalizado del
gluten en la industria alimentaria debido a sus propiedades funcionales, agrega complejidad a
este desafio (Day et al., 2006).

En los ultimos afios, se ha constatado que muchas personas no consumen productos con
gluten siguiendo modas dietéticas. Diversos estudios han demostrado que seguir este tipo
de restricciones dietéticas puede causar problemas de salud, ya que la mayoria de productos
preparados sin gluten no se pueden comparar con sus analogos con gluten en caracteristicas
nutricionales (Demirkesen & Ozkaya, 2022). Ademas, es habitual que las personas que siguen
una dieta sin gluten sin supervision médica presenten un elevado consumo de grasas saturadas y
carbohidratos, lo que puede conllevar un déficit de acidos grasos esenciales, fibra, folatos, hierro,

niacina, riboflavina y tiamina (Thompson et al., 2005).

1.3 MARCO LEGISLATIVO INTERNACIONAL SOBRE EL CONTENIDO
EN GLUTEN DE LOS ALIMENTOS

A diferencia de otros alérgenos, y siguiendo las recomendaciones incluidas en la norma del Codex
Alimentarius 118-1979 (Codex Alimentarius, 2008), existe una amplia legislacion internacional

sobre la presencia de gluten en los alimentos.

En la Unidon Europea, el Reglamento de Ejecucion (UE) N2 828/2014 de la Comisidn del 30 de julio

sobre los requisitos para la informacién al consumidor sobre la ausencia o reduccién de gluten
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en los alimentos (Diario Oficial de la Unién Europea, 2014) establece que “la declaracidn «sin
gluten» solamente podra utilizarse cuando los alimentos, tal como se venden al consumidor final,
no contengan mas de 20 mg/kg de gluten” y, “la declaraciéon «muy bajo en gluten» solamente
podra utilizarse cuando alimentos que consistan en trigo, centeno, cebada, avena o sus variedades
hibridas, o que contengan uno o mas ingredientes hechos a partir de estos cereales, que se hayan
procesado especificamente para reducir su contenido de gluten, no contengan mas de 100 mg/kg

de gluten en el alimento tal como se vende al consumidor final”.

La Administracién de Alimentos y Medicamentos de los Estados Unidos (FDA) ha definido
el término “sin gluten” para su uso voluntario en alimentos que carecen de gluten. Cualquier
presencia de gluten en los alimentos etiquetados como sin gluten debe ser inferior a 20 mg/kg,

segun el Food Allergen Labeling and Consumer Protection Act (FALCPA, 2004).

En Canad3, las autoridades sanitarias consideran que los alimentos sin gluten son aquellos que
contienen niveles de gluten que no exceden los 20 mg/kg como resultado de una contaminacion
cruzada. Con respecto a la avena se permite el uso del etiquetado “sin gluten” para la avena
certificada sin gluten (Scherf & Poms, 2016).

La legislacion actual de Australia y Nueva Zelanda es la mas estricta. El Codigo de Normas
Alimentarias de Australia y Nueva Zelanda, establece que para que un alimento se etiquete como
“sin gluten”, no debe contener: gluten detectable; avena o sus productos derivados; cereales
que contengan gluten que puedan haber sido malteados, o sus productos derivados. Para la
afirmacion “gluten no detectable”, el limite se establecié en 3 mg/kg (Australia and New Zealand
Food Standards Code, 2018).

En México, las érdenes ejecutivas NOM-247-SSA1-2008 (Diario Oficial de la Federacién, 2008) y
NOM-051-SCFI/SSA1-2010 (Diario Oficial de la Federacion, 2020) establecen que los alimentos
que contengan granos de trigo, cebada, centeno o derivados deben etiquetarse con la mencién
“este producto contiene gluten”.

En Argentina, existe una legislacion especifica para la enfermedad celiaca que declara esta
patologia como enfermedad de interés nacional, regulando no solo cuestiones de seguridad
alimentaria sino también aspectos sociales. Esta norma establecié un limite de 10 mg/kg de
gluten para que un producto se etiquete como “sin gluten”, incluyendo un logotipo especifico.

En Brasil, la Ley Federal 10674/2003, establecié que todos los alimentos deben incluir en su
etiqueta y envase la indicacion “contiene gluten” o “no contiene gluten”. La legislacion brasilefia
fijé el limite de 20 mg/kg del Codex Alimentarius para los alimentos que no lo contienen (Diario
Oficial de la Unidn, 2003).
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En China, la Ley de Alimentos GB/T23779 de 2009 de la Administracidon General de Supervision de
Calidad, Inspeccion y Cuarentena (AQSIQ), establece un limite maximo de 20 mg/kg para poder
utilizar la mencidn “sin gluten” en el etiquetado. Sin embargo, esta regulacidn no se aplica en

alimentos destinados a la importacién.

En la ley japonesa, se establece que cualquier alimento que contenga proteinas alergénicas
superiores a 10 mg/kg debe ser etiquetado con la mencién “contiene alérgenos” (Akiyama et al.,
2011).

El Reglamento (CE) N2 852/2004 (Diario Oficial de la Unidn Europea, 2004), relativo a la
higiene de los productos alimenticios, establece que en la gestidn de la inocuidad de los
alimentos producidos por las empresas alimentarias, deben aplicarse los sistemas de
autocontrol basados en los principios del Analisis de Peligros y Puntos Criticos de Control
(APPCC). Durante el andlisis de peligros se puede incluir como peligro quimico, y aplicable a
todas las etapas de la elaboracion de un producto, la contaminacidn cruzada por presencia
de ingredientes alergénicos, como el gluten, con una gravedad calificada normalmente como
media (Comunidad de Madrid, 2013).

Para garantizar que aquellos alimentos etiquetados como “sin gluten” cumplen con el limite
legislativo de 20 mg/kg, los fabricantes deberan tener presente un cédigo de Buenas Practicas de
Fabricacién que implique utilizar equipos especificos para la fabricacion de estos productos “sin
gluten”, o proceder a la limpieza exhaustiva de los equipos previo a su uso. En caso de compartir
en la misma linea de produccién la elaboracidn de productos sin gluten con otros, es conveniente
proceder a la elaboracién de estos en primer lugar, para evitar contaminaciones cruzadas con

harinas o materias primas que contengan gluten.

Se deben evitar las corrientes de aire dentro de la zona de fabricaciéon y envasado, y se procederd
a homologar a los proveedores. Asimismo, se recomienda no utilizar harinas de trigo, cebada,
centeno, avena o similares. Por ultimo, los productos finales se mantendran totalmente separados

de cualquier otro producto que pueda suponer una fuente de contaminacion (CECAM, 2004).

Ademas, la Asociacion de Sociedades de Celiacos de Europa permite el uso del logo de Ila
Marca Registrada “Espiga Barrada” a aquellas empresas que superen el proceso de certificacion
gestionado por las asociaciones nacionales de celiacos FACE (Federacidn de Alérgicos y Celiacos de
Espafia) en Espaiia. La certificacidn se basa en el analisis de los niveles de gluten de productos tal
y como se venden al consumidor, realizados por laboratorios certificados por la Entidad Nacional
de Acreditacién (ENAC) o instituciones europeas equivalentes, para las normas 17025:2005 y
17065:2005 (UNE-EN ISO/IEC) y, un control anual del sistema de APPCC de la empresa candidata
por parte de FACE (FACE, 2023).
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14 METODOLOGIAS ANALITICAS PARA LA DETECCION DE
GLUTEN EN ALIMENTOS

En los ultimos afios, los requerimientos legislativos, y la creciente concienciacion del consumidor
sobre la seguridad alimentaria han alentado a la industria alimentaria y a los grupos de
investigacion a desarrollar métodos mas precisos para garantizar la trazabilidad de componentes
potencialmente dafinos como el gluten. En la actualidad, los métodos de deteccién de gluten
son ampliamente utilizados en la industria alimentaria y, se pueden clasificar en dos grupos

principales, dependiendo de las biomoléculas detectadas: proteinas o ADN.

Los métodos basados en la deteccién de proteinas se pueden dividir en técnicas inmunoldégicas
y no inmunoldgicas. Las técnicas inmunoldgicas se basan en la interaccidn de alta afinidad entre

anticuerpos y antigenos, lo que ha llevado al desarrollo de diferentes aplicaciones:

e ELISA (Enzyme-Linked Immunosorbent Assay): se trata de un método rdpido,
econdémico, versatil y robusto. La tecnologia ELISA presenta una alta sensibilidad y
deteccidn éptica. Sin embargo, dependiendo de los anticuerpos empleados, existe
la posibilidad de falsos negativos debido a la desnaturalizacién de las proteinas, y
de falsos positivos debido a reacciones cruzadas con proteinas similares a la diana a
detectar (Panda & Garber, 2019a).

e Ensayos inmunocromatograficos: su interpretacion de resultados es visual y simple,
siendo muy faciles de usar por parte del operador final. Su principal debilidad es que no

son cuantitativos (Ferre-Lopez et al., 2004).

e Western blot: es un método muy especifico y sensible, con fortalezas adicionales
al aportar valores confirmatorios (pesos moleculares) y una deteccién eficiente de
proteinas insolubles. Sin embargo, es un método que requiere mas tiempo y debe ser
realizado por personal cualificado (Panda & Garber, 2019b).

Los métodos no inmunoldgicos también se basan en la deteccién de proteinas, pero utilizando
un mecanismo analitico completamente diferente al de la deteccién inmunolégica. Este grupo

abarca:

e Métodos cromatogrédficos: se basan en la separacion y deteccidon de péptidos vy
proteinas con una sensibilidad muy alta. El principal inconveniente es que requieren

instrumentacién compleja y costosa (Li et al., 2019).

e Espectrometria de masas: es un método rapido, reproducible y muy preciso, que permite
la deteccion de péptidos especificos. Sin embargo, no es un método cuantitativo y

precisa también de instrumentacién compleja y costosa (Boukid et al., 2019).
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El segundo grupo de métodos de deteccidn de gluten se basa en la amplificacién y deteccién de
ADN mediante la reaccion en cadena de la polimerasa (PCR). Esta técnica es altamente sensible
(5-50 pg de ADN) y puede llevar a la identificacidn de especies vegetales que contengan gluten.
Los métodos de PCR en tiempo real también se pueden utilizar para la deteccién cuantitativa
(Garcia- Garcia et al., 2019; Martin-Fernandez et al., 2015; Martin-Fernandez et al., 2016). Sin
embargo, los métodos de PCR son indirectos al no permitir una deteccién de componentes de las

proteinas del gluten, sino del ADN que lo codifica.

1.5 METODOS PARA EL DESARROLLO DE ANTICUERPOS FRENTE
AL GLUTEN

1.5.1 Estructura y generacion de anticuerpos

Los anticuerpos son moléculas secretadas por los linfocitos B con la capacidad de unirse a antigenos
especificos, y también presentan algunas funciones de sefializacion celular. La capacidad de estas
moléculas para neutralizar antigenos deriva de su extraordinaria diversidad, de forma que el

cuerpo humano es capaz de producir hasta 108 anticuerpos distintos (Joyce et al., 2020).

Los anticuerpos son proteinas formadas por cuatro cadenas unidas por puentes disulfuro. Dos
cadenas presentan menor tamanio, por lo que se denominan cadenas ligeras y las otras, de mayor
tamafio, cadenas pesadas. Las cadenas pesadas tienen cinco isotipos principales (IgM, IgD, IgG, IgE,
IgA), con cuatro subisotipos para la IgG (IgG1, IgG2, IgG3 e IgG4) y dos para la IgA (IgAl e IgA2). Cada
cadena pesada puede presentar cuatro dominios (IgD, 1gG e IgA) o cinco (IgM e IgE). Las cadenas

ligeras tienen dos dominios y se dividen en dos tipos (kappa y lambda) (Barbas, 2001).

Los genes estructurales (genes VDJ) que codifican los anticuerpos humanos se encuentran en
tres cromosomas diferentes: el 2 para las cadenas kappa, el 22 para las cadenas lambda y el 14
para la cadena pesada. Se han encontrado 50 secuencias germinales para la VH (regién variable
de la cadena pesada) agrupadas en 7 familias, 40 para la Vk (region variable de la cadena
kappa) agrupadas en 6 familias, y 30 para la VA (cadena lambda) agrupadas en 10 familias. Los
tres genes D se encuentran exclusivamente en el locus de la cadena pesada. Se han descrito 7
genes J para el locus de la cadena pesada, 9 para el locus lambda y 6 para el locus kappa.

Al digerir un anticuerpo con enzimas como la papaina, se obtienen dos fragmentos: el fragmento
de unidn al antigeno (Fab) y el fragmento cristalizable (Fc). El Fab estd compuesto por 2 dominios
variables (uno de la cadena pesada, VH y otro de la ligera, Vk o VA) y otros 2 constantes (uno de la
cadena pesada CH1 y otro de la ligera, Ck o CA). En cambio, el Fc esta formado por 4 o 6 dominios

constantes de la cadena pesada.

Mediante ingenieria genética se han desarrollado muchas moléculas de fragmentos de anticuerpos

gue no se encuentran en la naturaleza y que permiten su aplicacion en diferentes campos de la
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biomedicina. Los Fab se pueden producir sin estar unidos al Fc (Frenzel et al., 2013). Los anticuerpos
de fragmento variable de cadena Unica (scFv) son estructuras artificiales compuestas de las
regiones variables de las cadenas ligeras y pesadas, unidas por un enlace flexible. Los camellos
son mamiferos capaces de producir un tipo diferente de anticuerpo que carece de la cadena
ligera (también conocido como anticuerpos de cadena pesada) que presentan una cadena pesada
compuesta por una regién de dominio Unico variable (VHH) y dos dominios constantes. Basandose
en esta estructura, se desarrollé un nuevo tipo de fragmento recombinante que consiste solo en el
dominio VHH (Figura 2) (Muyldermans, 2013). Algunos peces cartilaginosos, como los tiburones,
también presentan anticuerpos monocatenarios, cuya parte variable (VNAR, Variable Domain of

New Antigen Receptor) se ha utilizado para el desarrollo de nuevas terapias (Gauhar et al., 2021).

El enorme repertorio de anticuerpos generado por los mamiferos deriva de eventos genéticos

como la recombinacién V(D)J, la hipermutacion somatica y el cambio de clase.

Larecombinacién V(D)) comienzacuandouncomplejode dosenzimasrecombinasas (RAG1-RAG2),
unién metdlico divalentey las proteinas de alta movilidad (HMGB1) se unen a una Unica secuencia
sefial de recombinacién (RSS) para formar un complejo de 12 o 23 nucleétidos. Posteriormente,
se captura otra secuencia RSS formando un complejo emparejado. A continuacion, el ADN se
corta generando una horquilla donde los genes codificantes y los extremos RSS terminan en un
grupo hidroxilo en 3’ interactuando con un ién magnesio que estabiliza el complejo. La horquilla
se libera, se abre y se une nuevamente mediante la unién de extremos no homdlogos (NHEJ) (Chi
etal., 2020).
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Figura 2. Representacidén esquematica de la estructura de anticuerpos y moléculas derivadas. Ig (Inmunoglobuli-
nas); Fab (fragmento de unidn a antigeno); Fc (fragmento cristalizable); VH (region variable de la cadena pesada);
VL (regidn variable de la cadena ligera); CH (regién constante de la cadena pesada); CL (regién constante de la
cadena ligera); Dab (anticuerpo de dominio Unico); scFv (fragmento de anticuerpo variable de cadena Unica);
VHH (fragmento correspondiente al dominio variable de la cadena pesada de anticuerpo de camélido). Fuente:
elaboracidn propia.
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Se han descrito dos mecanismos para la unién de extremos no homadlogos (NHEJ), que ocurren
principalmente mediante el mecanismo candnico, en el cual la proteina ku70/86 se une a los
extremos escindidos de la doble cadena para evitar su digestidn. A continuacidn, se reclutan y activan
una quinasa de ADN que, a su vez, activa el complejo Artemis, capaz de eliminar los nucleétidos
dafiados o que no se pueden unir. La brecha que se crea es reparada mediante la actividad de las
polimerasas de ADN py A, la ligasa de ADN IV y sus factores coayudantes (Pryor et al., 2015).

Se ha descrito un mecanismo alternativo que inicialmente se pensaba que era un mecanismo de
respaldo de emergencia, pero se ha demostrado que esta activo en células fisiolégicas intactas
(Truong et al., 2013). Este mecanismo alternativo implica la formacién de complejos cataliticos
que conducen a la generacion de extremos de una sola hebra de ADN, que son extendidos por la
polimerasa 6 y unidos nuevamente por el complejo de ligasas de ADN | o Il (Sfeir & Symington,
2015). La recombinacion ocurre de forma deletérea o inversional dependiendo de la posicion
de los genes V y J. Deletérea si se encuentran en la misma hebra e inversional si estan en hebras
opuestas (Chi et al., 2020). Los mecanismos descritos permiten 6300 recombinaciones posibles
dentro de los genes VDJ para la cadena pesada (Alt & Baltimore, 1982). Durante los pasos de
unién de la recombinacién, ocurre otro evento de generacidn de diversidad consistente en la
adicidn de nucledtidos aleatorios (segmentos N) catalizada por una transferasa en las uniones V-D
y V-J (Motea & Berdis, 2010). Tras el proceso de recombinacién V(D)J, las células B experimentan
dos modificaciones genéticas, denominadas hipermutacidon somatica (SHM) y recombinacion de
cambio de clase (CSR). Estas modificaciones ocurren principalmente en el centro germinal con el
objetivo de mejorar la afinidad y modificar las caracteristicas bioldgicas de la inmunoglobulina,
lo que le permite otorgar especificidad hacia el antigeno diana. La SHM, la CSR y la conversidn
génica comienzan con la desaminacion de la citidina catalizada por una enzima expresada
exclusivamente en células B activadas (Muramatsu et al., 2000). La desaminacién provoca la
activacion de mecanismos de reparacion del ADN, como la reparacidon de bases desapareadas
(MMR, MisMatch Repair) (Jiricny, 2013) y la reparacién de bases escindidas (BER, Base Excision
Repair) (Krokan & Bjoras, 2013).

La hipermutacién somdtica (SHM) es el resultado de la reparaciéon del ADN en las posiciones
desaminadas mediante un proceso de reparacién por MMR y BER, ambos propensos a errores
para generar mas diversidad. Esto ocurre debido a la intervencién de polimerasas de baja
fidelidad, como las de la familia n o Y, en un evento de recombinacién caracterizado por la
creacion de rupturas de doble cadena en las regiones de cambio (switch regions o S), una regién
altamente repetitiva ubicada antes de cada gen de la region constante (CH). Este proceso finaliza
mediante la unién de extremos no homodlogos (NHEJ) entre las regiones S donante y aceptora,
lo que conduce a la sustitucién del conjunto expresado de exones CH. La CSR permite que una
regidn variable reordenada y mutada se combine con diferentes estructuras que le proporcionan

funciones efectoras diversas (Matthews et al., 2014).
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1.5.2 Anticuerpos policlonales

A finales del siglo XIX, Von Behring y Kitasato descubrieron que el plasma sanguineo producia
sustancias capaces de neutralizar toxinas como la diftérica o la tetdnica. Unos afios mas tarde,
Erhlich propuso que estas sustancias neutralizantes respondian a las leyes de la quimica y que
las células sanguineas podian producir unas sustancias que denominé “cadenas laterales” que se
unian especificamente a las toxinas (Garcia Merino, 2011). Estos descubrimientos encontraron

rapidamente aplicaciones biomédicas.

Los primeros inmunoensayos para la deteccion de gluten en los alimentos emplearon
anticuerpos policlonales obtenidos del suero de animales inmunizados. Aunque la gran mayoria
de los anticuerpos policlonales se aislan de mamiferos (lagomorfos, roedores, cabras y caballos),
también se han obtenido en embriones de pollo (IgY). Las IgY frente al gluten se han utilizado
no solo como reactivo para inmunoensayos, sino también en la terapia del dafio intestinal de la
enfermedad celiaca (Gujral et al., 2015). Algunos ejemplos de anticuerpos policlonales disponibles
comercialmente, junto con la informacion sobre la forma en que se han obtenido, se muestran
en la Tabla 2.

1.5.3 Anticuerpos monoclonales

En paralelo con la investigacidn de la funcion del sistema inmune, en los afios 40 del siglo XX se
descubrid el origen celular de los anticuerpos y se identificaron las cadenas ligeras y pesadas. Jerne
desarrollé la teoria de que los anticuerpos preexistian en el organismo y que se seleccionaban los
mas adecuados en funcidn del antigeno (Jerne, 1955). Afios después, esta teoria se confirmd y se
amplié por Burnet y Talmage, que propusieron la seleccion clonal de linfocitos B dirigidos frente

a antigenos concretos (Burnet, 1976).

Estas teorias, junto con los avances en el cultivo de células de mamifero, permitieron que en
1975 Kohler y Milstein descubrieran la tecnologia para la generacién de hibridomas secretores
de anticuerpos monoclonales. Su objetivo era estudiar la biologia basica de los linfocitos B, cuyo
cultivo in vitro era muy complejo. Para ello, fusionaron los linfocitos B a células de mieloma y
cultivaron estas fusiones en un medio con timidina e hipoxantina, que solo permite el crecimiento
de las fusiones buscadas (Figura 3). Los hibridomas pueden crecer indefinidamente debido a las
caracteristicas de inmortalidad de las células cancerigenas. Dado que la fusion proviene de un
solo linfocito B, al anticuerpo se le denomina monoclonal en contraposicién con los anticuerpos
policlonales del plasma sanguineo que surgen de una expansion clonal de varios linfocitos
diferentes (Kéhler & Milstein, 1975).
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Tabla 2. Anticuerpos policlonales comerciales obtenidos frente al gluten.

Anticuerpo Empresa Especie Isotipo  Generado frente a
PAB29118 Abnova Pollo IgY Extracto de harina de trigo
MBS617177 MyBioSource Conejo IgG Gluten de trigo
MBS838918 MyBioSource Conejo IgG Gluten de trigo
MBS625849 MyBioSource Pollo IgY Gluten de trigo
LS-C66756 LifeSpanBiosciences Conejo IgG Gluten de trigo
LS-C129350 LifeSpanBiosciences Pollo IgY Gluten de trigo
LS-C750830 LifeSpanBiosciences Pollo IgY Gluten de trigo

G8138-01 USBiological Conejo IgG Gluten de trigo

G8138-02 USBiological Pollo IgY Extracto de harina de trigo
AS09 571 Agrisera Pollo IgY Extracto de harina de trigo
PA5-97536 Invitrogen Conejo IgG Gliadina nativa de trigo

Fuente: elaboracidn propia

La tecnologia de produccidn de anticuerpos monoclonales supuso una innovacién revolucionaria
en muchos campos biomédicos. Esta tecnologia también se ha aplicado a la deteccion de
gluten en alimentos. La principal fortaleza de los anticuerpos monoclonales en comparacion
con los policlonales es la uniformidad entre lotes (Bradbury et al., 2018). De hecho, el método
de referencia para la deteccién de gluten en alimentos se basa actualmente en un anticuerpo

monoclonal (Scherf & Poms, 2016).

Uno de los primeros anticuerpos monoclonales desarrollados frente al gluten fue desarrollado por
Skerrit y Underwood (1986). Estos autores emplearon una extraccion de proteinas (prolaminas)
de harina cruda de trigo blanco para la inmunizacién de ratones BALB/c.

Las fracciones de gliadina se separaron mediante cromatografia de intercambio idnico sobre
sulfocelulosa etilica para obtener las fracciones aff y By de la gliadina. También se obtuvo una
fraccién de glutelina reducida y alquilada por precipitacion con etanol, dodecil sulfato sédico
(SDS) y 2-mercaptoetanol. Los linfocitos esplénicos de los ratones BALB/c inmunizados con estas
fracciones de gliadina y glutelina, se fusionaron con células de mieloma SP 2/0. Los hibridomas
secretores de anticuerpos de elevada afinidad se seleccionaron utilizando métodos habituales de
aislamiento (Galfre et al., 1977).
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Figura 3. Representacidn esquemadtica de la produccidn de anticuerpos monoclonales. Fuente: elaboracién propia.

Posteriormente, Skerritt y Hill (1990) obtuvieron el anticuerpo monoclonal IgG1 401.21, generado
frente a w-gliadinas termoestables, que reconoce los epitopos PQPQPFPQE y PQQPPFPEE. Este
anticuerpo monoclonal reacciona frente a las w-gliadinas y las prolaminas de centeno y cebada,
asi como con las subunidades de glutelina de alto peso molecular. Un ELISA sandwich basado en
el anticuerpo 401.21 fue adoptado como Método Oficial 991.19 por la Asociacidon Internacional
de Quimicos Analiticos Oficiales (AOACI) (Scherf & Poms, 2016). Aunque este anticuerpo ya no se
considera el de referencia internacional, sigue disponible en algunos kits como el ensayo Aller-

Tek™ Gluten ELISA (ELISA Technologies Inc.) o Veratox® para gliadina (Neogen©).

Sorell et al. (1998) desarrollaron un ELISA sandwich para el andlisis de gluten en alimentos
utilizando un céctel de anticuerpos monoclonales. Se inmunizaron ratones hembra BALB/c con
extractos etandlicos de trigo, centeno y avena. Los esplenocitos de los animales inmunizados se
fusionaron con células de mieloma P3/X63-Ag.653. Los hibridomas seleccionados se cultivaron
induciendo ascitis en ratones BALB/c tratados con pristano, y los anticuerpos se purificaron del
liguido ascitico por cromatografia de afinidad en una columna de proteina A. Posteriormente, se

caracterizaron siete anticuerpos monoclonales (cinco frente a centeno, denominados R1 a R5,



1.5 METODOS PARA EL DESARROLLO DE ANTICUERPOS FRENTE AL GLUTEN

uno frente a avena y otro frente a gliadina conocido como 13B4). La mayoria de los anticuerpos
obtenidos mostraron un amplio espectro de reactividad cruzada con gliadinas, hordeinas y
secalinas. Algunos anticuerpos también producian reacciones cruzadas con aveninas pero no
reconocieron a las zeinas. El cocktail de R5 y 13B4 como anticuerpo de captura y R3 conjugado
a la peroxidasa de rdbano (HRP) como anticuerpo de deteccion, permitié el reconocimiento de
gliadinas, secalinas y hordeinas en el intervalo de 3 a 200 ng/mL, consiguiendo mejores resultados
en muestras de alimentos que otros test comerciales disponibles en aguel momento, y en muchos

casos, superando los resultados obtenidos con técnicas de espectrometria de masas.

Posteriormente, Valdés et al. (2003) desarrollaron un ELISA sandwich usando un Unico anticuerpo
monoclonal (R5) como anticuerpo de captura y como anticuerpo de deteccién conjugado con
HRP. Para ello prepararon un patréon de gliadina mediante extraccion con etanol para evaluar el
sistemay, ademas, desarrollaron un cdctel acuoso de extraccidén que contenia agentes reductores.
El ELISA R5 pudo identificar gliadinas, hordeinas y secalinas con una sensibilidad de los ensayos
de 0,78, 0,39 y 0,39 ng/mlL, respectivamente para cada prolamina. El limite de deteccion fue de
1,5 ng/mL de gliadinas (1,56 mg/kg de gliadinas y 3,2 mg/kg de gluten), inferior al umbral de los
tests comercializados en ese momento, y con una buena reproducibilidad (8,7 %) y repetibilidad
(7,7 %). Estos resultados situaron a este test como el mejor en el campo, por lo que el Grupo de
Trabajo sobre Analisis y Toxicidad de Prolaminas (WGPAT) propuso que se incluyera en el Codex

Alimentarius.

El ELISA sandwich R5 (Valdés et al., 2003), junto con el coctel de extraccion (Garcia et al., 2005),
fue validado (Kohler et al., 2013; Méndez et al., 2005) y adoptado como Método de referencia 38-
50.01 aprobado por la AACCI (Asociacion Internacional Americana de Quimicos de Cereales) para
la deteccién de gluten en harina de maiz y productos a base de maiz. También fue reconocido
por la AOACI como Método Oficial 2012.01 para la deteccidn de gluten en productos a base de
arroz y maiz. Este método también es considerado por el Codex Alimentarius como un método
de tipo 1 para el analisis de gluten intacto en matrices a base de maiz. También se desarrollé un
ELISA competitivo R5 para la determinacion de gluten parcialmente hidrolizado y se acepté como
Método 38-55.01 aprobado por la AACCI para la deteccién de gluten en productos a base de

cereales fermentados (Koerner et al., 2013).

El método de ELISA competitivo esta protegido por la patente WO2006051145A1, y el coctel de
extraccion por la patente W02007104825A1. Este ELISA y el método de extraccidn con el coctel
se han convertido en la metodologia mas utilizada para la deteccidn de gluten en alimentos y ha
sido comercializado por muchas empresas en todo el mundo. Aunque los métodos basados en
el anticuerpo R5 son los predominantes y oficiales, se han desarrollado otras alternativas para

cubrir la creciente demanda del mercado.
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Teniendo en cuenta que los anticuerpos disponibles en el mercado reconocian péptidos
del gluten, pero no especificamente relacionados con péptidos responsables de la
enfermedad celiaca, Morén et al. (2008) propusieron una nueva estrategia. ldentificaron
los residuos 57 a 89 de la a-2 gliadina, que comprenden el péptido de 33 aminodcidos
LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF, como un epitopo importante del gluten,
altamente antigénico. Ademas, de este 33-mer, se han identificado hasta la fecha, varios
péptidos antigénicos con regiones ricas en prolina (Shan et al.,, 2002). Para conseguir una
correcta inmunizacidon con este péptido, debido a su bajo peso molecular, se requeria la
fusién a una proteina transportadora para estimular la respuesta inmunitaria del hospedador.
Se utilizaron con este propdsito dos moléculas transportadoras: la proteina recombinante
de choque térmico de Trypanosoma cruzi HSP70 y un fragmento especifico de la misma (T-
HSP70). Mediante la técnica de ELISA, se seleccionaron los hibridomas H-G12 (de linfocitos B
de ratones inoculados con 33-mer-T-HSP70) y H-A1 (de los linfocitos B de ratones inmunizados
con 33-mer-X2-HSP70) por su especificidad y afinidad de union a este péptido. Los anticuerpos
monoclonales purificados se analizaron frente a gliadinas (extraidas de muestras comerciales,
materiales de referencia y digestiones con pepsina de diversos productos) y varias prolaminas
extraidas con etanol (trigo, cebada, centeno, avena, maiz y arroz). Ademas, se diseiié un ELISA
tipo sandwich usando el anticuerpo A1l como captura y el anticuerpo G12 conjugado con HRP
como anticuerpo de deteccidn, obteniéndose un limite de deteccion para trigo, cebada y
centeno inferior a 1 mg/kg. Ademas, se disefidé un ELISA competitivo basado en el anticuerpo
G12 conjugado con HRP para la deteccién del péptido inmunogénico en alimentos hidrolizados
(con un limite de deteccidn inferior a 0,5 mg/kg de gliadina). Las secuencias de los epitopos
reconocidos por el anticuerpo fueron hexaméricas (QPQLPY) para el G12 y heptaméricas
(QLPYPQP) para el Al. Aunque la afinidad del G12 para el 33-mer fue superior a la del Al, este
ultimo presenté una mayor capacidad de deteccidn para el gluten (Mordn et al., 2008). Este
trabajo establecié un método vdlido en cuanto a precisién, exactitud y reproducibilidad para
la cuantificacion de fracciones del gluten que no pueden tolerar los pacientes con enfermedad
celiaca. Ademas, se obtuvo una sensibilidad ligeramente mayor en comparaciéon con otros
anticuerpos comerciales como el R5. AgraQuant® (Romerlabs) es un método de ELISA tipo
sandwich basado en el anticuerpo monoclonal G12 aprobado por la AACCI (Método 38-52.01)
y por la AOAC (Método Oficial de Analisis, OMA 2014.03) como un método certificado para la

deteccidon de gluten en harina de arroz y otros productos a base de arroz.

En la actualidad, debido a que muchos estudios han demostrado la complejidad de la enfermedad
celiaca (Anderson et al., 2000; Arentz-Hansen et al., 2000; Shan et al., 2002; Stern et al., 2001), se
ha producido un cambio de paradigma en los objetivos de la deteccidon de gluten en alimentos. La
generacién de anticuerpos monoclonales no solo debe lograr un limite de deteccién muy bajo de
gluten, sino también apuntar a la determinacidn de péptidos que inducen enfermedades. Con este

objetivo Mitea et al. (2008) inmunizaron ratones BALB/c con péptidos sintéticos correspondientes
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a epitopos estimuladores de células T, que se acoplaron a la toxina tetdnica para inducir una
mayor respuesta inmunitaria en el animal de experimentacion. Entre los péptidos objetivo se
encontraron componentes de gliadinas: glia-a9 (QPFPQPQLPYP), la glia-a20 (PFRPQQPYPQP),
glia-yl (PQQSFPQQQRPFIQPSL), LMW Glt-156 (PPFSQQQQSPFS) y de glutelinas de alto peso
molecular HMW-GIt (PGQGQ(Q/P)GYYPTS(L/Q)QQPQGQQGYYPTSPQQ(P/S)). Debido a que
muchas proteinas del gluten comparten un alto grado de homologia, estos autores intentaron
demostrar si los anticuerpos monoclonales obtenidos reaccionaban especificamente solo con el
péptido utilizado para lainmunizacién o detectaban las otras secuencias estimuladoras de células
T. En este trabajo pusieron de manifiesto que el anticuerpo especifico para la glia-020 también
reaccionaba con los péptidos glia-a9 y glia-y1l. Ademas, los anticuerpos monoclonales obtenidos
frente a la glia-a9, glia-a20, GIt-156 y HMW-GIt reaccionaron con péptidos de gluten que se
forman naturalmente durante la digestién, como resultado de la actividad de la pepsina y tripsina.
Ademas, excepto los anticuerpos especificos de LMW Glt-156, también detectaron proteinas de
almacenamiento en cebada y centeno, mientras que los anticuerpos especificos frente a la glia-y1
también reconocieron proteinas de avena. Finalmente, en comparacion con el kit Ridascreen®
Gliadin, el ELISA desarrollado para el epitopo glia-a9 detecté concentraciones de gluten mas
altas en todas las muestras de alimentos analizadas. La empresa EuroProxima comercializé un
ELISA competitivo basado en el anticuerpo monoclonal antiglia- a20, llamado Gluten-Tec®, que
fue validado por un estudio interlaboratorial (Mujico et al., 2019), presentando un limite de
cuantificacién (LOQ) inferior al de los métodos basados en el anticuerpo R5 disponibles en el
momento (3,6 frente a 5 mg/kg de gluten, respectivamente). Posteriormente se obtuvieron otros
anticuerpos monoclonales frente a los mismos y diferentes epitopos de células T (glia-y1, GIt-156,
una variante de HMW-gly y ocho péptidos) y se seleccionaron cinco anticuerpos (uno anti-al-
gliadina, uno anti-y1l-gliadina, dos anti-LMW y uno anti-HMW). Este método esta protegido por
la patente W0O2006004394A2.

Tras la aparicién, a principios de los afios 2000, de alergias graves, relacionadas con la ingesta
de alimentos que contienen incluso pequeiias cantidades de proteinas de trigo hidrolizadas,
surgieron nuevos desafios. Las principales patologias relacionadas fueron la anafilaxia inducida
por ejercicio dependiente de trigo (WDEIA, Wheat Dependent Exercise-Induced Anaphylaxis),
anafilaxis y urticaria. Se identificd que las proteinas de trigo hidrolizadas eran el ingrediente
desencadenante. Concretamente, las condiciones de alta temperatura y bajo pH que se producen
durante el procesamiento industrial provocan que las glutaminas se conviertan en acido glutamico
por reacciones de desaminacién. La desaminaciéon conduce a la aparicion de nuevos epitopos
para las IgE, y se encontrd que los sueros de pacientes predispuestos presentaban una mayor
reactividad frente a las proteinas de gluten desaminadas, especialmente en q, y, w2 y w5-gliadina
(Tranquet et al., 2020).
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Con relacidn a este nuevo tipo de alergenicidad, se utilizd un nuevo epitopo inmunodominante
(QPEEPFPE, derivado de la desaminacion de QPQQPFPQ) para producir un anticuerpo
monoclonal a partir de ratones inmunizados con un péptido que incluye dicho epitopo
(Tranquet et al., 2015). Posteriormente, las secuencias que codifican para los dominios VH y
VL se clonaron en plasmidos de expresion modificados para expresar cadenas pesadas de IgE,
generando una IgE quimérica recombinante (Tranquet et al., 2017). La expresidn recombinante
se realizd en células de mamiferos (HEK293). Los sueros de pacientes alérgicos y el anticuerpo
recombinante se analizaron por ELISA frente a fracciones de gluten desaminado, y en ensayos
funcionales de baséfilos. Se demostré que las proteinas de trigo hidrolizadas en medio acido
presentaban mayores niveles de desaminacién, y una mayor capacidad de unién a IgE, y de
activacién de baséfilos. Ademas, el anticuerpo recombinante estimulaba la degranulacién de
basofilos en presencia de proteinas de trigo desaminadas, imitando las propiedades de las IgE
de los pacientes. Este trabajo es un ejemplo de la transformacidn de un anticuerpo monoclonal

clasico en uno recombinante.

Los anticuerpos monoclonales secretados por hibridomas han demostrado ser una buena
herramienta para el disefio y mejora de sistemas de deteccién de gluten. Algunos de estos
desarrollos han sido protegidos por patentes (Tabla 3). Hoy en dia, la mayoria de los tests
comerciales disponibles para la deteccidn de gluten se basan en los anticuerpos monoclonales
401.21, R5, G12 y anti-a20 (Scherf & Poms, 2016).

1.5.4 Anticuerpos recombinantes y evolucidon dirigida

Aunque laintroduccidn de la tecnologia de hibridomas supuso un gran avance para el desarrollo
de anticuerpos en muchos campos biomédicos, presentaba algunas limitaciones. Debido al uso
generalizado de estos anticuerpos, se empezaron a encontrar problemas de inespecificidad
que iban mas alld de un reconocimiento cruzado de epitopos similares en antigenos distintos
(mimotopos). Este problema derivaba de la coexpresidon en los hibridomas de cadenas de
anticuerpos productivas pero no especificas para el antigeno, que alteran la especificidad y la
afinidad del anticuerpo monoclonal correspondiente (Bradbury et al., 2018). La coexpresion
de cadenas deriva de la inestabilidad gendmica de los hibridomas, fusiones generadas in vitro,
tetraploides, que expresan hasta 50 cromosomas en ciertas fases de crecimiento (Kontsek et
al., 1988).

Uno de los primeros clones utilizados para generar las lineas de mieloma para fusionar presentaba

la secrecién de una cadena A adicional (Ding et al., 2010).
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Tabla 3. Patentes registradas basadas en anticuerpos monoclonales para la deteccién de gluten.

Patente N2 Resumen Solicitante
Un método para la seleccidn de materias primas,
ingredientes semielaboradosy productos . . o
W02006004394A2 alimentarios destinados a ser utilizados en la dieta Aca’dem|th Ziekenhuis Leiden
. . (Paises Bajos)
sin gluten, basado en anticuerpos desarrollados
frente a péptidos estimuladores de células T.
ELISA competitivo para la deteccidn de hidrolizados Consejo Superior de
W02006051145A1 P P . Investigaciones Cientificas
de gluten, basado en el anticuerpo monoclonal R5. o
(Espaiia)
Método para la extraccion de gluten de alimentos . .
rocesados (por calor) y sin procesar, basado en el Consejo Superior de
W02007104825A1 P - ! Investigaciones Cientificas
uso de detergentes idnicos y no idnicos, como paso o
. (Esparia)
previo a los ensayos ELISA.
Anticuerpo monoclonal capaz de unirse a proteinas
de gluten desaminadas (relacionados con la Institut National de la
W02014132204A1 patogénesis de la enfermedad celiaca) y que no RechercheAgronomique
tienen reaccidn cruzada con las proteinas de gluten (Francia)
no desaminadas.
Anticuerpos monoclonales y fragmentos aislados . . .
o fCh EE
WO02015164615A1 gue se unen a 11 péptidos que se pueden encontrar Un!vers!tyo Chicago (EEUU)y
, University of Oslo (Noruega)
en las proteinas de gluten.
Anticuerpos, fragmentos o polipéptidos para la
deteccidn de gliadina: secuencias variables de
WO02018071718A1 cadena pesada ycadena ligera, y secuencias Nima Labs Inc. (EEUU)
asociadas de regiones determinantes de la
complementariedad (CDR).
Métodos de inmunoensayo para la cuantificacion
W02019154559A1 del contenido total de gluten en muestras de R. Biopharm AG. (Alemania)
alimentos
£S2392412A1 Soluciones parala extracuorl y solubilizaciéon de Biomedal S.L (Espafia)
gluten, compuestas por argininay etanol.
Li 3|lulas hibridas ATCC HB97 C g
al:t?(?uctj; Cssur:;nc;tc)lr;izsles (ijfri ijogfreiliz zE\)rI(a)duce Commonwealth Scientific
GB2207921A . P . , & . and Industrial Research
gliadina del trigo y proteinas relacionadas con el o . .
Organization (Reino Unido)
centenoy cebada.
. R , Quingdao Biomade
CN101698832A A.ntl.cuerpo monoclonal .antl gliadinayla lineade Technology Company Ltd.
hibridomas para producirlo. .
(China)
Método de produccion de una tira para prueba
de inmunocromatografia con inmovilizacion de Biofront Technology Company
CN107860918A

anticuerpos por oro coloidal para la deteccion de
gluten en alimentos.

Ltd. (China)

Fuente: elaboracion propia
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También se ha notificado la aparicién de genes de cadenas k no productivos que no alteran el
anticuerpo final pero dificultan su expresién (Carroll et al., 1988). La secrecion por parte del
hibridoma de una Unica cadena pesada con varias cadenas ligeras productivas pueden generar
diferentes anticuerpos con menor afinidad. Este hecho puede producirse en el caso de que una
sola cadena ligera correcta se combine con la pesada generando un solo paratopo, o anticuerpo
monovalente también puede ocurrir que la cadena pesada se combine con dos cadenas ligeras
erréneas, modificando completamente la especificidad del anticuerpo (Bradbury et al., 2018).
Este Ultimo caso es el mas comun, pero también se puede dar la expresidn de cadenas pesadas y
ligeras erréneas en el mismo hibridoma, teniendo en cuenta que con la expresion de dos cadenas
pesadas (unacorrectay otrano)y dos ligeras (mismo caso) se podrian generar hasta 10 anticuerpos
diferentes con cuatro paratopos diferentes (Schaefer et al., 2016). Asimismo, el cultivo de células
de hibridoma a escala industrial es mas complejo y costoso que otros sistemas bioldgicos, entre
los que se incluyen: expresién in vitro de proteinas sin células, biofactorias bacterianas como E.
coli modificadas para diferentes usos, levaduras, células de insecto o de mamifero, todas ellas

convenientemente transfectadas para expresar el anticuerpo de interés (Trimmer, 2020).

Los avances ocurridos en la segunda mitad del siglo XX en la expresidn de proteinas heterdlogas
e ingenieria genética, y el profundo conocimiento adquirido sobre la genética y la generacion
de anticuerpos, permitieron el desarrollo de nuevas metodologias para su desarrollo. En este
contexto se generd el concepto de evolucion molecular dirigida que implica la creacién de
anticuerpos adaptados y especialmente disefiados para fines humanos (Arnold, 2019; Smith,
2019). La poderosa maquinaria de generacién y seleccion de anticuerpos de los animales puede
ser replicada y guiada para obtener una aplicacion especifica, como la deteccion de gluten. El
proceso natural del sistema inmunoldgico para la produccidén de anticuerpos puede resumirse
en cinco pasos: (a) la reorganizacion de genes que codifican las regiones variables (Hozumi
& Tonegawa, 1976); (b) la presentacion de anticuerpos en la superficie de una célula B; (c) la
seleccién impulsada por el antigeno; (d) la secrecidn de anticuerpos solubles por una célula
plasmatica y (e) la maduracion por afinidad (Winter, 2019).

La evolucién dirigida de los anticuerpos necesita superar dos condiciones limitantes: la
generacién de suficiente diversidad mediante la construccion de repertorios de genes
codificantes para cadenas de anticuerpos y el desarrollo de un sistema adecuado para la
seleccion y amplificacion. Los repertorios de anticuerpos se pueden clasificar en cuatro grupos
principales (Hust, 2004):

e Inmunes: construidos a partir de amplificaciones de genes variables aislados de células plas-
maticas secretoras de inmunoglobulinas de donantes inmunizados (Clackson et al., 1991).

e Naives: basados en amplificaciones de genes aislados de células plasmaticas secretoras

de inmunoglobulinas de donantes no inmunizados (De Haard et al., 1999).
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e Semisintéticos: derivados de genes V no reorganizados procedentes de pre-células B
(células germinales) o de un solo marco de un anticuerpo con regiones determinantes

de complementariedad (CDR) aleatorizados genéticamente (Pini et al., 1998).

e Sintéticos: basados en un marco de anticuerpo humano en el que se integran casetes de
CDR aleatorios (Wagner et al., 2018).

Los repertorios inmunes suelen construirse después del aislamiento de ARNm del tipo celular
deseado y la preparacién de ADNc para utilizarlo como molde en la amplificaciéon de los
fragmentos que codifican para las cadenas de anticuerpos (Hust, 2004). Las repertorios naive,
semisintéticos y sintéticos se consideran repertorios “single-pot”, lo que significa que se pueden
utilizar para seleccionar anticuerpos frente a (casi) todos los antigenos que se pueden presentar
(Boldicke, 2017). La afinidad de los anticuerpos desarrollados a partir de este tipo de repertorios
depende directamente del tamafio del repertorio, RZ (nUmero de anticuerpos diferentes en el
repertorio). Para lograr una afinidad en el rango micromolar (uM), se requiere un RZ = 107, y se
necesitan valores de RZ de 10'° para una afinidad en el rango nanomolar (nM). Sin embargo, los
repertorios inmunes deben disefiarse y construirse especificamente para cada antigeno individual
o grupo de antigenos relacionados. La afinidad del anticuerpo resultante esta determinada por su
inmunogenicidad, siendo posible alcanzar un rango de afinidad nanomolar con un antigeno muy

inmunogénico incluso con un repertorio reducido (Hoogenboom, 1997).

Los genes codificantes de anticuerpos que conforman un repertorio deben clonarse en un vector
apropiado para desarrollar un sistema adecuado de seleccion y amplificacién. Una vez que se
construye un repertorio con suficiente diversidad, se realiza un proceso que consiste en rondas
sucesivas de seleccién por afinidad y amplificacion llamado “panning” o “biopanning”. Para realizar
el panning, es necesario expresar todos los anticuerpos o sus fragmentos incluidos en el repertorio
(Leow et al., 2017). Se ha establecido que si antes de la seleccion, hay de 1 a 10 anticuerpos afines
a la diana de interés en 107 clones, deberia haber de 1 a 10 anticuerpos afines en 10 clones después
de tres a cinco rondas de panning. Estos procesos permiten el enriquecimiento de un conjunto de
anticuerpos de alta afinidad del repertorio, y deben presentar el emparejamiento de genotipos (un

acido nucleico codificante) con fenotipos (los anticuerpos expresados).

Diferentes péptidos, dominios proteicos y fragmentos de anticuerpos pueden ser expresados de
diversas maneras para su seleccion y amplificacién: a) unidos a fagos (Smith, 2019); b) mediante
la expresidn in vitro de ARNm quedando unidos a ribosomas (Pliickthun, 2012) y c) por expresion
indirecta de ADNc (Yamaguchi et al., 2009) y expresados en la superficie de células (Lee et al.,
2003). La expresion de repertorios de fragmentos de anticuerpos en fagos es el método mas
ampliamente utilizado para la obtencidn de anticuerpos recombinantes (Figura 4).
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Clonacién en

Transformacion fagémidos
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objetivo.

2. Unidn al antigeno de los fagos
especificos.

3. Lavado de fagos no unidos.

4. Elucioén de los fagos unidos e
infecciéon para amplificacion.

5. Adicion del fago ayudante.

6. Aislamiento de fagos y
comienzo de una nueva ronda de
seleccion.

Figura 4. Construccidn de un repertorio inmune y desarrollo del proceso de evolucidn molecular dirigida median-
te la tecnologia de phage display. Fuente: elaboracion propia.

La metodologia de expresidn de fago-anticuerpos (phage display) fue disefiada por Smith et al.
(1985), quienes obtuvieron la prueba de concepto de la tecnologia mediante la introduccion
del gen que codifica para la enzima bacteriana EcoRlI junto al gen Il de un bacteriéfago. Asi
lograron la expresién heterdloga de EcoRl fusionada a la proteina Ill del fago. Posteriormente,
se disefié un vector llamado fUSE5 para mejorar la introduccién de ADN exdgeno en los fagos
filamentosos y para la expresion de proteinas (Parmley & Smith, 1988). El siguiente paso fue el
desarrollo del procedimiento de seleccidn por afinidad a través de: (a) la inmovilizacién de un
antigeno como selector; (b) la adicién de viriones que expresan un repertorio de anticuerpos o
sus fragmentos; (c) el lavado de viriones no unidos; (d) la liberacién de viriones unidos al
selector y (e) la amplificacion de los viriones liberados mediante la infeccidon de una bacteria
compatible (Smith, 2019).
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La primera aplicacion de la técnica de phage display fue el mapeo de los epitopos a los que
se une un determinado anticuerpo (de la Cruz et al., 1988). Se han producido grandes avances
en este sistema con diferentes aplicaciones, aunque la base metodoldgica no ha cambiado

significativamente desde entonces.

Se han desarrollado nuevos vectores con algunas caracteristicas comunes: un doble origen de
replicacidn (f1 o similar, para la expresidn en fagos y un ori de Escherichia coli), un marcador de
seleccidn (generalmente un gen de resistencia a un antibiético) y genes codificantes de los ligandos
(generalmente péptidos, dominios de proteinas o fragmentos de anticuerpos) fusionados a una

proteina de los fagos (generalmente proteinas de la capsida) (Smith, 1993).

Los vectores pueden clasificarse en varios tipos segun su diseno. Si el ligando esta fusionado al
gen lll de los fagos, se expresard fusionado a la proteina Il (de la que se expresan hasta cinco
copias), constituyendo el vector un fagémido de tipo 3. Sin embargo, si esta fusionado al gen VIIl,
se expresara fusionado a la proteina VIII (hasta 2400 copias), constituyendo un fagémido de tipo
8. Los tipos 33 y 88 siguen el mismo concepto, pero tienen dos copias de los genes Il o VIII. Los
tipos 33 y 88 también se basan en fagémidos pero las particulas virales solo se forman en células
que llevan el genoma del fagémido cuando estan infectadas con el virus auxiliar (helper phage)
(Armstrong et al., 1996). Aunque los vectores basados en plll y pVIIl son los mds utilizados, ha
habido algunos intentos de clonar ligandos en los genes VIl y IX, que codifican para las proteinas

menores de la capsida fagica (Makowski, 1993).

Debido a la variabilidad que el cultivo de células puede introducir en la expresion, se han
desarrollado nuevos métodos libres de células para la exposicion de repertorios de anticuerpos:
ribosome display (exposicion en ribosomas) y ARNm (o ADNc) display (exposicion de ARNm o
ADNc) (Figura5). El ribosome display se basa en un repertorio en forma de ADN que se transcribe in
vitro a ARNm y que carece de coddn stop, que se traduce in vitro para obtener una proteina nativa
unida a un ribosoma para realizar la seleccién por afinidad. El ARNm se libera de los ribosomas y
se retrotranscribe a ADN monocatenario que puede amplificarse y/o mutarse, convirtiéndose asi
en la base de otra ronda de seleccién (Lipovsek & Pliickthun, 2004).

El ARNm display mejora el acoplamiento entre genotipo y fenotipo. El proceso comienza con la
transcripcion de un repertorio de ADN. A continuacion, el ARNm se modifica en su extremo 3’con
puromicina (un antibiotico cuya estructura emula a un ARNt aminoacetilado). La traduccion in
vitro de este complejo ocurre gracias a una reaccién de transferencia peptidica que da lugar
a un complejo covalente ARNm-proteina, con puromicina uniendo ambas biomoléculas.
Posteriormente, el ARNm es retrotranscrito para realizar la seleccidon de afinidad. Finalmente,
se eluyen los complejos de alta afinidad, liberando solo las hebras de ADN por hidrélisis del
ARN. Este ADN puede mutarse y amplificarse y es el material de partida para la ronda posterior
(Pliickthun, 2012).
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Figura 5. Representacidon esquematica de los métodos de evolucion dirigida de anticuerpos. Fuente: elaboracién
propia.

La expresioén en la superficie celular (cell surface display) permite que los péptidos y proteinas se
expresen en la superficie de las células, fusiondndolos con dominios de anclaje a la membrana
celular (Lee et al., 2003) en lugar de utilizar bacteriéfagos. La expresion de proteinas se mejora
al utilizar organismos mdas complejos que los fagos, como bacterias Gramnegativas (Hoischen
et al., 2002), bacterias Grampositivas (Mesnage et al., 1999), levaduras (Chao et al., 2006) y
células de mamiferos (Bowers et al., 2014). Un ejemplo de este tipo de metodologias deriva
del aprovechamiento de una serie fendmenos relacionados con la reproduccion sexual de las
levaduras, que implican el apareamiento de ciertos receptores anclados a la membrana celular,
gue desencadenan una serie de cascadas de sefializacién que acaban provocando la fusién de dos
levaduras. Aprovechando y modificando este mecanismo y, expresando antigenos y anticuerpos
en la superficie de Saccharomyces cerevisiae se ha desarrollado una metodologia para estudiar la

interaccién entre proteinas. Cuando la interaccidn entre los antigenos y anticuerpos expresados
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es lo suficientemente fuerte, las dos células de levadura estan lo suficientemente préximas para
que se activen los mecanismos de fusion celular, generando una célula diploide de mayor tamafio.
Este sistema ha servido para seleccionar y mejorar anticuerpos, para generar pegamentos
moleculares y para estudiar de manera masiva, las interacciones moleculares que ocurren una en

disolucién con un repertorio de anticuerpos y antigenos (Younger et al., 2017).

Los métodos de evolucion dirigida se han convertido en tecnologias innovadoras para el
desarrollo de anticuerpos a un nivel similar al de los anticuerpos monoclonales derivados de
hibridomas. En el campo de las enfermedades relacionadas con el gluten, se han aplicado con
dos objetivos principales: la caracterizacién molecular de la enfermedad celiaca y la deteccién
de gluten. La mayoria de los trabajos publicados se han centrado en el uso del phage display
como herramienta para la caracterizacion molecular de la enfermedad celiaca (Tabla 4). En
este contexto, la tecnologia del phage display se ha utilizado principalmente para desarrollar

anticuerpos de alta afinidad frente a la transglutaminasa tisular (Dieterich et al., 1997).

Tabla 4. Ejemplos de la aplicacion de la tecnologia de phage display a la investigacidn de la
enfermedad celiaca.

Tipo de Formato de Isotipo/ familia .. .
. . Seleccion frente a Referencia
repertorio anticuerpo de genes VH
a-gliadina tTG (Sblattero et al.,
Inmune (PBLs) scFv IgG VH4 otros antigenos 2000)
Inmune (PBLsy . (Marzari et al.,
IBLS) scFv VH5 a-gliadina tTG 2001)
(Sblattero et al.,
Inmune (IBLs) scFv VH5 tTG 2004)
Inmune (IBLs) scFv VH51-1 tTG (Not et al., 2011)
. Péptidos de gliadina (Hgydahl et al.,
N F -
ave SCrv presentados por el CMH 2019)
- (Rhyner et al.,
Inmune scFv IgA, 1gG e I1gM Gliadina 2003)
. (. Células presentadoras de (Chenetal.,
P P - , .
éptidos éptidos antigenos (gliadina) 2011)

Fuente: elaboracion propia

Una primera estrategia consistid en estudiar la respuesta inmune frente a la transglutaminasa
tisular (tTG) mediante la construccion de un repertorio inmune a partir de los linfocitos de
sangre periférica (PBLs) de un paciente con enfermedad celiaca, realizando una seleccion frente
a cuatro antigenos relacionados con la patologia (a-gliadina, B-lactoglobulina, tTG humana y de
cobaya) (Sblattero et al., 2000). Se obtuvieron algunos anticuerpos monoclonales, pero eran

polirreactivos frente a los dos primeros antigenos, y no reaccionaban frente a la tTG. La principal
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familia de anticuerpos seleccionados frente a la a-gliadina fue la VH4. Siguiendo este enfoque, se
produjerony analizaron seis repertorios inmunes de scFv a partir de linfocitos de sangre periférica
e intestinales (IBLs) de tres pacientes celiacos, y concluyeron que los anticuerpos derivados de los
IBLs de todos los pacientes reconocian la tTG con una seleccion preferente hacia la familia VH5,
mientras que los anticuerpos derivados de la sangre periférica reconocian la a-gliadina (Marzari
et al., 2001). A partir de esta investigacidn, Sblattero et al. (2004) construyeron un repertorio
de scFv basado en la amplificacién de dos genes de la familia VH5 a partir de los IBLs, lo que
permitié una rapida caracterizacidon de la respuesta anti-tTG, que se podria aplicar en pacientes

asintomaticos cuyos anticuerpos séricos son indetectables.

La técnica del phage display se ha revelado como un método muy util para la caracterizacion de
lainmunidad celiaca. Not et al. (2011) generaron un repertorio inmune mediante la amplificacién
del gen VH5-51 a partir de muestras de biopsia intestinal de 22 familiares de pacientes celiacos,
analizandosuinteracciénconlatTG. Descubrieron que losindividuos genéticamente predispuestos
a la enfermedad celiaca producian anticuerpos intestinales VH5 anti-tTG2 en ausencia de
anticuerpos séricos anti-tTG2. Otro uso de los repertorios de phage display para la caracterizacion
de la enfermedad celiaca fue el trabajo de Hgydahl et al. (2019), quienes investigaron el proceso
de presentacion de antigenos durante la respuesta inmune mucosal. Aplicaron un gran repertorio
naive humano en formato scFv para el aislamiento de anticuerpos especificos frente al Complejo
Mayor de Histocompatibilidad CMH, haplotipo DQ2.5 unido a gliadina-ala. A continuacion, los
anticuerpos obtenidos se utilizaron frente a células de biopsias intestinales de pacientes con
enfermedad celiaca, lo que permitié la identificacion de células que expresan péptidos de gluten

unidos al complejo mayor de histocompatibilidad en tejidos intestinales inflamados.

Rhyner et al. (2003) construyeron tres repertorios scFv de isotipos Unicos (IgA, 1gG y IgM) de un
pacienteceliacoydeunindividuo controlsano. Estosautoresdemostraron que todoslosrepertorios
del paciente celiaco, pero ninguno del donante control, se enriquecieron selectivamente en clones
de fagos que se unian a la gliadina después de cuatro rondas de biopanning. Este método no solo
resultd ser un enfoque adecuado para obtener anticuerpos de alta afinidad frente a la gliadina,
sino que también permitid la caracterizacion isoespecifica de las respuestas inmunitarias que

ocurren en esta condicion patoldgica.

La tecnologia del phage display también se puede utilizar como un método de exploracidn para
estudiar las interacciones bioldgicas mediante repertorios de péptidos. Un ejemplo de este
concepto aplicado a la enfermedad celiaca fue desarrollado por Chen et al. (2011) utilizando un
repertorio de péptidos aleatorios expresados en fagos, que se fue enriqueciendo en péptidos
que se unian a la gliadina tras varias rondas de panning. Varios clones de estos fagopéptidos
fueron capaces de inhibir la interaccion entre la gliadina y los anticuerpos antigliadina. Ademas,
los péptidos de 12 aminoacidos codificados por los clones seleccionados fueron sintetizados in

vitro y analizados en experimentos de competicion que revelaron su union a diferentes lugares
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de la gliadina. Los autores sugirieron el uso potencial de estos péptidos para reducir la toxicidad

del gluten.

Todos los trabajos mencionados son ejemplos del potencial de la tecnologia del phage display
como herramienta para la caracterizacion molecular de la enfermedad celiaca. Un mayor
conocimiento de la enfermedad celiaca ha contribuido a desarrollar mejores medidas de
diagnéstico y prevencidon, como aquellas derivadas del descubrimiento del papel principal de la

transglutaminasa (tTG) y los componentes inmunogénicos del gluten.

Aunque la mayoria de las aplicaciones de phage display relacionadas con el gluten se han centrado
en el estudio de la respuesta de los anticuerpos en la enfermedad celiaca, hay un creciente interés
en el desarrollo de anticuerpos recombinantes para la deteccidn de gluten en alimentos como

aplicacion final (Tabla 5).

Tabla 5. Aplicacién de métodos de evolucidn dirigida de anticuerpos para la deteccion de gluten en alimentos.

. L . Método de
, Tipo de Formato de Seleccion iy .
Tecnologia . . deteccion de Referencia
repertorio anticuerpo frente a
gluten
Phage display  Inmune VHH Gliadina ELISA  de (Doia et al., 2010)
captura
. e Péptido consenso ELISA indirecto (Garcia- Garcia et al.,
Phage display  Semisintético dAb de gluten con fagos 2020)
ADNc . - (Jayathilake et al.
. N VHH | D-IPCR !
display aive Gliadina o 2020)

Fuente: elaboracidn propia

Donia et al. (2010) desarrollaron un sistema para la deteccidn de gluten en muestras de alimentos
basado en anticuerpos VHH. Construyeron un repertorio de VHH a partir de linfocitos B aislados
de llamas inmunizadas con gliadina, que seleccionaron en condiciones desnaturalizantes. Los
VHH seleccionados permitieron el desarrollo de un sistema de ELISA sandwich utilizando un
VHH frente a gliadina como anticuerpo de captura y un anticuerpo monoclonal murino dirigido
frente a la gliadina como anticuerpo de deteccidn, este sistema fue capaz de detectar gliadina en
muestras de alimentos que dieron negativo con otros kits de ELISA. Sin embargo, el método solo
fue aplicable a la deteccidn de gluten de trigo, ya que los VHH seleccionados no reaccionaron con

las prolaminas de cebada o centeno.

Nuestro equipo (Garcia-Garcia et al., 2020) desarrolld6 un método de fago-ELISA para el
analisis de gluten en alimentos basado en fragmentos de anticuerpos de dominio Unico (o
dAb) utilizando un repertorio semisintético (Lee et al., 2007). El repertorio se enriquecid

en dAb de alta afinidad mediante rondas sucesivas de seleccion frente al péptido consenso
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CPFPQQQPFPQQPFPQQQPFQQQPFQQAPFQQQPQQQP (Sharma et al. 2016), que incluye epitopos
repetitivos que se pueden encontrar en las proteinas de gluten. Se utilizd6 un método de fago-
ELISA para analizar 50 productos alimenticios comerciales, con un limite de deteccién de 20 mg/

kg de gluten. El método permitid verificar el cumplimiento del etiquetado de productos sin gluten.

El phage display no es la Unica técnica de evolucion dirigida de proteinas que se ha aplicado a
la investigacidn sobre el gluten. Jayathilake et al. (2020) demostraron la aplicacién a este campo
de un método de evolucidon molecular libre de células. Para ello, se desarrollé un repertorio de
ADNCc codificante para VHH a partir de linfocitos de llamas, emparejando el genotipo (ADNc) con
los fenotipos (VHH) gracias a un enlace de puromicina. Se realizaron varias rondas de seleccién
frente a gliadina inmovilizada para obtener tres ligandos de alta afinidad, que se utilizaron como
base de una nueva técnica de deteccion de gluten llamada PCR inmunomediada por expresién de
ADNCc (cD-IPCR) (Anzai et al., 2019). El método cD-IPCR permitié detectar concentraciones muy
bajas de gliadina (0,001 - 10 pg/mL) en los alimentos. Las metodologias basadas en VHH, dAb y
cD-IPCR se han convertido en pioneras de una nueva generacion de sistemas de trazabilidad de

gluten.

1.5.5 Produccidon biotecnoldgica de anticuerpos recombinantes

Gracias a los nuevos sistemas de desarrollo de anticuerpos generados a partir del dltimo cuarto del
siglo XX, los anticuerpos recombinantes se han podido aplicar a diferentes campos biomédicos.
Para poder cubrir la demanda mundial de anticuerpos se han desarrollado diversos sistemas de
produccion heteréloga. La funcidn de los anticuerpos depende de un plegamiento correcto, que
no todas las biofactorias pueden proporcionar. Ademas, se necesita un ambiente oxidativo para
la correcta generacion de los puentes disulfuro que fijan la estructura del anticuerpo (Frenzel et
al., 2013). Una solucidn para facilitar la expresion de anticuerpos es el disefio de moléculas mas
pequeias, pero que conserven al menos un paratopo especifico para el antigeno diana. Estas
proteinas de menor tamano pueden ser producidas y purificadas en sistemas menos complejos,
como células procariotas y ademas tienen caracteristicas deseables, como una mejor distribucion

en el organismo (Thiel et al., 2002).

El primer fragmento de anticuerpo recombinante obtenido de manera heteréloga se produjo
en E. coli (Better et al., 1988), y permitié demostrar la eficiencia de una estrategia ampliamente
utilizada desde entonces. Las cadenas de anticuerpo generadas en el ambiente reductor del
citoplasma bacteriano se transportan al periplasma que presenta un ambiente oxidativo ideal para
la generacion de los puentes disulfuro gracias al sistema de secrecidn bacteriano sec (Beckwith,
2013). Para ello fue necesaria la adicion, en el extremo N-terminal de la secuencia recombinante
del anticuerpo, de sefiales de direccionamiento a periplasma, como los péptidos pelB (Singh et
al., 2013) u ompA (Ge et al., 1995) entre otros.
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Debido al ambiente reductor del citoplasma bacteriano, los fragmentos de anticuerpos
recombinantes no se pliegan correctamente y forman agregados disfuncionales. Sin embargo, a
través de procedimientos de ingenieria genética se han conseguido biofactorias de E. coli capaces
de producir proteinas heterdlogas correctamente plegadas y con gran rendimiento, mediante la
coexpresion de chaperonas como GroES/L o enzimas isomerasas o transferasas. Un ejemplo de
estos sistemas es el CyDisCo (Matos et al., 2014), en el que un conjunto de plasmidos que permiten
la expresion de diversas sulfidriloxidasas y/o disulfilisomerasas (patente WO 2010/139858),
se cotransforman en cepas comerciales de E. coli, junto a los plasmidos para la expresion
recombinante de uso comun (como pET-28) y permiten la expresién citoplasmica de proteinas que
presentan gran cantidad de puentes disulfuro (como los anticuerpos o sus fragmentos). Ademas
de la modificacion de esta bacteria mediante ingenieria genética, se han desarrollado diversos
sistemas para optimizar su cultivo en biorreactores, consiguiendo rendimientos muy elevados
(superando 1 g/L) de fragmentos de anticuerpos (Miethe et al., 2013). A pesar de que E. coli es
la biofactoria mas ampliamente utilizada, también existen varios trabajos donde se utilizan otras
bacterias como Proteus mirabilis (Rippmann et al., 1998) o Pseudomonas putida (Dammeyer et

al., 2011) para la expresién recombinante de anticuerpos.

Las bacterias Grampositivas presentan la ventaja de que pueden secretar directamente los
anticuerpos recombinantes al medio de cultivo, gracias a que carecen de una membrana externa.
Se han utilizado diversas especies del género Bacillus, como Bacillus brevis (Shiroza et al., 2003),
Bacillus subtilis (Wu et al., 2002), y Bacillus megaterium (David et al., 2010). También se han
utilizado lactobacilos, como Lacticaseibacillus casei o Lacticaseibacillus paracasei, que debido a
que se consideran microorganismos GRAS (Generally Regarded as Safe), podrian administrarse
directamente al paciente y, una vez en la localizacién anatémica deseada (boca o intestino),
producirian los anticuerpos recombinantes de interés (Krlger et al., 2002).

Las células eucariotas presentan una serie de ventajas para producir anticuerpos recombinantes
sobre las células procariotas. Al ser células mds evolucionadas, son capaces de llevar a cabo un
plegamiento mas eficaz de las proteinas, presentan aparatos de secrecién complejos y pueden
realizar una amplia variedad de modificaciones postraduccionales. Las levaduras son células
eucariotas simples que aunan ventajas de ambos tipos celulares (procariotas y eucariotas),
como la facilidad para manipularlas genéticamente, y cultivarlas en medios mas sencillos,
ademads de que no producen endotoxinas, y presentan las capacidades mejoradas para sintesis,
plegamiento y modificacién de las proteinas de las células mas complejas (Frenzel et al., 2013).
La levadura mas utilizada es Pichia pastoris, una biofactoria catalogada como GRAS. P. pastoris
puede utilizar el metanol como Unica fuente de carbono, lo que facilita el control de la expresion
de proteinas recombinantes, y se puede cultivar en biorreactores de volumen medio con
rendimientos que superan 1 g/L (Potgieter et al., 2010). Se han utilizado también especies de
levaduras como Saccharomyces cerevisiae, Hansenula polymorpha, Schizosaccharomyces pombe,

Schwanniomyces occidentalis, Kluyveromyces lactis, y Yarrowia lipolytica (Frenzel et al., 2013).
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Ademas de las levaduras unicelulares, también se han cultivado hongos filamentosos modificados
genéticamente para producir anticuerpos recombinantes. Aprovechando su gran capacidad
secretora, se han utilizado Aspergillus niger para obtener anticuerpos completos (Ward et al.,
2004), Trichoderma reesei para Fab (Nyyssonen et al., 1993) y Aspergillus awamori para producir

dAb, scFv y sus fusiones con enzimas (Joosten et al., 2003).

Las células de insectos son facilmente transfectables mediante infeccion con baculovirus.
Ademas, son faciles de cultivar y presentan un sistema de produccién y secrecidn de proteinas
avanzado, lo que facilita la purificacién de anticuerpos y otras proteinas recombinantes. Sin
embargo, producen anticuerpos recombinantes con patrones de glicosilacion diferentes a los de
las células de mamifero, por lo que pueden provocar inmunogenicidad no deseada si se aplican

directamente con fines terapéuticos (Edelman et al., 1997).

Actualmente, entreel 60y el 70 % de los principios activos consistentes en proteinas recombinantes
y el 95 % de los anticuerpos terapéuticos aprobados se siguen produciendo en lineas celulares
de mamifero, a pesar de sus costes de produccidn y la complejidad de los procesos industriales.
Sin embargo, la capacidad avanzada de plegamiento, secrecidn y modificaciéon postraduccional
de proteinas, permite la obtencidon directa de anticuerpos practicamente indistinguibles de los
producidos por el ser humano, sin apenas problemas de inmunogenicidad no deseada. Ademas,
la secrecién de inmunoglobulinas complejas correctamente plegadas y modificadas, permite
reducir los esfuerzos en procesos de purificacion (Frenzel et al., 2013). Las lineas de células de
ovario de hamster chino (CHO) y sus derivadas son las mads utilizadas. Otras lineas celulares que
han recibido la aprobacidn por parte de agencias reguladoras para la produccién de anticuerpos
recombinantes de uso terapéutico en humanos son: las células per.C6, células de mieloma de
ratéon (NSO), células de rifidn de hamster y células embrionarias de rifidn humano (HEK 293)
(Butler, 2005).

Otra opcion para la obtencidn de anticuerpos es la produccidon recombinante en plantas
(planticuerpos) cuyo coste puede ser hasta 100 veces inferior a la produccién en hibridomas
(Daniell et al., 2001). Las células vegetales se pueden transfectar rapida y eficientemente gracias a
lainfeccidén con Agrobacterium tumefaciens, que vehicula el gen recombinante para la produccion
de anticuerpos. A pesar de estas ventajas, las plantas también imprimen patrones de glicosilacion
inmunogénicos a las proteinas producidas, aunque esto se puede paliar gracias a los avances
en la glicoingenieria. Este tipo de expresidon recombinante permite la generacidn de productos
vegetales que contienen antigenos o anticuerpos para inmunizacién, las denominadas vacunas
comestibles (Fausther-Bovendo & Kobinger, 2021).

Por ultimo, existen muchos estudios en los que se generan animales transgénicos que expresan
cadenas de anticuerpos humanos en vez de las propias de la especie, sirviendo como sistemas de

produccion de anticuerpos y como modelos para estudiar el sistema inmune y las enfermedades
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asociadas (Flisikowska et al., 2011). Un paso mas en esta linea de trabajo, es generar mamiferos
transgénicos que produzcan proteinas recombinantes en su leche, facilitando su aislamiento
cuando sea necesario, o incluso el consumo directo a través de esa leche como alimento (Pollock
et al., 1999).

1.6 CARACTERIZ,ACION DE REPERTORIOS DE ANTICUERPOS
MEDIANTE TECNICAS DE SECUENCIACION MASIVA

1.6.1 Tecnologias de secuenciacion masiva

El analisis mediante Secuenciacion de ADN de Proxima Generacion (NGS, Next-Generation
Sequencing) de los repertorios de anticuerpos humanos ha permitido una comprensiéon mas
profunda y una caracterizacién completa de los receptores de células B (BCR, B-Cell Receptor)
con una resolucién sin precedentes (Robinson, 2015). La tecnologia NGS ha dado lugar a
numerosas aplicaciones relacionadas con el desarrollo de anticuerpos. Se ha mejorado el panning
con repertorios de anticuerpos expresados en fagos facilitando el proceso de su aislamiento
(Vaisman-Mentesh & Wine, 2018). Ademas, cuando se combina con la modelizacién estructural
computacional a gran escala, ha revelado correlaciones secuenciales y estructurales entre los
repertorios de anticuerpos naive y sus posibles antigenos (Dekosky et al., 2016). Otro ejemplo

Ill

de su aplicacién, fue el estudio del “anticuerpoma” de individuos infectados con el VIH, que ha
aumentado la comprensién de la respuesta inmunolégica, y ha ayudado al disefio de inmundgenos
basados en los linajes de anticuerpos que podrian activar las células B naive para dar lugar a clones
neutralizantes de amplio espectro (Havenar-Daughton et al., 2018). En consecuencia, la NGS de
los repertorios de anticuerpos humanos sera una tecnologia fundamental para el descubrimiento

de nuevos anticuerpos (Choi et al., 2023) y el desarrollo de vacunas (Song & Zhang, 2022).

El método de secuenciacion de Sanger automatizado se considera una tecnologia de primera
generacion. A pesar del impacto que tuvo en los albores de la biologia molecular, y de que se
sigue utilizando para ciertas aplicaciones concretas, su rapidez no es suficiente para poder llevar
a cabo analisis masivos. Las tecnologias NGS permiten la obtencion de millones de secuencias
en paralelo, con mayor rapidez y menor coste que las tecnologias de primera generacidn, ya que
no es necesario separar las moléculas de ADN mediante técnicas de electroforesis. El principal
avance ofrecido por las tecnologias de NGS es la capacidad de producir un enorme volumen de
datos a bajo coste, ampliando el ambito de experimentacion mas alla de simplemente determinar
el orden de las bases. La capacidad de secuenciar el genoma completo de muchos organismos
ha permitido realizar estudios comparativos y evolutivos a gran escala que eran inimaginables
hace apenas unos afios. La aplicacion mas amplia de la NGS puede ser la resecuenciacion de
genomas humanos para mejorar nuestra comprension de cdmo las diferencias genéticas afectan

a la salud y a la enfermedad. En este campo, se ha completado recientemente la secuenciacion
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del pangenoma humano, una coleccion de ensamblajes del genoma completo de 47 personas,
con la posibilidad de incluir hasta 350 genomas de personas diferentes en 2024, para obtener la
mayor coleccidn de variantes en genomas completos hasta la fecha (Liao et al., 2023). La variedad

de caracteristicas de la NGS hace posible que multiples plataformas coexistan en el mercado.

Uno de los primeros sistemas comercializados en 2005 fue la tecnologia Roche/454 (Roche®,
Basilea, Suiza) basada en la pirosecuenciacién paralela a gran escala, tras la amplificaciéon de
moléculas individuales de ADN en microrreactores formados por una emulsién de aceite-agua.
Este sistema dejo rapidamente de ser competitivo y se retiré del mercado en 2013. Otros sistemas

basados en la pirosecuenciacion fueron el Life/APG y Polonator (Metzker, 2010).

La tecnologia Ilumina® (San Diego, California, EEUU) se basa en un mecanismo diferente de
terminadores reversibles que son nucledtidos marcados quimicamente mediante la adicion de
un fluoréforo. Las enzimas polimerasas expanden la cadena de ADN a partir de los cebadores
de secuenciacion afiadiendo terminadores reversibles. Los terminadores reversibles provocan
que la incorporacion de mas bases se detenga inmediatamente después del primer nucleétido.
Las polimerasas y los nucleédtidos no unidos son eliminados. Los fluoréforos son excitados con
dos laseres separados (rojo: A, C y verde: G, T). Posteriormente, se eliminan los fluoréforos y
terminadores, y la secuenciacion se reanuda con la inclusién de la siguiente base (Kircher &
Kelso, 2010). Este sistema pronto domind el mercado mundial de la secuenciacién, y aun hoy
es el mas utilizado gracias a que presenta varias ventajas como el nivel adecuado de velocidad,
capacidad y coste para su empleo por diferentes laboratorios o requerimientos de secuenciacion.
Ademas, esta asociado a herramientas bioinformaticas faciles de usar y accesibles a través de la
web, o en servidores externos (Frey et al., 2014). También presenta una serie de inconvenientes,
principalmente la necesidad de un control estricto en la carga de las muestras, ya que una
sobrecarga puede dar lugar a la superposicién de clusteres con una baja calidad de secuenciacion,
lo que resulta en una tasa de error general de aproximadamente el 1 % (Nakamura et al., 2011). El
tamafio maximo de secuencia registrado por este sistema es de 2x150 pares de bases, lo que hace
necesario fragmentar, marcar con cédigos de barras, secuenciar los fragmentos y reensamblarlos
mediante herramientas bioinformaticas (Sedlazeck et al., 2018). Este inconveniente derivo en una
gran competencia entre empresas para desarrollar una tecnologia capaz de secuenciar moléculas
largas (de miles o incluso millones de pares de bases). En este contexto se desarrollaron las
tecnologias PacBio® (Pacific Biotech, Menlo Park, California, EEUU) y Oxford Nanopore® (Oxford,

Reino Unido).

En el sistema PacBio® se afade al dispositivo una disolucién que contiene cada uno de los cuatro
nucledtidos marcados con una molécula fluorescente diferente. Cada vez que un nucledtido
marcado se une al sitio activo de la polimerasa que esta anclada en el fondo de los pocillos del
dispositivo, el fluoréforo se excita, generando una sefial especifica para cada base incorporada. A

continuacion, el fluoréforo se escinde de la base nucleotidica, deja de emitir, y difunde fuera del
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pocillo, de forma que se puede reiniciar el ciclo con la incorporacién de un nuevo nucleétido. Este
sistema permite generar lecturas de manera directa con la misma longitud que la capacidad de
elongacién de la polimerasa empleada, hasta 60 kb, con muy bajas tasas de error (Rhoads & Au,
2015). Este sistema ha demostrado ser especialmente Util para secuenciar repertorios de scFv,
generando lecturas de mas de 800 pb, y se ha empleado para caracterizar el proceso de seleccion
de scFv de un repertorio de origen humano expresado en fagos que se unian a placas de ateroma

en animales de experimentacion (Hemadou et al., 2017).

El mecanismo de Oxford Nanopore es completamente diferente. En este caso, se trata de un
dispositivo que mide variaciones de la corriente eléctrica en un liquido que inunda una camara que
contiene una membrana porosa. A los fragmentos de ADN que se van a secuenciar se les afiaden
unos adaptadores y unas proteinas motoras en los extremos, que permiten el direccionamiento
de las hebras de ADN a través de los poros. El paso de cada una de las bases nitrogenadas produce
una variacién diferente en la corriente eléctrica, que permite registrar la secuencia de la hebra de
ADN. La principal novedad de este sistema es que se han desarrollado dispositivos miniaturizados
como el MinlON, que permiten realizar experimentos de secuenciacién en cualquier laboratorio,
sin necesidad de grandes equipos, simplemente con un ordenador, el dispositivo miniaturizado, el
kit para preparacion de muestras y un juego de pipetas automaticas (Chen et al., 2023). A pesar de
tener la mejor relacion coste- efectividad del mercado, el sistema portatil presentaba la debilidad
de una tasa de error en la secuenciacidn mayor que otros sistemas, por lo que se desarrollaron
otros dispositivos, esta vez mas grandes y complejos, que permiten otros mecanismos de
secuenciacidon como el 1D2 que permite la lectura consecutiva de ambas hebras de una molécula
de ADN, o la 2D, andloga a la anterior pero en este caso, las dos hebras de la molécula (paralela
y antiparalela) se encuentran unidas fisicamente una tras otra. Esto permite una doble lectura de

informacion complementaria para reducir errores (Lin et al., 2021).

Otro sistema, no tan extendido, son los dispositivos lon Torrent® (San Francisco, California,
EEUU). Su mecanismo de secuenciacion se produce también en microemulsiones de agua-aceite,
en cuyo interior ocurre que cada tipo de base nucleotidica afiadida por una polimerasa produce
una cantidad diferente de protones, que son registrados por detectores de pH muy sensibles,

permitiendo asi la secuenciacién (Lahens et al., 2017).

1.6.2 Analisis masivo de anticuerpos

La complejidad del analisis de datos de secuenciacion masiva de repertorios de anticuerpos
presenta dos retos principales. Por un lado, la complejidad intrinseca de analizar moléculas
hipervariables como son los anticuerpos (y en concreto algunas de sus zonas como los HCDR3),
y, por otro lado, la dificultad de analizar el volumen de datos generados por la secuenciacién. Lo
habitual en este tipo de experimentos es seguir un flujo de trabajo con dos etapas principales.

La primera etapa o analisis primario, consiste en la organizaciéon de las secuencias brutas
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generadas por el secuenciador, para eliminar secuencias de mala calidad que pueden generar
errores e introducir ruido en el analisis posterior (Han et al., 2018). Seguidamente se realiza un
analisis secundario con las secuencias ya depuradas con el fin de extraer la informacién de los
anticuerpos. El primer analisis se basa en el alineamiento de las secuencias obtenidas frente a
bases datos curadas con informacidn de secuencias de anticuerpos (Lefranc et al., 2008). Este
alineamiento permite la identificacién de los genes V(D)) y C que han generado cada anticuerpo,
su clasificacion por familias, subfamilias y alelos para las regiones variables, la clase y la subclase
para las regiones constantes y proporcionan informacién sobre los CDRs, como su longitud y
composicién en aminoacidos (Lefranc & Lefranc, 2019). Una vez anotada toda esta informacidn,
y si se tienen datos de varias etapas de un proceso (como por ejemplo las diferentes rondas
en un proceso de panning) se puede ejecutar un segundo analisis con el objetivo de encontrar,
principalmente cambios significativos en las diferentes etapas del proceso (Udoye et al., 2022),
rastrearlas secuenciasde anticuerposalolargo deltiempo o en respuesta a diferentes condiciones,
haciendo posible comprender cdmo evolucionan y se adaptan los repertorios de anticuerpos en

diferentes situaciones.

Este tipo de analisis es posible gracias a la existencia de bases datos, que se pueden consultar
en internet, y que contienen las secuencias que codifican para las diferentes familias de
anticuerpos de diversas especies. Existe un repertorio de bases de datos de anticuerpos y
herramientas para su andlisis universalmente utilizado, denominado sistema de informacidn
internacional IMGT (Internacional ImMunoGeneTics Information System) iniciado y mantenido
por la Universidad de Montpelier y el Centro Nacional para la Investigacion Cientifica (CNRS,
Centre National de la Recherche Scientifique), ambos en Francia. En 1989, con la entrada de
todos los genes del locus TRG de Homo sapiens en la base de datos HGM, los genes variables
(V), de diversidad (D), unién (J) y constante (C) de inmunoglobulinas (IG) o receptores de células
B (BCR), y de células T (TR) fueron reconocidos oficialmente como genes por primera vez, ya
que hasta entonces eran considerados segmentos génicos o pseudogenes (Lefranc & Lefranc,
2020). Este importante avance permitié que los genes y alelos de IG y TR, que son parte de las
respuestas inmunitarias adaptativas complejas y altamente diversificadas, fueran gestionados
en bases de datos y herramientas gendmicas. Los nombres de genes y alelos de IMGT se basan
en la clasificacién entorno a las categorias grupo, subgrupo, gen, y alelo (Lefranc, 2013). La
categoria grupo permite clasificar un conjunto de genes que pertenecen a la misma familia
de genes multiples, dentro de la misma especie. Por ejemplo, existen 10 grupos para las IG de
vertebrados superiores: IGHV, IGHD, IGHJ, IGHC, IGKV, IGKJ, IGKC, IGLV, IGLJ, e IGLC. La categoria
subgrupo permite identificar un subconjunto de genes que pertenecen al mismo grupo y que,
en una especie dada, comparten al menos un 75 % de identidad a nivel de nucledtidos. Por
ejemplo, el subgrupo IGHV1 de Homo sapiens. Los subgrupos genes y alelos siempre estan
asociados con el nombre de la especie (Lefranc, 2008). Un alelo es una variante polimorfica

de un gen, que se caracteriza por las mutaciones de su secuencia a nivel de nucleétidos,
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identificadas en sus secuencias centrales y comparadas con la secuencia de referencia de cada
alelo del gen. Para el locus IGH, los genes constantes se designan con la letra y nimero si fuera
necesario correspondiente a los isotipos codificados (IGHM, IGHD, IGHG3...), en lugar de usar
la letra C. El origen de las secuencias de esta base de datos son aquellas depositadas en la base
de datos GENBANK del NCBI (Centro Nacional para Informacién de Biotecnologia de los Estados
Unidos). Debido a la enorme complejidad de la dindmica gendmica que conduce a la generacién
de diversidad de los receptores de la inmunidad adaptativa, surgié la controversia sobre qué
secuencias se debian utilizar como referencia teniendo en cuenta que todas las células del
organismo contienen los genes codificantes para anticuerpos, pero solo en los linfocitos B se
expresan las enzimas que llevan a cabo los mecanismos que generan anticuerpos funcionales
(Hoolehan et al., 2022). Ademads, cuanto mds maduro es un linfocito B su genoma esta mas
mutado y, por lo tanto, alejado de las secuencias originales de la linea germinal (Borbet et al.,
2021). En la Tabla 6 se describe el origen de las secuencias integradas en la base de datos IMGT

para el anadlisis de anticuerpos.

Todas estas secuencias se ordenan por familia génica, obteniéndose una base de datos que
contiene el repertorio potencial de genes que codifican para anticuerpos definidos (por genoma
haploide y haplotipo mas frecuente) por 46 genes funcionales V clasificados en 7 familias, 23 genes
funcionales D, 6 genes funcionales J y 9 genes C (que definen las subclases de los anticuerpos)

para la cadena pesada (Scaviner et al., 1999).

Tabla 6. Clasificacion de los 10 tipos de secuencias integradas en la base datos IMGT.

Entidad molecular Dominio/s Origen de la secuencia Tipo de molécula
GenV NA Linea germinal gDNA
GenD NA Linea germinal gDNA
Gen NA Linea germinal gDNA
GenC NA Linea germinal gDNA
Gen V-D-J VH Reorganizado gDNA
Gen V-J VL Reorganizado gDNA
Secuencia L-V-D-J VH Reorganizado cDNA
Secuencia L-V-J VL Reorganizado cDNA
Cadena V-D-J-C Cadena Pesada Reorganizado Proteina
Cadena V-J-C Cadena Ligera Reorganizado Proteina

IMGT: Internacional ImMunoGeneTics Information System Fuente: Lefranc & Lefranc (2020).
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Con respecto a la cadena ligera, la base de datos estd organizada en 35 genes funcionales para
las cadenas kappa, clasificadas en 5 familias, 5 genes funcionales para J y un unico gen C (Barbié
& Lefranc, 1998). La organizacion de los genes que codifican las cadenas lambda es mas compleja
porque no hay aun consenso sobre si varios de los genes observados son realmente genes o
pseudogenes y su funcionalidad es dudosa. Por motivos practicos, se clasifican en 10 familias para
los genes V (algunos autores consideran 11) y hasta 7 familias para los J (4 han sido identificadas
mediante analisis de Southern blot y los otros 3 difieren en su clasificacidn segun el autor que se
consulte, aunque la base de datos IMGT considera los 3) (Lefranc et al., 1999). La complejidad
en la clasificacién de los genes que codifican para las cadenas ligeras es ain mayor, teniendo en
cuenta que se han encontrado numerosos orfones, que son genes localizados fuera del locus
principal dénde se encuentran el resto de su familia génica, algunos de ellos en posiciones tan

alejadas como el cromosoma 18 (Lefranc & Lefranc, 2020).

La generacion de las bases de datos como IMGT permite la clasificacidn de los anticuerpos
secuenciados segln un repertorio potencial de referencia, pero debido a la enorme diversidad
que se genera en ciertos dominios (CDRs), no es posible obtener un andlisis completo de
estas zonas mediante la comparacidon con los repertorios de referencia. El analisis de las zonas
hipervariables se realiza de novo basado principalmente en el tamafio y composicion de
aminodacidos del HCDR3. Para ello es necesario delimitar estas zonas mediante la informacién
estructural reflejada en las secuencias de aminodcidos (Lefranc et al., 2003). Un dominioV (Ho L)
consta de aproximadamente 100 aminodcidos, y procede de la reorganizacién VDJ o VJ, estando
compuesto por nueve laminas beta antiparalelas (A, B, C, C’, C”, D, E, F y G) unidas por ldminas
betas giradas (AB, CC’, C”"D, DE y EF) y tres bucles (BC, C'C"” y FG) que se corresponden con tres
CDRs, formando un sandwich de dos laminas [ABED] [GFCC’C”]. Las ldminas estdn empaquetadas
estrechamente entre si, formando un nucleo hidrofébico, y se unen mediante un puente disulfuro
entre una primera cisteina altamente conservada en la hebra B (en la primera ldmina) y una
segunda cisteina igualmente conservada en la hebra F (en la segunda lamina) (Lefranc, 2019).
La delimitacién de los CDRs se define mediante una serie de puntos de anclaje, que estan bien
definidos para los dos primeros CDRs, y son las posiciones 26 y 39 del bucle BC para el CDR1, y las
posiciones 55y 66 del bucle C’-C” para el CDR2. Con respecto al CDR3, se consideran como punto
de anclaje las Unicas posiciones realmente conservadas, que son la segunda cisteina (hebra F) y

la fenilalanina o el triptéfano de la hebra G (Figura 6) (Lefranc, 2013).

Una vez definidas las propiedades que permiten identificar un anticuerpo de un repertorio
(familia, subfamilia y alelo al que pertenecen), y ciertas caracteristicas estructurales se puede
realizar el andlisis de datos NGS de manera automatica con la herramienta IMGT/HighV-QUEST,
a través de la cual se pueden organizar las colecciones masivas de datos de la secuenciacion de

repertorios.
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Esta herramienta realiza 6 funciones principales: 1) la introduccion de huecos y/o reordenamiento
de las posiciones de los aminodcidos en el anticuerpo para facilitar el alineamiento en la base
de datos (esto ocurre especialmente en los CDRs, que presentan un nimero muy variable de
aminodcidos) (Lefranc et al., 2003); 2) identificacién de inserciones y delecciones (indels), y en
su caso, su correccion; 3) identificacion de familias y subfamilias génicas y alelos mds similares a
aquellos registrados en la base de datos; 4) delimitacidn de los diferentes dominios estructurales;
5) analisis pormenorizado de la zona de reorganizacion de los genes VDJ o VJ, que se encuentra
en el CDR3 y zonas adyacentes y 6) anotacion de mutaciones y cambios de aminodcidos (Alamyar
et al., 2012).

CDR1-IMGT

CDR1-IMGT

CDR3-IMGT
FG

CDR3-IMGT

' CDR2-IMGT
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Figura 6. Representacidn de los dominios estructurales de la regidn VH del trastuzumab. A la izquierda aparece
una representacion plana de la estructura en forma de “collar de perlas”. Los HCDR1, HCDR2 y HCDR3 (corres-
pondientes a los bucles BC, C'C” y FG, respectivamente) se representan en rojo, naranja y morado. Los circulos
rayados corresponden a las posiciones que faltan con respecto a la secuencia de referencia en la base de datos
IMGT. Las flechas indican la direccién de las laminas beta y sus designaciones en las estructuras 3D. Los puntos de
anclaje se muestran en cuadrados. Los puentes de hidrogeno (lineas verdes) fueron afiadidos a partir de los datos
estructurales experimentales. El puente disulfuro (linea naranja) también fue incorporado a partir de los datos
estructurales experimentales. A la derecha se muestra la representacién tridimensional de la misma estructura
con los CDRs coloreados con la misma gama de colores que en la figura a la izquierda. Figura adaptada de Lefranc
& Lefranc (2020).
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Otro analisis muy util para caracterizar un repertorio de anticuerpos es agrupar las diferentes
secuencias en grupos o clisteres con caracteristicas comunes, gracias al concepto de clonotipo.
Un clonotipo se define biolégicamente como un conjunto de anticuerpos que derivan de la
misma linea clonal. Son la evolucién de un BCR (B-cell receptor o receptor de célula B) que es un
anticuerpo anclado a la membrana celular, a través del receptor de Fc parental con recombinacion
V(D)J completa, que va sufriendo mutaciones en las etapas finales de la maduracién (Hong et al.,
2022) (Figura 7).
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Figura 7. Representacion del concepto de clonotipo en anticuerpos. Los circulos representan varios linfocitos B en
diferentes etapas en el desarrollo y la maduracién de su BCR. Los bloques representan los genes V(D)) y las barras
negras, las mutaciones que ocurren tras la reorganizacion. Fuente: elaboracidn propia.

Al secuenciar repertorios inmunes, el material bioldgico de partida proviene de linfocitos B que
ya han sido madurados, por lo que las secuencias obtenidas de los anticuerpos que generan
han sido ya intensamente mutadas. Esto dificulta la clasificacién de diferentes secuencias en
un clonotipo. Se han propuesto diferentes metodologias para organizar los componentes de un
clonotipo, pero la mas utilizada actualmente es la propuesta y utilizada por el IMGT, que define
gue varios anticuerpos diferentes pertenecen al mismo clonotipo cuando presentan una Unica
reorganizacién V(D)J y el mismo HCDR3 en composicidon de aminodcidos y presentando sus puntos
de anclaje (Li et al., 2013). La clusterizacion por clonotipos facilita enormemente el andlisis de

grandes repertorios y la busqueda de significado bioldgico de los procesos estudiados.

Una vez conocida la distribucion en grupos, familias, subfamilias y alelos de los genes V(D)J,
sus dominios estructurales, y distribucidon por clonotipos, se puede proceder a comparar si hay



1.7 ELUCIDACION IN SILICO DE LA INTERACCION ANTIGENO Y ANTICUERPO

cambios significativos en estas caracteristicas en diferentes puntos de un proceso. Por ejemplo,
si se tienen datos de linfocitos que se encuentran en diferentes tejidos o de la evolucidn en
un proceso de seleccién por afinidad mediado por fagos. Para ello se pueden elegir diferentes
formas de hacer comparaciones entre los datos obtenidos, curados y clasificados, pero lo mas
habitual es comparar la diversidad o expresidon de aminodcidos por genes V, D o0 J de un grupo de
anticuerpos dados (Aouinti et al., 2016).

1.7 ELUCIDACION IN SILICO DE LA INTERACCION ANTIGENO Y
ANTICUERPO

1.7 Prediccion de estructuras de proteinas y métodos clasicos utilizados

En 1953, Frederick Sanger publicd la primera secuencia de aminodcidos de una proteina (Insulina)
(Stretton, 2002). En 1959, Max Perutz obtuvo la primera estructura tridimensional de una proteina
(Mioglobina) mediante difraccion de rayos X (Dickerson, 1992). A partir de ese momento, diversas
investigaciones buscaron métodos que permitieran predecir la estructura de una proteina a partir

de su secuencia lineal de aminoacidos.

Hasta finales del siglo XX no se consiguid la suficiente potencia computacional para que los
algoritmos implementados fueran capaces de obtener predicciones aceptables. Desde entonces
se han propuesto diferentes metodologias que mejoraban paulatinamente la capacidad de
prediccion. Los métodos de prediccion suelen dividirse en el modelado basado en estructuras
de referencia (TBM, Template-based modeling) y en el modelado libre (FM, Free modeling) (de
Almeida Paiva et al., 2022). Sin embargo, en ocasiones se entremezclan, ya que algunos métodos
TBM utilizan metodologias de refinamiento de modelos guiados por energia libre, y parte de los
FM utilizan enfoques de muestreo basados en fragmentos, extrayendo informacion de la base de
datos de proteinas (PDB, Protein Data Bank) mediante aprendizaje automatico. Dentro de estos
dos tipos de métodos, los algoritmos desarrollados suelen clasificarse en tres grupos diferentes:
ab initio (metodologia FM), reconocimiento del plegamiento (metodologia TBM), y por homologia
(metodologia TBM) (Agnihotry et al., 2022).

Los enfoques ab initio se basan en la hipdtesis termodindmica de que la estructura proteica
nativa presenta la energia libre mas baja posible (Hardin et al., 2002). La idea de estos métodos es
predecir nuevos pliegues considerando propiedades fisicoquimicas del proceso de plegamiento
de proteinas como la formacidn de puentes de hidrégeno, la energia potencial de contacto,
las posibles propensiones de las estructuras secundarias, y el plegamiento que involucra tanto
interacciones enlazadas como no enlazadas. El método ab initio puede tener en cuenta o no la
identificacion de determinados motivos en bases de datos mediante la divisién de la proteina

problema en fragmentos pequefios. Algunas revisiones bibliograficas incluso dividen esta
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categoria en dos metodologias distintas, una dependiente y otra independiente de la informacion
de la base de datos (Bertoline et al., 2023). La ventaja principal de los métodos ab initio es la
capacidad de obtener pliegues desconocidos. No obstante, la complejidad del problema vy el alto
numero de posibilidades conformacionales requieren un alto poder computacional, lo que limita
Su uso en secuencias proteicas largas. Los métodos que utilizan fragmentos pueden ayudar a
reducir el espacio conformacional, pero pueden ignorar el plegamiento de zonas importantes
(Dorn et al., 2014).

Las metodologias de reconocimiento del plegamiento se basan en la idea de que la estructura
esta mas conservada que la secuencia de aminodcidos y que existe un niumero limitado, aunque
amplio de pliegues de estructuras proteicas en la naturaleza. Estos métodos consisten en elegir
la mejor estructura tridimensional de referencia que se ajuste bien a la secuencia problema,
considerando una funciéon de puntuacion construida en base a potenciales de interaccion,
comparacion de estructuras secundarias y propiedades del solvente. Asi, la secuencia objetivo se
alinea con el modelo de estructura utilizando la funcidn de puntuacién 6ptima, reorganizando los
atomos de la secuencia problema sobre el esqueleto alineado. Finalmente, se verifica la afinidad
de la secuencia con el pliegue tridimensional, y se verifica manualmente el resultado final (Jones,
1999). Esta metodologia presenta el inconveniente de que depende en gran medida de estructuras
preexistentes y, en proteinas con amplia variabilidad, como los anticuerpos, pueden no existir

estructuras lo suficientemente similares como para obtener un buen modelo predictivo.

Los modelos de homologia fueron los mas utilizados hasta la aparicion de sistemas de inteligencia
artificial. La metodologia mas utilizada era la busqueda de mutaciones correlacionadas (Figura
8), que se basa en que la secuencia de la proteina sobre la cual se va a predecir la estructura
tridimensional es parte de una familia de secuencias relacionadas evolutivamente que, se

presume, tienen esencialmente el mismo plegamiento (familia iso-estructural).
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Figura 8. Ejemplo gréfico del uso de mutaciones correlacionadas para descubrir contactos entre aminoacidos
como primer paso para la prediccion de la estructura tridimensional de una proteina. Fuente: Marks et al. (2011).
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La variacion evolutiva en las secuencias esta limitada por varios requisitos, incluida la conservacidn
de interacciones favorables en contactos entre residuos. La prediccion del plegamiento de
proteinas a partir de su secuencia aprovecha las correlaciones entre pares en el alineamiento de
multiples secuencias para deducir qué pares de residuos probablemente estén cerca uno del otro
en la estructura tridimensional. Un subconjunto de los pares de residuos en contacto predichos
se utiliza posteriormente para plegar cualquier proteina de la familia en una forma tridimensional
aproximada, que luego se refina utilizando técnicas estandar de fisica molecular (Marks et al.,
2011). La calidad final de la estructura predicha por estos métodos depende de que los contactos
encontrados sean realmente significativos y directos. Para ello, necesitan alineamientos lo mas
amplios posibles, por lo que el refinamiento de los métodos estadisticos permitié un incremento
en la calidad de las predicciones, con un aumento de la capacidad computacional necesaria
para realizar los calculos (Morcos et al., 2011). Los principales inconvenientes de este tipo de
predicciones estan relacionados con que no son capaces de predecir cambios como inserciones
o deleciones que provoquen cambios conformacionales. Ademds, tienen baja sensibilidad

prediciendo las posiciones de las cadenas laterales (Pitman & Menz, 2006).

1.7.2 La revolucion de la inteligencia artificial

A pesar de las multiples metodologias propuestas, se seguian encontrando inconsistencias entre
los modelos predichos y las estructuras obtenidas por técnicas fisicas, como la difraccidn de
rayos X o la criomicroscopia. A finales de la década de 2010, las grandes compafiias tecnoldgicas
empezaron a desarrollar sistemas de inteligencia artificial para resolver algunos problemas
complejos (Bertoline et al., 2023). Deep Mind, la filial centrada en el desarrollo de inteligencia
artificial de Google©, se interesé por el problema de la prediccion de la estructura tridimensional
de proteinas a partir de su secuencia. El primer sistema fue presentado en 2019, pero no obtuvo
mejores resultados que sus competidores, que resolvian las predicciones con la metodologia de
homologia, mientras que la inteligencia artificial los resolvia mediante el procesado de imagenes
(Senior et al., 2019). En 2020 se produjo una auténtica revolucion en este campo, a través de la
presentacion de AlphaFold2 (Jumper et al., 2021), un sistema de inteligencia artificial, basado en
el procesado del lenguaje natural, que era capaz de resolver la estructura de proteinas con una
precision y rapidez nunca vistas hasta entonces, dejando practicamente obsoletos los métodos
anteriores. La metodologia que utiliza AlphaFold2 para resolver la estructura de las proteinas
se puede dividir en tres fases. En la primera (Figura 9A) utiliza la secuencia de aminoacidos
de la proteina problema para consultar varias bases de datos de secuencias de proteinas y
construir un alineamiento de secuencias multiples (MSA, Multiple Sequence Alignment). Esto
permite determinar las partes de la secuencia que son mas probables que muten, ademas de
detectar correlaciones entre ellas. También busca proteinas que puedan tener una estructura
similar a la proteina problema y construye una representacion inicial de la estructura, denomina

representacion de pares.
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En esencia, crea un modelo de qué aminoacidos es probable que estén en contacto entre si, de

manera analoga a los sistemas de prediccién por homologia (Elofsson, 2023).
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Figura 9. Representacion del funcionamiento de AlphaFold2. Figura modificada de https://www.deepmind.
com/blog que actualmente no se encuentra accesible.



1.7 ELUCIDACION IN SILICO DE LA INTERACCION ANTIGENO Y ANTICUERPO

En la segunda fase (Figura 9B), toma como base el alineamiento de secuencias multiples y las
estructuras similares, y las pasa a través de un transformador llamado Evoformer. El objetivo de
esta fase es refinar las representaciones, tanto para el MSA como para las interacciones entre
pares, pero también para intercambiar informacidn entre ellos de manera iterativa. Un mejor
modelo del MSA mejorara la caracterizacion de la geometria de la red, lo que a su vez ayudara a
refinar el modelo del MSA. Este proceso estd organizado en bloques que se repiten de manera

iterativa hasta un nimero especificado de ciclos (48 bloques) (Jumper et al., 2021).

Terminadas las iteraciones, la informacién pasa a la tercera fase (Figura 9C), denominada, médulo
estructural, el cual generala estructura tridimensional. A diferencia de las metodologias anteriores,
esta red no utiliza ningln algoritmo de optimizacidn y genera una estructura estdtica y final en
un solo paso. El resultado final es una larga lista de coordenadas cartesianas que representan la

posicidn de cada dtomo de la proteina, incluyendo las cadenas laterales.

Todos estos procesos se ejecutan gracias a una arquitectura de red neuronal en la que cuando
se resuelve cada subtarea, se pasa a un nuevo nodo de la red. Ademas, cuando ha generado una
estructura determinada, vuelve a lanzar esta informacién al Evoformer, lo que permite refinar la

estructura de manera iterativa hasta obtener una estructura éptima.

La innovacién disruptiva de este sistema reside principalmente en el Evoformer, cuyo
funcionamiento se detalla a continuacion. La idea central es que la informacion fluye de ida
y vuelta a lo largo de la red. Antes del AlphaFold2, la mayoria de los modelos de aprendizaje
profundo tomaban un MSA y generaban alguna inferencia sobre la proximidad geométrica. Por lo
tanto, la informacién geométrica era un producto de la red. En el Evoformer, la representacion de
pares es tanto un producto como una capa intermedia. En cada ciclo, el modelo utiliza la hipdtesis
estructural actual para mejorar la evaluacion del alineamiento de secuencias multiples, lo que a
su vez conduce a una nueva hipétesis estructural, y asi sucesivamente. Ambas representaciones
de secuencia y estructura, intercambian informacidn hasta que la red llega a una inferencia sélida.
El primer paso en la red consiste en definir incrustaciones para el MSA y las estructuras similares,
tomandolas como variables discretas. Las redes neuronales, por otro lado, son dispositivos
intrinsecamente continuos que se basan en la diferenciacidn para aprender de su conjunto
de algoritmos de entrenamiento. Una incrustacidon permite la transformacion de una variable

discreta a un espacio continuo para que la red pueda ser entrenada.

El flujo de informacidn en la red no es lineal, sino que estd dirigido por un mecanismo de atencidn
que focaliza la potencia de la red en las subtareas mas importantes (Jumper et al., 2021). El
Evoformer utiliza en realidad dos transformadores (arquitectura de dos torres), con un canal de
comunicacién entre ambos. Cada torre estd especializada en el tipo particular de datos que estd
analizando, ya sea un MSA o una representacién de interacciones entre pares de aminodcidos.

También incorporan la informacidn de la representacion contigua, lo que permite un intercambio
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regular de informacidn y un refinamiento iterativo. El transformador del MSA calcula la atencidn
sobre una matriz muy grande de simbolos de proteinas. Para reducir el costo computacional, que
de otro modo seria infinito, la atencion se factoriza en componentes por fila y por columna. Es
decir, la red primero calcula la atencidn en la direccién horizontal, lo que le permite identificar qué
pares de aminodacidos estan mas relacionados y después en la direccidn vertical, determinando
qué secuencias son mas informativas. El otro transformador trabaja sobre la representacion
de pares. En esta red, la atencidn se organiza en términos de tridngulos de residuos. Computa
los aminodcidos como un triangulo flexible, en el que en uno de los vértices se encuentran el
carbono en alfa, y en los otros dos el nitrégeno y el carbono del grupo amida del enlace peptidico
(Figura 10) cumpliendo siempre la desigualdad triangular, uno de los axiomas de los espacios
métricos. Tras las 48 iteraciones, la red ha generado el modelo de interacciones y puede construir
la estructura.

Figura 10. Representacion esquematica del concepto tridngulos de residuos. Fuente: elaboracion propia.

El modulo de estructura considera la proteina como un gas de residuos. Cada aminodacido se
modela como untridangulo que representa los tres atomos del esqueleto del enlace peptidico. Estos
triangulos flotan en el espacio y son movidos por la red neuronal para formar la estructura. Estas
transformaciones estan parametrizadas como matrices afines, que son una forma matematica
de representar las traslaciones y rotaciones en una sola matriz 4x4. La parte 3x3 corresponde a
una matriz de rotacion, y la columna 1x3 es el vector de desplazamiento. La multiplicacién de una
matriz afin por un vector es equivalente a desplazar y posteriormente rotar dicho vector. Estos
movimientos son resueltos gracias un mecanismo de atencion diferente, denominado punto de

atencidn invariante (Lau et al., 2023). Se basa en que la red sabe que, si cualquier rotacion o
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traslacién posible de los datos conduce ala misma respuesta, necesitara mucha menosinformacion
para alejarlo de los modelos incorrectosy, por lo tanto, podra aprender mas. Ademas, este sistema
es capaz de resolver la posicién de las cadenas laterales con mucha mayor precisién que las
metodologias anteriores. Esto lo consigue porque sus posiciones estan parametrizadas por una
lista de dangulos de torsidn, que son predichos por la red, y luego implementados con subrutinas
de analisis geométrico estandar (Skolnick et al., 2021). La red implementa un sistema de control
de calidad sobre la prediccion que realiza, facilmente identificable porque sobreimpresiona un
codigo de colores en la estructura de la proteina, permitiendo distinguir facilmente las zonas
resueltas con mayor confianza. Este control de calidad se resume en el calculo de un nuevo
pardmetro disefiado por el equipo de Deep Mind (pLDDT), que es muy similar al RMSD (Root
Mean Square Deviation) en el que la desviacion cuadratica media de las raices se refiere a la
medida de la diferencia entre las posiciones tridimensionales de atomos o moléculas en dos
estructuras comparadas (Kufareva & Abagyan, 2012), y es invariante a las torsiones de los enlaces
quimicos. En cambio, pLDDT lo tiene en cuenta, de manera que evita la prediccidn de proteinas

con la quiralidad incorrecta (Roney & Ovchinnikov, 2022).

1.7.3 Aplicaciones de la inteligencia artificial a la resolucion de la estructura de los
anticuerpos

El andlisis de los repertorios de anticuerpos puede ampliar nuestra comprensidn de la respuesta
inmunitaria adaptativa. Sin embargo, los datos de secuencia por si solos ofrecen solo una vision
parcial del repertorio inmunolégico. Las interacciones que facilitan la unién de antigenos estan
determinadas por la estructura de un conjunto de seis bucles que conforman los CDRs. El modelado
preciso de estos bucles CDR proporciona conocimientos sobre el mecanismo de unién y posibilita
el disefio racional de anticuerpos especificos (Adolf-Bryfogle et al., 2018). Cinco de los bucles
CDR tienden a adoptar estructuras candnicas que pueden predecirse eficazmente mediante
similitud de secuencia (Almagro et al., 2014). Sin embargo, el moldeado del tercer bucle CDR de
la cadena pesada (HCDR3) ha demostrado ser un desafio debido a su mayor diversidad, tanto
en secuencia como en longitud (Ruffolo et al., 2020). Ademas, la posicién HCDR3 en la interfaz
entre las cadenas pesada y ligera hace que su conformacidon dependa de la orientacién de las
cadenas (Marze et al., 2016). Algunos autores han encontrado diversas inconsistencias entre las
estructuras predichas de los anticuerpos, y los datos obtenidos con técnicas experimentales, como
la difraccion de rayos X. Por ejemplo, la colocacién correcta de D-aminoacidos, enlaces amida en
conformacion cis y/o no planos, cis-prolinas y la prediccion de interacciones por fuerzas de Van
der Waals (Fernandez-Quintero et al., 2023). Teniendo en cuenta su papel central en la unién con
el antigeno, los avances en la prediccion de las estructuras del HCDR3 son fundamentales para

comprender las interacciones anticuerpo-antigeno.

La implementacidn de la inteligencia artificial basada en el procesado del lenguaje natural ha

supuesto una auténtica revolucién en el desarrollo de metodologias de prediccion de la estructura
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tridimensional de las proteinas a partir de su secuencia. Sin embargo, la resoluciéon de las
estructuras de los anticuerpos continta siendo una de las principales limitaciones de AlphaFold2
(Xu et al., 2022).

Debido a estas limitaciones, se han desarrollado varios métodos de aprendizaje profundo
especificos para anticuerpos como DeepAb (Ruffolo et al., 2022) y ABlooper (Abanades et al.,
2022), que han mejorado significativamente la precision en el modelado de los bucles CDR,
incluido el desafiante HCDR3 (Alford et al., 2017). DeepAb predice un conjunto de restricciones
geomeétricas entre residuos que se proporcionan a Rosetta (servidor de modelado de proteinas por
métodos cldsicos) para producir una estructura completa del FV. ABlooper predice las estructuras
de los bucles CDR de manera integral, al tiempo que proporciona una estimacion de la calidad del
bucle. Otra herramienta, NanoNet (Cohen et al., 2022), ha sido entrenada especificamente para
la prediccién de anticuerpos de cadena Unica (nanobodies) y ofrece predicciones muy rapidas.
Aunque son efectivos, ciertas decisiones de disefio limitan la utilidad de cada uno de los modelos.
Las predicciones de DeepAb son relativamente lentas (10 minutos por secuencia), no pueden
incorporar eficazmente datos de estructuras de referencia, y ofrecen poca informacién sobre la
calidad esperada. ABlooper, aunque mas rapido e informativo, depende de herramientas externas
para el modelado, no puede incorporar referencias de bucles CDR y no admite nanobodies
(Ruffolo et al., 2023).

La abundancia de datos de repertorios inmunes, proporcionados por experimentos de
secuenciacidon masiva, ha permitido el desarrollo de lenguajes especificos para anticuerpos. Se
ha demostrado que los modelos entrenados con lenguaje natural aprenden representaciones
significativas de secuencias de repertorios inmunitarios (Olsen et al., 2022), e incluso se han
utilizado para humanizar anticuerpos (Prihoda et al., 2022). También se han desarrollado modelos
generativos entrenados con secuencias para generar repertorios de novo de anticuerpos de alta
calidad (Shin et al., 2021).

Entre las metodologias de prediccidn de la estructura de anticuerpos mediante laimplementacion
de inteligencias artificiales entrenadas especificamente para este tipo de moléculas destacan
ABodyBuilder-ML e IgFold.

ABodyBuilder-ML (Machine learning) es la evolucién de un programa anterior ABodyBuilder. Se
trataba de una metodologia automatizada cuyo algoritmo seguia los 4 pasos estandar: seleccion
de estructuras de referencia, prediccién de orientacion VH-VL, modelado de CDR y prediccion
de cadenas laterales. A continuacidn, ABodyBuilder anotaba la calidad del modelo como una
probabilidad de que un componente del anticuerpo (por ejemplo, el bucle LCDR3) se modelase
dentro de un umbral determinado de RMSD (Leem et al., 2016). Este programa fue uno de los
mas utilizados, gracias a su rapidez y facilidad de uso a través de una pagina web. Sin embargo,
al desarrollarse los sistemas de aprendizaje automatico a partir del ano 2020, pronto quedd
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obsoleto, por lo que se actualizé el programa, reemplazando el modelado basado en estructuras

de referencia por una red neuronal que computa graficos equivariantes.

El modelo se entrena en la posicidon de los dtomos en el esqueleto del enlace peptidico de
los seis bucles CDR, entre dos residuos de anclaje en cada extremo. Las redes graficas
equivariantes requieren una geometria de inicio, por lo que se genera una geometria de entrada
no descriptiva, espaciando uniformemente cada residuo del CDR en una linea recta entre los
residuos de anclaje. Al modelo se le proporcionan cuatro tipos diferentes de caracteristicas por
nodo, lo que resulta en un vector de 41 dimensiones. Estos incluyen un vector codificado que
describe el tipo de aminoacido, tipo de 4&tomo y a qué bucle pertenece el residuo. Ademas, se
proporcionan incrustaciones posicionales a cada residuo que describen cémo de cerca estan
de los anclajes. De esta manera, y tras varias iteraciones, resuelve la estructura del anticuerpo
(Abanades et al., 2022).

Otra propuesta es IgFold, que trata de solucionar el problema que supone el nimero limitado
de estructuras de anticuerpos determinadas experimentalmente del orden de miles (Dunbar et
al., 2014) para el entrenamiento de un predictor efectivo. En ausencia de datos estructurales,
los modelos de lenguaje autosupervisados brindan un marco ideal para extraer patrones de un
numero significativamente mayor (miles de millones) de secuencias naturales de anticuerpos,
identificadas por estudios de secuenciacién de repertorios inmunes (Kovaltsuk et al., 2018). Para
ello, se desarrollé un transformador preentrenado con 558 millones de secuencias de anticuerpos
naturales, para generar incrustaciones para la prediccion de estructuras. Para predecir las
coordenadas atdmicas a partir de las incrustaciones de secuencia, se genera una representacion
grafica de la estructura de anticuerpos, donde cada residuo es un nodo y la informacidn se
transmite entre todos los pares de residuos. Ademas, se implementan matrices de atencién que
codifican las vias de informacién residuo-residuo aprendidas por el modelo. A continuacién, se
integran las incrustaciones de secuencia de cada cadena. El modelo de prediccién de estructuras
esta compuesto por cuatro capas de transformador de graficos entrelazadas a través de la capa
multiplicativa triangular propuesta para AlphaFold2 (Ruffolo et al., 2023).

1.7.4 Estudio de la interaccion antigeno-anticuerpo mediante la tecnologia de docking

Las interacciones proteina-proteina son la base de la funcién celular. Para entender la célula
y Sus procesos, se requiere una comprensidon de las interacciones biomoleculares a escala
atémica. Importantes iniciativas gendmicas y protedmicas estan trabajando hacia este objetivo.
Sin embargo, mientras se predice que el tamafio del proteoma humano es del orden de 20.000
proteoformas Unicas, se estima que el interactoma, la red de todas las proteinas interaccionantes,
estd en el rango de aproximadamente 650.000 unidades (Aebersold et al., 2018), con niveles
adicionales de complejidad, vinculados a la dinamica de las agrupaciones, la localizacién vy el

tiempo de expresién de sus componentes en la célula.
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La cristalizacion de proteinas es muy complejay costosay tampoco es sencillo estudiarlas mediante
Resonancia Magnética Nuclear (RMN). Para estudiar las interacciones y conocer su estructura, se
han ideado enfoques computacionales complementarios a los métodos experimentales. Uno de
estos métodos es el acoplamiento proteina-proteina mediante metodologias de docking, que
tiene como objetivo predecir la estructura de un complejo a partir de modelos atémicos de las

subunidades no enlazadas.

El objetivo del docking es lograr una conformacién optimizada tanto para la proteina como para
el ligando (anticuerpo y antigeno en este caso) determinando la posicidn entre la proteina y
el ligando de manera que su energia libre se minimice (Kuntz et al., 1982). El reconocimiento
molecular juega un papel clave en promover procesos bimoleculares elementales, como la
interaccién enzima- sustrato, fAdrmaco-proteina y farmaco-acido nucleico o proteina-proteina
(DesJarlais et al., 1988). Esto se consigue mediante la comprensién detallada de los principios
universales que rigen la naturaleza de las conexiones (fuerzas de van der Waals, enlaces de

hidrégeno, y electrostaticos) entre dos moléculas que interaccionan.

Las metodologias de docking se clasifican tradicionalmente en dos tipos: rigidos y flexibles. Los
modelos rigidos obvian la flexibilidad de una molécula y buscan la conversién en el espacio 3D
de una de las moléculas, con un ajuste mas favorable con las otras moléculas en términos de
una funcién de puntuacién de energia minima (Dnyandev et al., 2021). Estos métodos fueron los

primeros en utilizarse y constituyeron la prueba de concepto del docking.

El docking flexible tiene en cuenta las diferentes conformaciones de receptor y ligando y como se
adaptan entre si al interaccionar (Dar, 2017). Se han propuesto diversos métodos para resolver la
interaccién entre dos moléculas. El método mas habitual es la combinacion de la aproximacion de
Monte-Carlo combinada con el criterio metrépolis, que comienza generando una configuracion
preliminar del ligando en un lugar energéticamente favorable (como el centro activo de una
enzima o el paratopo de un anticuerpo) determinado por una conformacién aleatoria, con
determinada conversion y rotaciéon. A partir de este estado inicial, va desplazando el ligando y
evaluando cada desplazamiento (Kurcinski et al., 2021). El sistema selecciona la mejor solucion
aplicando el criterio metrépolis que se basa en que si la puntuacidn de la nueva solucién es mejor
que la anterior, se acepta de inmediato. Si la configuracion no es nueva, se aplica una funcién de
probabilidad basada en una distribucion de Boltzmann. Si la solucién pasa la prueba de la funcion
de probabilidad se acepta, en caso contrario, la configuracidn se descarta (Chen & Roux, 2015).
Otra metodologia también utilizada es el método basado en fragmentos, en el que el ligando se
separa en varios fragmentos, se realiza el docking de cada uno de ellos, y se integran todos los
datos para obtener el modelo de interaccion completo. Este método es especialmente util para

trabajar con moléculas muy grandes (Sun et al., 2021).
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Otra forma de clasificar los modelos de docking, se basa en la cantidad de informacién que
se introduce en el modelo para realizar la prediccion. El docking a ciegas se realiza cuando
no se dispone de ninguna informacidn sobre los sitios cataliticos o de unién en una proteina.
Generalmente se hace con proteinas recién descubiertas. El docking especifico de sitio se
puede obtener cuando se conocen los sitios de union de esa proteina, optimizando los recursos
computacionales, y centrando el modelo de interaccidn en esas zonas de las proteinas. El docking
a ciegas es una herramienta poderosa para descubrir interacciones desconocidas (Huang et al.,
2023).

La principal funcidn de los anticuerpos es el reconocimiento con elevada afinidad de antigenos,
por lo que son moléculas perfectas para llevar a cabo estudios de docking. Mientras que para
el anticuerpo se puede extraer facilmente la interfaz de unién a partir de la secuencia y, en
particular, de los CDRs (Sela-Culang et al., 2013), predecir el/los epitopo/s en el antigeno es un
problema mas desafiante. A pesar de muchos esfuerzos para desarrollar métodos fiables para
predecir los epitopos especificos, la mayoria de los enfoques publicados hasta la fecha siguen
siendo muy limitados en términos de precisién. Este problema deriva en que la interaccion
anticuerpo-antigeno es compleja y habitualmente ocurre tridimensionalmente (los epitopos

conformacionales son mucho mas comunes que los epitopos lineales) (Forsstrém et al., 2015).

Dada una secuencia o estructura de un antigeno, la prediccidn in silico de epitopos identificados
por células B tiene como objetivo identificar un conjunto de residuos en el antigeno capaces
de unirse a un anticuerpo. La mayoria de los métodos operan sin contar con la informacién de
los anticuerpos, buscando identificar todos los posibles sitios de unién (Kringelum et al., 2012).
Sin embargo, intentar mapear todos los epitopos podria no resultar dptimo, ya que en algunos
antigenos, como la lisozima de huevo de gallina, se han encontrado complejos con muchos
anticuerpos diferentes, que se unen a dareas distintas, lo que significa que la mayor parte de la
superficie de la lisozima constituye parte de alglin epitopo (Sela-Culang et al., 2013). Ademas,
se ha demostrado que dos anticuerpos terapéuticos diferentes, Gevokizumab y Canakinumab,

activan dos vias distintas al unirse a diferentes epitopos de IL-1 (Blech et al., 2013).

La prediccidon computacional de epitopos de células B proporciona informacién sobre las regiones
del antigeno que se unen al anticuerpo, pero no contribuye directamente al conocimiento de los
residuos especificos del anticuerpo que deben mutarse para modificar su funcién. Este problema
puede abordarse mediante el docking anticuerpo-antigeno, que dada la estructura del anticuerpo
y el antigeno, proporciona una lista de posibles orientaciones de las dos moléculas con respecto
una de la otra. El docking anticuerpo-antigeno requiere una metodologia diferente de la utilizada
para otras moléculas. Los complejos enzima-inhibidor generalmente presentan una excelente
complementariedad en su superficie, con el inhibidor convexo coincidiendo con el sitio de unién

concavo de la enzima o viceversa. La mayoria de las interfases enzima-inhibidor nativas también
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tienen interacciones hidrofébicas y polares favorables, que facilitan el acoplamiento y la puntuacion
en los modelos de validacion (Vajda, 2005). Por el contrario, las interfases en complejos anticuerpo-
antigeno son en su mayoria planas y menos hidrofdbicas. La interfaz plana implica que apenas se
puede buscar complementariedad espacial entre los componentes del acoplamiento (Kapingidza
et al., 2020). Ademas, las interacciones polares son mas sensibles a las posiciones atémicas que
las hidrofdbicas, y, por lo tanto, la puntuacion basada en funciones de energia mecdnica se vuelve
menos fiables debido a las inevitables diferencias conformacionales entre las estructuras de
proteinas libres y unidas. Por lo tanto, se requiere un sistema de puntuacion asimétrico que tenga

en cuenta todas estas discrepancias (Brenke et al., 2012).

Para poder predecir epitopos exactamente es necesario implementar algoritmos que calculen qué
zonas del antigeno presentan una elevada probabilidad de contacto con el anticuerpo, a partir de
datos estructurales, y después evaluar cual de estas zonas se ha predicho con mayor significancia.
Los epitopos candidatos se evalian mediante un ajuste geométrico y una puntuacion especifica
de interaccién anticuerpo-antigeno. El ajuste geométrico se puede calcular enumerando todos
los posibles contactos entre el conjunto de residuos de epitopos putativos y las CDRs, y evaluando
qué pares de contactos anticuerpo-antigeno pueden satisfacerse simultdaneamente. La puntuacién
final del epitopo es una suma de todos los posibles contactos entre los atomos del epitopo dado y
las CDRs, ponderados por el nimero de otros contactos que pueden producirse simultdneamente
(Krawczyk et al., 2014).

Una vez encontrados los aminoacidos que mas probablemente pertenezcan a un epitopo, y
definidos correctamente los CDRs en la estructura del anticuerpo que se esta estudiando, se
puede dilucidar la interaccion entre las dos moléculas mediante metodologias de docking
dirigido y centrado en las zonas detectadas como de posible interaccién. Esto permite obtener
modelos de interaccidn que suelen presentar mejor resolucion (medida mediante RMSD y/o
z-score, el nimero de desviaciones tipicas) que los modelos a ciegas, y con una mejor eficiencia
computacional (Ambrosetti et al., 2020).
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El gluten estd compuesto por un conjunto de proteinas presentes de forma mayoritaria en el
endospermo de los granos de trigo (incluidas variedades como la espelta y el kamut), cebada
y centeno (Fasano & Catassi, 2012). Estos cereales son ampliamente utilizados en la industria
alimentaria debido a las propiedades que el gluten aporta a la masa de harina (elasticidad,
consistencia y esponjosidad). Sin embargo, los cereales con gluten son considerados como
importantes alérgenos ya que contienen péptidos altamente inmunogénicos que con frecuencia

causan reacciones adversas en personas sensibilizadas (Shewry, 2019).

Se han identificado diversas patologias relacionadas con el gluten, entre las que destaca por
su elevada prevalencia (estimada en el 1 % de la poblacién), la enfermedad celiaca (Sapone et
al., 2012). Aunque se contindan investigando diferentes alternativas terapéuticas para tratar
la enfermedad celiaca (Kurada et al., 2016), ninguna ha demostrado tener una efectividad
equiparable a una dieta sin gluten (Wahab et al., 2002). Basandose en el establecimiento de
un umbral de gluten seguro para pacientes con enfermedad celiaca (50 mg de gluten al dia), la
legislacidon europea actual indica que los alimentos que contengan menos de 20 mg/kg de este
componente pueden etiquetarse como “libres de gluten” (Diario Oficial de la Unién Europea,
2014). En este escenario, resulta esencial disponer de métodos rdpidos y eficaces de deteccion
de gluten en alimentos con el propdsito final de fortalecer los sistemas de trazabilidad y control
de alérgenos de la industria alimentaria. Solo de esta manera se puede garantizar un etiquetado
preciso que proporcione informacién fiable al consumidor alérgico, contribuyendo asi a su

seguridad y bienestar.

Entre las diferentes técnicas analiticas disponibles para detectar la presencia de gluten, destacan
las que se basan en la deteccién de proteinas mediante inmunodeteccién, concretamente las
metodologias ELISA. Actualmente existen en el mercado inmunoensayos para la detecciéon
cualitativa y cuantitativa de gluten basados en anticuerpos monoclonales obtenidos mediante

inmunizacién de animales de experimentacién. Entre todos ellos, el ELISA sandwich basado en
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el anticuerpo monoclonal R5, estd considerado como método de analisis Tipo | por el Codex

Alimentarius para la deteccién en gluten en alimentos (Valdés et al., 2003).

A pesar de los grandes avances legislativos en materia de seguridad alimentaria y de la
disponibilidad en el mercado de una amplia variedad de sistemas de deteccidn, el analisis de gluten
en alimentos sigue presentando diversos desafios. Varios estudios comparativos independientes
han revelado considerables discrepancias en la cuantificacién de gluten al emplear diferentes
kits de ELISA disponibles en el mercado (Bugyi et al., 2013). Por su propia definicion, la palabra
gluten abarca a una amplia variedad de proteinas, lo que afiade mayor complejidad al proceso
de andlisis. Se ha comprobado que, a pesar de compartir ciertas similitudes, las secuencias de
estas proteinas pueden diferir significativamente. Ademas, se ha demostrado que la composicion
de las proteinas del gluten puede variar considerablemente incluso entre cereales de la misma
especie, y verse influenciada por diversos factores como la variedad del cereal, su procedencia
e incluso la forma de cultivo (Wieser et al., 2023). Debido a esta gran variabilidad, es necesario
continuar investigando en el desarrollo de métodos de deteccidn de gluten que permitan obtener
resultados mas consistentes. En este contexto, resulta fundamental avanzar en la generacion de
nuevos anticuerpos frente al gluten con caracteristicas diferentes a los anticuerpos actualmente
disponibles. La implementacion de estas nuevas sondas de afinidad en diversos sistemas de
deteccidn ya sea de manera individual o en combinacidn con otras sondas, se presenta como
una estrategia esencial para abordar las limitaciones inherentes a la cuantificacién de gluten en
alimentos.

En ese sentido, la busqueda de nuevos anticuerpos mediante técnicas de evolucién dirigida de
proteinas, como la tecnologia de presentacion en fagos o phage display (Smith et al., 2019) puede
representar una alternativa eficaz para satisfacer estas necesidades. El principal prerrequisito
para la generacién exitosa de anticuerpos recombinantes mediante esta tecnologia recae en
la disponibilidad de repertorios de anticuerpos de alta calidad a partir de los cuales guiar la
seleccion de sondas especificas frente al gluten. Estos repertorios se construyen frecuentemente
a partir del material genético obtenido de animales inmunizados frente al antigeno de interés,
ya que permiten obtener sondas de alta afinidad debido a que estos anticuerpos han sufrido
un proceso natural de maduracién de la afinidad. Sin embargo, la respuesta generada tras la
inyeccién intramuscular del alérgeno en la inmunizacién animal puede diferir significativamente
de la respuesta que la ingesta de gluten desencadena en un paciente celiaco. Por este motivo,
se partié de la hipétesis de que trasladando a los repertorios las caracteristicas presentes en
la respuesta humoral de personas celiacas, seria factible obtener anticuerpos con capacidad
de reconocer las fracciones del gluten inmunogénicas para estos individuos. Por tanto, las
metodologias desarrolladas se debian basar en anticuerpos recombinantes seleccionados a partir
de repertorios generados, parcial o totalmente, de la informacidn genética obtenida de pacientes

celiacos. Este innovador enfoque no solo podria contribuir a mejorar la precision en la deteccion,
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sino que ademas permitiria un avance significativo en la capacidad de los métodos analiticos para

adaptarse a la complejidad y diversidad de las proteinas gluten presentes en los alimentos.

Teniendo en cuenta estas consideraciones, esta tesis doctoral tiene como objetivo principal
el desarrollo de nuevos sistemas de inmunodeteccidon de gluten basados en anticuerpos
recombinantes obtenidos mediante phage display. Con este fin, se propone la generacién de dos
repertorios de fago-anticuerpos tipo Fab (fragmento de unién a antigeno) a partir de linfocitos
de sangre periférica (PBLs) de pacientes celiacos, siguiendo dos estrategias diferentes. El primero
de los repertorios, de naturaleza semiinmune, se generarda a través de un proceso de ingenieria
de proteinas con el fin de mejorar un anticuerpo de dominio Unico frente al gluten (dAb8E)
previamente desarrollado. Por el contrario, para la busqueda de nuevas sondas de afinidad se
propone la construccion de un segundo reportorio completamente inmune donde se traslade la

respuesta humoral de los pacientes celiacos a ambas cadenas del Fab.

En este contexto, para abordar este objetivo global, se establecieron los objetivos parciales que

se enumeran a continuacion:

1. Seleccidn de pacientes celiacos y obtencidon de muestras bioldgicas para suempleo como
material de partida en la construccion de repertorios de anticuerpos recombinantes.

2. Construccién de un repertorio de Fab semiinmune combinando una cadena pesada
basada en un dominio variable frente a gliadina (dAb8E) con cadenas ligeras obtenidas

de linfocitos de sangre periférica (PBLs) de pacientes celiacos.

3. Construccion de un repertorio de Fab inmune mediante amplificacién tanto de cadenas

pesadas como de cadenas ligeras de PBLs de pacientes celiacos.

4. Seleccion por afinidad de variantes de Fab con capacidad de unidn a gliadina a partir de

ambos repertorios y caracterizacién de los fago-anticuerpos seleccionados.

5. Produccion soluble a escala semiindustrial de los mejores candidatos de anticuerpos
recombinantes y desarrollo de metodologias ELISA para la deteccion de gluten en
alimentos.

6. Elucidaciénin silico de la estructura tridimensional de los Fab con mejores caracteristicas

para la deteccion de gluten y estudio de su interaccidn con los antigenos de interés.

7. Caracterizacion de ambos repertoriosy de los procesos de seleccidon por afinidad llevados

a cabo mediante secuenciacion masiva de ADN.
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Para el desarrollo y consecucidn de los objetivos propuestos, durante la realizacion de la presente
tesis doctoral se emplearon numerosas metodologias inmunoldgicas, bioquimicas, genéticas,

gendmicas y protedmicas, las cuales se describen brevemente a continuacion.

3.) PREPARACION DE MUESTRAS Y ANTIGENOS

En este trabajo, se utilizo la gliadina-PWG (elaborada por el Grupo de Trabajo en Prolaminas) como
material de referencia para la deteccidn de gluten en alimentos. Siguiendo la recomendacién del

proveedor, este material se disolvié a 1 mg/mL en una solucidn etanol/agua al 60 % (v/v).

Todas las muestras alimenticias analizadas (diferentes cereales con y sin gluten, especies
heterdlogas y productos comerciales) se molieron individualmente en un molinillo analitico
empleando 50 g de muestra. Se realizaron extractos etandlicos de diferentes cereales (trigo,
centeno, cebada, maizy arroz, entre otros), a partir de 250 mg de las muestras finamente molidas
con 10 mL de una solucidon etanol/agua al 60 % (v/v), seguido de agitacion durante 30 minutos a
temperatura ambiente y centrifugacidn a 867 g durante 15 minutos. Para realizar los ensayos de
inmunotransferencia (o Western blot) se realizaron los extractos de forma analoga a la descrita

anteriormente, pero partiendo de 200 mg de muestra con 1 mL de isopropanol/agua al 50 % (v/v).

Paraevaluarlastécnicasde ELISAdesarrolladas, se analizaron mezclas binarias con concentraciones
crecientes de un homogeneizado de trigo, cebada y centeno en una matriz sin gluten a base de
harina de arroz. También se incluyeron en los andlisis diversos productos comerciales sometidos
a diferentes tipos de procesado. En estos casos, las proteinas similares al gluten se extrajeron
a partir de 250 mg de las muestras finamente molidas con 2,5 mL de la solucion de extraccion
de gluten Ingezim. Esta mezcla se homogeneizd y se incubd a 50 °C durante 40 minutos antes
de agregar 7,5 mL de una solucion etanol/agua al 80 % (v/v). Finalmente, las muestras se
incubaron durante 1 hora en un agitador vertical y se centrifugaron a 2000 g durante 10 minutos

a temperatura ambiente para obtener los extractos del sobrenadante.
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3.2 SELECCION DE PACIENTES CON NIVELES ELEVADOS DE
BIOMARCADORES DE LA RESPUESTA HUMORAL CELIACA

La seleccion de pacientes se realizd en el Hospital Universitario Fundacion Jiménez Diaz (FJD,
Madrid, Espana) tras la aprobacién del estudio por parte de su comité ético. Los facultativos
colaboradores de los servicios de medicina digestiva e inmunologia llevaron a cabo el
reclutamiento de los donantes entre aquellos pacientes que acudieron a consulta con una
sospecha inicial de padecer la enfermedad celiaca. Los pacientes identificados como potenciales
donantes que no habian comenzado una dieta sin gluten (debido a que la respuesta humoral
desaparece rapidamente cuando se elimina el gluten de la dieta), se sometieron a un analisis
para evaluar la respuesta humoral celiaca que presentaban. Los biomarcadores utilizados fueron
la titulacién de anticuerpos IgG e IgA dirigidos frente a la transglutaminasa tisular y frente a

péptidos desaminados de gliadina.

Finalmente, aquellos pacientes que presentaron altos niveles de estos marcadores humorales
segun las guias clinicas utilizadas en el Hospital FID, y que firmaron el consentimiento informado
para participar en el estudio, realizaron una donacién de 350 mL de sangre. Ademas, se realizo el
isotipado (niveles generales de IgA e IgG) y subisotipado (niveles especificos de IgG1, 1gG2, 1gG3
e 1gG4) de su respuesta humoral frente a gliadina nativa mediante técnicas de ELISA (Enzyme-

Linked ImmunoSorbent Assay, ensayo por inmunoadsorcién ligado a enzimas).

3.3 EXTRACCION DE ARN Y RETROTRANSCRIPCION DEL
MATERIAL BIOLOGICO EMPLEADO PARA LA CONSTRUCCION
DE REPERTORIOS DE FRAGMENTOS DE ANTICUERPO TIPO
FAB

Las células mononucleares de sangre periférica (PBMC, Peripheral Blood Mononuclear Cells)
se aislaron de las muestras mediante el procedimiento basado en el medio Ficoll-Paque® que
genera un gradiente de densidad. A partir de las PBMC aisladas, se extrajo el ARN total mediante
un protocolo clasico de extraccién con el reactivo TriZol LS. Antes de emplear el ARN como hebra
molde para llevar a cabo la reaccién de retrotranscripcion (RT-PCR), se comprobd su concentracion
y calidad usando un microarray. La RT-PCR se realiz6 de manera inespecifica mediante el uso
de oligo-dT-20 como cebador. De esta manera, el ADN complementario (ADNc) se utilizé6 como
molde para las posteriores reacciones de amplificacion especifica de los genes que codifican las

diferentes cadenas de anticuerpos.
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3.4 AMPLIFICACION DE LAS SECUENCIAS CODIFICANTES DE
CADENAS PESADAS Y LIGERAS DE ANTICUERPOS

A lo largo de este trabajo de investigacion se construyeron dos repertorios de Fab diferentes.
El primero de los repertorios, surgido de la combinacion de cadenas pesadas de origen
semisintético con un subrepertorio de cadenas ligeras inmunes obtenidas del material
biolégico de los donantes celiacos, dando lugar a un repertorio semiinmune. El segundo
repertorio, por el contrario, fue de naturaleza completamente inmune, donde tanto las
cadenas pesadas como las ligeras procedieron de la amplificacion del ADNc obtenido de los

donantes celiacos.

Las cadenas pesadas semisintéticas del repertorio semiinmune se generaron a partir de
un dAb parental (un fragmento de dominio Unico denominado dAb8E) que presentaba una
elevada afinidad frente al gluten. Este dAb fue aislado en trabajos previos de nuestro grupo
de investigacién a través del cribado frente a un péptido inmunogénico del gluten de un
repertorio semisintético comercial basado en los genes humanos VH3-23. Por tanto, para la
generacién del repertorio semiinmune se empled el dAb8E como dominio VH al que se afiadid
mediante PCR de extension solapada (OE-PCR) diferentes dominios CH1 correspondientes a
cada subisotipo de IgG. Esta estrategia permite la unién de fragmentos de ADN solapantes, de
tal forma que el extremo 3’ del primero (dominio VH) se complementa con el 5’ del segundo
(dominio CH1).

Para la obtencidn de las cadenas de inmunoglobulinas de origen inmune, se amplificaron de forma
independiente las cadenas ligeras y las cadenas pesadas empleando una coleccién con diferentes
parejas de cebadores. La amplificacidn se realizé6 mediante dos rondas de PCR consecutivas. En
la primera ronda de PCR se utilizaron parejas de cebadores que hibridaban en 5’ con secuencias
especificas de cada familia de genes V y en 3’ con secuencias caracteristica de cada subisotipo
de inmunoglobulina. De esta forma, se amplificaron las cadenas de interés afiadiendo en cada
extremo una diana de restriccion diferente. Los productos de PCR obtenidos se purificaron
mediante electroforesis en gel de agarosa, y se sometieron a una segunda ronda de PCR para
incluir sitios de restriccion mejorados, alargando las regiones de ADN adyacentes a los sitios de

restriccién para facilitar el posterior clonaje.
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3.5 CONSTRUCCION DE LOS REPERTORIOS DE ANTICUERPOS
RECOMBINANTES Y SELECCION POR AFINIDAD DE VARIANTES
CON CAPACIDAD DE UNION A GLIADINA

Los productos de PCR se clonaron en el vector pComb3X, un fagémido que permite la expresion
de fragmentos de anticuerpos unidos a la proteina Ill de la cdpside del fago auxiliar, en nuestro
caso el bacteriéfago VSC-M13. Para construir los repertorios, se realizd una clonacion secuencial,
generando primero un subrepertorio Unicamente con las cadenas ligeras que se transformd
en E. coli XL1-Blue mediante electroporaciéon. Las células transformadas se cultivaron en un
medio con carbenicilina, y a partir de este cultivo se purificaron los fagemidos que contenian el
subrepertorio de cadenas ligeras. A continuacidn, se clonaron las cadenas pesadas que se habian
obtenido a partir de dos origenes diferentes para generar de este modo los dos repertorios de

Fab propuestos (repertorio semiinmune e inmune).

Cada repertorio se trasformd en células E. coli XL1-Blue electrocompetentes. Las células
transformadas se recuperaron primeramente en medio SOC, sembrando posteriormente
diluciones seriadas de las bacterias transformadas para conocer la eficiencia de la
transformacién y calcular el tamafio del repertorio (RZ). Posteriormente, el cultivo se expandio
en medio Super-Broth (SB: 30 g/L triptona, 20 g/L extracto de levadura, 10 g/L MOPS, pH 7)
empleando concentraciones crecientes de carbenicilina segin progresaba el crecimiento
bacteriano. Después, se anadieron 10'%-10® particulas del fago auxiliar VSC-M13 vy, tras 2 h de
incubacién, se incorpord kanamicina al medio para seleccionar aquellas células transformadas
con el fagémido e infectadas con el fago auxiliar. Finalmente, la expresion en el sobrenadante

de los fago-Fab se realizé incubando los cultivos a 37 °C durante 16 h.

Al dia siguiente los fago-anticuerpos generados se aislaron del cultivo mediante precipitacion
con PEG/NacCl. Para la seleccién de los repertorios frente al antigeno diana, se empled una placa
inmunoadsorbente tapizada con el estandar de gliadina-PWG vy, seguidamente, bloqueada con
BSA al 3 % en PBS (137 mM NaCl, 2,7 KCI, 10 mM Na2HPO4, 1,8 mM KH2PO4, pH 7,4). Una vez
enfrentado el repertorio de fago-Fab al antigeno, se realizaron cinco lavados con PBS-T (PBS con
0,05 % del detergente Tween20) para eliminar los fago-Fab que no se unieron de forma especifica
con el antigeno. A continuacion, se eluyeron los clones unidos especificamente mediante un cambio
brusco de pH con glicina- HCI (pH 2,2), tras el cual, los fago-Fab eluidos se neutralizaron rapidamente
con base-Tris. Estos fago-Fab recuperados de la primera ronda de seleccidn se infectaron en un
nuevo cultivo de E. coli XL1-Blue, que tras su expansion en medio liquido SB- carbenicilina, siguié
un proceso analogo al explicado previamente de infeccion con el fago auxiliar y precipitacion PEG/
NaCl. Este proceso ciclico, denominado generalmente como (bio)panning, se repitié a lo largo de 3-4
rondas sucesivas, aumentando la astringencia de la seleccién mediante un incremento en el nimero

de lavados con PBS-T (cinco en la primera ronda, diez en la segunda, y quince en las siguientes).
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3.6 SEGUIMIENTO DEL PROCESO DE PANNING. SELECCION Y
SECUENCIACION DE CLONES INDIVIDUALES

El proceso de panning se monitorizd tras cada ronda de seleccidon contabilizando el nimero
de bacterias transformadas con los fago-Fab obtenidos tras el proceso de elucidn. La seleccion
de variantes de fago-Fab frente al antigeno se considera positiva cuando entre una ronda y la
siguiente se observa un aumento significativo de transformantes. En estos ensayos, es necesario
incluir un control negativo (rondas de seleccidn sin antigeno) para asegurar que no se seleccionen

fago-Fab frente a otros elementos del sistema (proteina de bloqueo, soporte, etc...).

Para confirmar el enriquecimiento del repertorio en variantes frente al antigeno, se llevé a cabo
un ELISA indirecto policlonal, enfrentando a la gliadina-PWG el conjunto de fago-Fab precipitados
tras cada ronda de seleccidn. El sistema se revel6 empleando un anticuerpo conjugado dirigido
contra la proteina VIl de la capside del fago. Si el proceso de enriquecimiento ha sido efectivo,
se debe observar un aumento de seial en las poblaciones de las Ultimas rondas de panning,

representativo de una mayor proporcién de fago-Fab de elevada afinidad.

Para llevar a cabo el estudio de clones individuales, se indujo la expresion en el sobrenadante
de fago-Fab a partir de colonias aisladas de las ultimas rondas de panning que presentaron
enriquecimiento en fago-Fab frente a la gliadina. Los sobrenadantes inducidos se emplearon
como anticuerpo primario en un ELISA indirecto monoclonal (Figura 11A). Aquellos clones que
mostraron mayor sefial de reconocimiento frente al antigeno diana, sin presentar reconocimiento
del agente de bloqueo usado como control negativo, fueron seleccionados para una mejor

caracterizacién de sus propiedades.

Adicionalmente, los fagémidos que codificaban cada Fab individual, se purificaron y se
secuenciaron por el método Sanger empleando dos parejas de cebadores (una para obtener
la secuencia de las cadenas ligeras y otra para las pesadas). Las secuencias se caracterizaron
con las herramientas en linea IMGT/V-QUEST e IgBLAST atendiendo a su composicion de
genes V(D)J, isotipo, subisotipo y clonotipo, asi como segun sus caracteristicas estructurales
(bucles CDR).
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3.7 EVALUACION DE LOS DIFERENTES CANDIDATOS DE FAGO-FAB
COMO SONDAS PARA LA DETECCION DE GLUTEN EN ALIMENTOS

Antes de expresar los Fab de forma soluble, se realizé una primera caracterizacion en formato
fago-Fab de los diferentes clones con afinidad por la gliadina identificados en el ELISA monoclonal.
Para ello, se realizd una produccién y precipitacion PEG/NaCl a mayor escala (50 -100 mL de

cultivo) para disponer de suficiente fago-Fab para los ensayos de caracterizacion.

Los fago-Fab se emplearon como anticuerpo primario en formato ELISA indirecto frente a
diferentes antigenos. En primer lugar, se obtuvo un curva dosis- respuesta analizando diferentes
concentraciones del estandar de gliadina-PWG. Ademas, se analizaron extractos etandlicos
de diferentes harinas de cereales (trigo, cebada, centeno, avena, maiz, arroz, etc.) y de otras
especies heterélogas ampliamente empleados en la elaboracién de productos alimenticios.
Para evaluar la capacidad de deteccién de gluten en muestras reales, se analizé6 una mezcla
experimental preparada con concentraciones crecientes de un homogeneizado de diferentes
cereales con gluten (40 variedades de trigo, 10 variedades de cebada y 10 variedades de
centeno) en una matriz a base de harina de arroz certificado sin gluten. Por ultimo, se analizaron
productos comerciales con diferente tipo de etiquetado atendiendo al contenido de cereales

con gluten.

3.8 PRODUCCION SOLUBLE DE FAB RECOMBINANTES FRENTE AL
GLUTEN

Los cuatro Fab que mostraron mejores propiedades para la deteccidn de gluten en los ensayos
con los fago-Fab se expresaron de forma heterdloga en su formato soluble. Tres de los Fab
seleccionados (Fab-C, Fab-H y Fab-E) provenian del repertorio inmune y, solamente uno de
ellos (Fab8E-4) del repertorio semiinmune. Los genes sintéticos que codificaban cada Fab
se clonaron en el vector de expresidn pKKtac, que permitié su expresion optimizada en el
sobrenadante bacteriano gracias al péptido seial pelB que precede a las secuencias de los Fab.
Ademas, con este vector de expresion, los Fab se expresan fusionados a una cola de histidinas
en su extremo carboxilo-terminal que facilita su posterior deteccién y purificacidon. Una vez
obtenidos los vectores con los insertos apropiados, se transformaron en E. coli K12 RV308

quimicamente competentes.

Parainducir la expresién de los anticuerpos recombinantes, se inoculd una colonia seleccionada
en medio Terrific Broth (TB: 12 g/L triptona, 24 g/L extracto de levadura y 4 g/L glicerol en
tampon fosfato (0,17 M KH2PO4, 0,72 M K2HPOA4, pH 7,2)) suplementado con glucosa y
ampicilina. Una vez escalado el cultivo hasta 1.8 L, se incub6 a 37 °Cy 220 rpm hasta alcanzar

una densidad éptica de 4. En ese momento, se indujo la expresiéon del Fab con la adicion de
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1 mM de IPTG (isopropil-B-D-1-tiogalactopiranésido) e incubacién a 30 °C y 170 rpm durante
16 h. Al dia siguiente, se obtuvo el sobrenadante libre de células mediante centrifugacion y se
comprobd la expresidn de los Fab mediante electroforesis de proteinas e inmunotransferencia
(Western blot).

Una vez comprobada la correcta produccién de los Fab se clarificd el sobrenadante mediante
tratamiento con DNAsa, y se empled un dispositivo de filtracién tangencial para intercambiar la
soluciéon amortiguadora de pH y concentrar la muestra. El sobrenadante clarificado se purificd
en un equipo de cromatografia liquida de proteinas a alta velocidad (FPLC, del inglés fast protein
liquid chromatography) mediante cromatografia de afinidad con iones metdlicos inmovilizados
(IMAC, del inglés immobilized metal affinity chromatography). El proceso de purificacién se
monitoriz6 mediante espectrofotometria a 280 nm y las fracciones recolectadas se analizaron
por electroforesis en gel de poliacrilamida con SDS y huella peptidica (espectrometria de masas

MALDI- TOF) para confirmar su correcta identidad.

3.9 EVALUACION DE LOS FAB RECOMBINANTES COMO SONDAS
PARA LA DETECCION DE GLUTEN

Los cuatro Fab producidos de forma soluble se emplearon como anticuerpos primarios en una
metodologia de ELISA indirecto (Figura 11B) frente a los mismos antigenos descritos previamente
para los fago-Fab (apartado 7). Entre todos ellos, el Fab-C presentd las mejores caracteristicas de
reconocimiento de las proteinas del gluten, por lo que se decidié profundizar en la caracterizaciéon

de este fragmento de anticuerpo.

La especificidad del ELISA indirecto basado en el Fab-C se evalué mediante el analisis de 60 especies
heterdlogas. La sensibilidad del ensayo se calculd a través de la curva dosis-respuesta (regresion
lineal) obtenida al analizar diferentes concentraciones de gliadina-PWG. Los limites de deteccién
(LOD) y de cuantificacién (LOQ) se calcularon a partir de los valores obtenidos de interpolar en la
curvatresy diez veces la desviacidn tipica de 10 mediciones del blanco, respectivamente. Ademas,
se realizd un ensayo de recuperacién analizando harina de arroz certificada sin gluten previamente
adulterada con gliadina-PWG sélida. Como control de este ensayo de recuperacion, se utilizdé un
extracto de harina de arroz contaminado con concentraciones de antigeno equivalentes de una

solucién de gliadina-PWG.
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3.J0 DESARROLLO DE UN ELISA SANDWICH BASADO EN LOS FAB
RECOMBINANTES

Para desarrollar un inmunoensayo en formato sandwich basado en los Fab obtenidos, se
comprobd en primer lugar la compatibilidad entre los diferentes fragmentos de anticuerpo.
Para ello, se sometieron los cuatro Fab a un proceso quimico de biotinilacién. De esta forma,
empleando placas tapizadas con estreptavidina se inmovilizaron en las placas los diferentes Fab
empleados como anticuerpos de captura. De manera analoga, los Fab biotinilados se incubaron
con la enzima fosfatasa alcalina conjugada a estreptoavidina, para realizar un ELISA sandwich

directo sin necesidad de emplear anticuerpo secundario (Figura 11C).

Con esta metodologia, se discrimind el par de anticuerpos recombinantes (Fab8E-4 como
anticuerpo de captura y Fab-C como anticuerpo de detecciéon) que presentd las mejores

propiedades para la deteccidn de gluten en el inmunoensayo tipo sandwich.

Dado que se observé una pérdida de sensibilidad con respecto a los niveles de deteccién
esperados, se disefid una técnica de ELISA sandwich indirecto basada en la inmovilizacién del
Fab de captura mediante adsorcion directa en las inmunoplacas, y visualizacién de la unién del
Fab de deteccion con un anticuerpo anti-Fab conjugado a la enzima HRP (Figura 11D). Este ELISA

sandwich se evalu6 frente a las mismas muestras descritas para el resto de inmuensayos.
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Figura 11. Representacion esquemadtica de las técnicas de ELISA desarrolladas en este trabajo para la deteccién
de gluten en alimentos. (A) ELISA indirecto basado en el uso de fago-Fab. (B) ELISA indirecto basado en el uso de
Fab soluble. (C) ELISA sandwich directo basado en el uso de Fab biotinilados. (D) ELISA sandwich indirecto basado
en el uso de Fab solubles. Abreviaturas empleadas: Ag (antigeno, gluten); Fab (fragmento de union a antigeno);
Anti-pVIII (anticuerpo secundario dirigido frente a la proteina VIII del bacteriéfago VSC-M13); Fab-BT (Fab biotini-
lado); SA (estreptavidina); AP (fosfatasa alcalina); Anti-Fab (anticuerpo secundario dirigido frente a Fab de origen
humano).
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3.11 ANALISIS DE PRODUCTOS COMERCIALES MEDIANTE LOS
ELISA DESARROLLADOS CON LOS FAB SOLUBLES

Para verificar la aplicabilidad de los inmunoensayos ELISA indirecto basado en el Fab-C y el
ELISA sandwich indirecto desarrollados en este trabajo, se analizaron un total de 50 productos
comerciales obtenidos en diferentes comercios locales. Atendiendo a su etiquetado, se clasificaron
de la siguiente manera segun su contenido en cereales con gluten: 9 productos contenian cereales
con gluten, 6 productos no tenian ninguna declaraciéon respecto de los cereales con gluten, 21
declaraban que podian contener gluten, y 14 estaban certificados como libres de gluten. Para
validar los resultados obtenidos, todos los productos se analizaron paralelamente con el ELISA
sandwich directo basado en el anticuerpo monoclonal R5, que ha sido aprobado como el método
de Tipo | por el Codex Alimentarius para la deteccion de gluten en alimentos y presenta un limite

de cuantificacion (LOQ) de 3 mg/kg de gluten.

3.12 CARACTERIZACION DE LOS REPERTORIOS OBTENIDOS Y
ESTUDIO DE LOS PROCESOS DE SELECCION POR AFINIDAD
MEDIANTE SECUENCIACION MASIVA

A partir de los pellets bacterianos generados en la purificacion PEG/NaCl de los fago-Fab tras
cada ronda de panning, se extrajeron los fagémidos codificantes de cada subpoblacion de
fago-anticuerpos para analizarlos mediante secuenciacién masiva. La secuenciacion se realizd
mediante la tecnologia de nanoporos en un dispositivo MinlON de Oxford Nanopore©. Dado
qgue para este sistema es necesario utilizar fragmentos lineales de ADN de cadena doble, los
fagémidos obtenidos se trataron con la enzima de restriccion Nhel. Cada muestra proveniente
de una ronda de panning diferente se identificd con un cddigo de barras Unico (barcode) para
poder diferenciarlo tras el proceso de adquisicién de secuencias. Los datos de secuenciacion
se recolectaron durante 30 h, registrdndose en archivos crudos con formato FAST5. Con estos
archivos, se realizo el analisis de datos en dos etapas diferenciadas: analisis primario y andlisis

secundario.

Durante el andlisis primario, se empled el programa Megalodon v1.9.5 para realizar la llamada
de bases (basecalling). Este procedimiento transforma los archivos FAST5 en secuencias de bases
de alta calidad tomando como referencia un genoma humano. Este primer andlisis, devolvié un
archivo FASTQ demultiplexado, es decir, la informacidn se encuentra clasificada atendiendo a los
distintos cédigos de barras o barcodes. A continuacidn, se eliminaron las secuencias adaptadoras
y se realizé un control de calidad con el programa FASTQC, eliminando del andlisis mediante
el programa LUMC/FASTQ aquellas secuencias con baja calidad o que presentaron un tamafio

incorrecto.
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El andlisis secundario se realizé utilizando la herramienta IMGT/HighV-QUEST basada en la
identificacidn de genes V, D y ] mediante el alineamiento de las secuencias obtenidas frente a
una base de datos de referencia. El analisis estadistico y representaciones graficas realizados para

estudio de estos datos se generaron con el paquete de R llamado IMGT/StatClonotype.

3.J3MODELIZACION IN SIL/CO DE LA ESTRUCTURA DE LOS
FAB8S8E-4 Y FAB-C Y ESTUDIO DE SU INTERACCION CON LA
GLIADINA

La modelizacion in silico del Fab8E-4 obtenido del repertorio semiinmune se realizé utilizando el
servidor sAb Pred. Una vez generada la estructura del Fab (concretamente su fraccion variable o
fragmento Fv), el mismo servidor se empled para identificar los paratopos y epitopos encontrados
entre el Fab y la gliadina. Para este estudio se empled la estructura de la gliadina generada por
Alpha-fold2.

En el caso del Fab-C obtenido a partir del repertorio inmune, se llevé a cabo el siguiente proceso
paralaelucidaciéninsilico de su estructuray de suinteraccién antigeno-anticuerpo: 1) la secuencia
nucleotidica se analizé con el servidor IMGT/V-QUEST para detectar y definir los dominios del
anticuerpo; 2) la prediccion de la estructura del Fab se obtuvo a través de las herramientas
bioinformaticas Abodybuilder2 e IgFold; 3) se estudiaron las concordancias y discrepancias
entre ambos modelos utilizando la herramienta Matchmaker de ChimeraX; 4) se elucidaron las
interacciones entre el Fab-Cy la gliadina calculando las predicciones de epitopos y paratopos con
las herramientas Epipred y Antibody i-Patch; y 5) basandose en la informacion sobre epitopos y
paratopos obtenida, se realizé una simulacion global de la interaccion con el antigeno (docking)
utilizando el servidor HADDOCK 2.4.
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The observed increase in the prevalence of gluten-related disorders has prompted the
development of novel immunological systems for gluten detection in foodstuff. The innovation on
these methods relies on the generation of new antibodies, which might alternatively be obtained
by molecular evolution methods such as phage display. This work presents a novel approach
for the generation of a Fab library by merging semi-synthetic heavy chains built-up from a pre-
existent recombinant antibody fragment (dAb8E) with an immune light chain set derived from
celiac donors. From the initial phage population (10’ candidates) and after three rounds of
selection and amplification, four different clones were isolated for further characterization. The
phage Fab8E-4 presented the best features to be applied in an indirect ELISA for the detection of
gluten in foods, resulting in improved specificity and sensitivity.
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Abstract: The observed increase in the prevalence of gluten-related disorders has prompted the
development of novel immunological systems for gluten detection in foodstuff. The innovation on
these methods relies on the generation of new antibodies, which might alternatively be obtained
by molecular evolution methods such as phage display. This work presents a novel approach
for the generation of a Fab library by merging semi-synthetic heavy chains built-up from a pre-
existent recombinant antibody fragment (dAb8E) with an immune light chain set derived from celiac
donors. From the initial phage population (107 candidates) and after three rounds of selection and
amplification, four different clones were isolated for further characterization. The phage Fab8E-4
presented the best features to be applied in an indirect ELISA for the detection of gluten in foods,
resulting in improved specificity and sensitivity.

Keywords: gluten; prolamins; celiac disease; phage display; ELISA; immune library; semi-synthetic
library

1. Introduction

Gluten is defined by Codex Alimentarius as ethanol-soluble but water and 0.5 M
sodium chloride insoluble protein fractions, that are present in some cereal endosperms
like wheat, rye, barley, spelt, and kamut [1]. Gluten proteins are divided into two fractions
by their solubility in a 60% ethanol/water solution: soluble gliadins and insoluble glutelins.
These chemical features result in different technological properties of dough, as gliadins are
related to viscosity and extensibility, while glutelins contribute to strength and stability [2].
The extraordinary physical-chemical stability of gluten protein fractions (like gliadin)
results in slow partial digestion and high permanence in the gut, that is related to its
pathogenicity: undigested gliadin peptides increase gut permeability and have specific
binding to CXCR3 chemokine receptor, with a subsequent release of zonulin (a modulator
of tight junctions). This occurs in all individuals; however, it can lead to inflammatory
processes in sensitized persons, like those presenting the human leukocyte antigen (HLA)-
DQ2 and DQ8 haplotype [3].

There are several gluten-related diseases classified by etiopathology. Firstly, those
classified as allergic diseases like baker’s asthma (respiratory allergy), food allergy, contact
urticaria and, WDEIA (wheat-dependent exercise-induced anaphylaxis) [4]. The second
group clusters autoimmune diseases like celiac disease, the best known, caused by a
strong immune response against gluten-processing self-transaminases, ending in a severe
destruction of gut tissue. There are other diseases included in this group, as gluten ataxia
and dermatitis herpetiformis [5]. The third group is called non-celiac gluten sensitivity for
those situations that do not fit in the previous groups. It seems that they could be the most
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prevalent diseases and their molecular etiology is not completely elucidated but, some
studies show a core implication of the innate immune system [6].

Due to the health impact of gluten-related diseases, several countries have developed
gluten labeling legislation, most of them following Codex Alimentarius limit of 20 parts
per million (ppm) to be considered a gluten-free product [7].

Several analytical methods have been developed to detect and quantify gluten in
foodstuffs, including PCR [8], chromatography and mass spectrometry [9]. However,
the immunological techniques, including ELISA methods [10], are the most widely used.
The development of novel and more reliable gluten immune-detection methodologies are
coupled with antibody discovery. There are three main technologies: polyclonal antibodies
from animal serum, monoclonal antibodies from hybridomas, and recombinant antibodies
in the context of molecular evolution strategies [11].

The first methods were developed on the basis of polyclonal antibodies derived from
rabbit IgGs [12] and chicken IgYs [13] and, nowadays they are still in use. The revolution
of monoclonal antibodies also had a great impact on this field. Three hybridoma derived
antibodies represent the main reactants for the most widely used gluten-detection methods:
401.21 [14], R5 [15] and G-12 [16]. A sandwich ELISA based on R5-mAb is the golden
standard for gluten detection in food validated by AACI (American Association of Cereal
Chemists International), AOAC International, and Codex Alimentarius [17].

Although polyclonal and monoclonal antibodies are widely applied for gluten detec-
tion in food, the development of new recombinant antibodies could bring new insights
to the field. Recombinant antibodies can be developed in shorter, cheaper, and simpler
processes than monoclonal “classical” antibodies. Unlike mono and polyclonal antibodies,
recombinant antibody technology allows complete animal-free development and produc-
tion of specific binders for immunoassays [18].

Antibodies are plasmocite secreted proteins composed of four polypeptide chains,
classified by their molecular weight in two heavy and two light chains. Light chains are
composed by a constant and a variable domain and, in humans, they are coded by genes
that reside in two different chromosomes (resulting in two kinds of light chains, kappa
and lambda). Heavy chains are composed of a variable domain and three or four constant
domains (the case of human IgE or avian antibodies). The variable domains have two
topological domains; three juxtaposed loops called complementary determining regions
or CDRs, that drive the main antigen-antibody interaction and, in between, rigid and
conserved [3-barrels, the frameworks regions (FRs) [19]. Camelids show a unique antibody
structure, with two neighbouring single heavy chains [20]. Thanks to the development
of recombinant expression of antibodies, it is possible to produce non-natural engineered
antibody fragments and natural constructions, like Fabs (conformed by the light chain
attached to the variable and first constant domain of heavy chain), dAbs (the variable
domain of heavy chain) and many combinations of the elements mentioned above.

The final years of the 20th century meant a new revolution on antibody development
thanks to the works of Winter and Smith [21], that introduced the concept of directed
molecular evolution. This method goes beyond the recombinant expression of antibodies.
It encloses three main steps: genesis of diversity, selection and amplification of high-affinity
antibodies against a target antigen. One to ten binders can be chosen from initial 107 an-
tibodies, after 3 to 6 rounds of selection. After selection, these binders become dominant
within the population, and their genotype is coupled with their phenotype (thanks to phage,
ribosome or cell surface display of molecules). There are several examples of the application
of directed evolution for the elucidation of molecular mechanisms of celiac and related
diseases, using phage display. They include immune libraries, but also naive [22] and
peptide libraries [23]. Although the clinical research has been the main application, there
have been several projects aimed to develop antibodies for gluten detection in food using
camelid antibodies. Immunized llamas were used for the construction of a phage-displayed
VHH library, with the objective of obtaining a capture antibody for gluten detection by
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sandwich-ELISA [24]. Moreover, a naive llama library was used for the development of a
novel gluten detection methodology (cDNA display mediated immuno-PCR) [25].

The present work is the continuation of a novel strategy for isolation of high affin-
ity antibodies against gluten [26], where a semi-synthetic library based on human VH3
germline, was confronted to a peptide proposed to be a consensus HLA-presented peptide
of digested gluten. From this process, a suitable candidate was selected (dAb-8E) and used
as the specific reagent for the development of a phage-ELISA method for gluten detection
in foodstulff.

Although the antibody specificity is mainly the result of the interaction between the
V-region with the antigen, constant domains also affect to antigen binding, despite they are
not participating on the physical antibody-antigen interaction [27]. The constant domains
influence in segmental flexibility and inter-antibody associations, fixing the conformational
signaling through the V-Cp; domains, so that, structural and kinetic constraints are
imposed to the contact surface [28]. So, it was hypothesized that the transformation of the
dAb-8E into a Fab could enhance its properties. Therefore, the main objective of this work
was the generation of a new antibody library merging chains of two different origins: a
light-chain library derived from plasmocites isolated from celiac patients, and heavy chains
derived from the dADbSE coding sequence transformed into human heavy-chains (IgG1,
IgG2, IgG3 and 1gG4).

2. Materials and Methods
2.1. Bacterial Strains and Growth Media

Escherichia coli XL1-Blue strain (recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F
proAB laclqZAM15 Tn10 (Tetr)]) (Agilent®, Santa Clara, CA, USA, #ref 200150) was used
for cloning, building the libraries and producing phage-displayed Fabs. Electrocompetent
cells were in-house produced by growing the mentioned strain in super-broth medium
(SB: 30 g/L tryptone, 20 g/L yeast extract, 10 g/L MOPS pH 7) and concentrated by
sequential cycles of centrifugation (2218 % g, 4 °C) and resuspension in 10% glycerol
(mL/mL) (PanReac AppliChem®, Monza, Lombardy, Italy, CAS: 56-81-5) diluted in water.
After electroporation, cells were grown in SOC medium (Invitrogen™-Thermo Fisher®,
Waltham, MA, USA, #ref 15544-034). For DNA extraction before sequencing, bacteria were
grown in Luria Broth (LB: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl). Agar plates
were prepared with a 15 g/L agar concentration.

2.2. DNA Isolation, Quantification, and Restriction

All DNA products used for library construction were isolated by gel electrophoresis
using UltraPure™ Low Melting Point agarose (Thermo-fisher®, #ref 16520050), and purified
with NucleoSpin® gel DNA clean-up columns (Machery-Nagel®, Allentown, PA, USA,
#ref 740609). DNA was quantified in a Qubit® Fluorometer (Invitrogen Thermo-fisher®),
and its quality was measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies Inc., Montchanin, DE, USA). Restriction enzymes Sacl #ref R0156, Xbal #ref
R0145, Xhol #ref R0146 and Spel #ref R0133 and T4 DNA ligase #ref M0202, were purchased
from New England Biolabs® (Ipswich, MA, USA).

2.3. Semisynthetic Heavy Chain Sub-Library Construction

The original sequence of dAb-8E [26] had an intra-sequence Xhol restriction site that
required removal for proper cloning by a single-base mutation with Agilent© QuickChange
I kit (Santa Clara, CA, USA, ref #200523). Once the single-point mutation was verified
by sequencing, the heavy chains for library construction were built by a two-step PCR
process. Forward primer VH135 and reverse primers ovlp-conga and ovlp-cong4 (Table S1)
were used in the first round of PCR to obtain the VH domain of the mutated dAb-8E. This
first step incorporated a Xhol site at 5’ end, and, the initial nucleotides of CH1 domains
at the 8E-FR4 end (IgG1, IgG2 and IgG3 sequences hybridized with ovlp-conga primer,
and IgG4 sequence with ovlp-cong4 primer). During the second round of PCR, the first-
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round amplicons were fused to the remaining CH1 sequences by overlap extension PCR
with the forward primer VH135ext and the reverse primers CG1Zext, CG2aext, CG3aext,
and CG4aext (Table S1) [29], generating the coding sequences of the heavy chains to be
incorporated into the final Fab-repertoire, and a Spel site at 3’ end for clonation.

2.4. Immune Light Chain Sub-Library Construction

Two patients newly diagnosed with celiac disease were selected as donors for this work
in the digestive medicine service of Fundacion Jiménez Diaz Hospital (Madrid, Spain). The
humoral response against gliadin was quantified using ELISA tests: «-Gliatest S Chromo
IgA (Eurospital, Trieste, Italy, ref #910796) and a-Gliatest S Chromo IgG (Eurospital, ref
#910896). After acceptance of the informed consent, 350 mL of peripheral blood was
obtained from each donor and mononuclear cells were isolated using a Ficoll gradient
(Merck, Darmstadt, Germany, CAS #26873-85-8). Total RNA was extracted by a standard
method with TRIzol LS reagent (Invitrogen™-Thermo Fisher®, ref #10296010). Once the
RNA quality and quantity was checked by Agilent®?2%?2 Bioanalyzer (ref #G2939BA), it was
used as template in reverse transcription reactions (SuperScript ve, Invitrogen™- Thermo
Fisher®, ref #18091050). Double stranded DNA encoding the light chain repertoire was
amplified using the collection of primers described by Barbas et al. [29] (Table S2). Finally,
the purified amplicons were re-amplified in order to add the Sacl/Xbal restriction sites
needed for cloning in the pComb3X vector.

2.5. Fab-Library Construction

Library construction was developed as described by Burton et al. [30] with minor
modifications. Light chain amplicons (1.5 ug) and pComb3X vector were Sacl/Xbal double-
digested and gel purified. Digested inserts and linearized vector were ligated (3:1 molar
ratio) at 16 °C for 16 h with T4 DNA ligase. The resulting ligation was ethanol precipitated,
re-suspended in 20 pL of water and transformed into high-efficiency electrocompetent
E. coli XL1-Blue. Subsequently, 3 mL of SOC medium was added, incubated, and shaken
at 250 rpm for 1 h at 37 °C. At this point, a small aliquot of the culture was removed and
titrated in LB agar plates containing 100 ug/mL of carbenicillin. The rest of the culture
was transferred to 12 mL of LB broth with 20 ug/mL of carbenicillin and 10 pg/mL of
tetracycline and incubated for an additional hour. Afterwards, the culture was expanded
to 100 mL of LB (carbenicillin at 50 ug/mL and tetracycline at 10 pg/mL) and grown
overnight. To ensure the proper performance of the cloning process, the plasmid DNA
from 30 individual clones was sequenced (Table S3).

Phagemid DNA containing the immune light chain repertoire was purified and
Xhol/ Spel digested for heavy chain insertion. A total of 1.5 ug of the previously obtained
light chain sub-library were Xhol/Spel digested and the linearized phagemids gel purified.
Subsequently, the semi-synthetic heavy chain sub-library was cloned following the steps
described above for the light chain. The resulting ligation was ethanol precipitated and
transformed into E. coli XL1-Blue. After electroporation, 5 mL of recovering SOC medium
was added, and shaken at 250 rpm at 37 °C for 1 h. A small aliquot was removed, ten-fold
serial diluted and plated into SB plates (containing 100 ug/mL of carbenicillin) in order
to calculate the repertoire size of the library. Ten milliliters of SB (containing 20 ug/mL
of carbenicillin and 10 pug/mL of tetracycline) was added to the remaining culture and
incubated under the same conditions for 1 h. At this point, carbenicillin concentration was
increased to 50 pg/mL and the culture was incubated for one additional hour. Then, 2 mL
of VSCM13 helper phage (10'2-10'3 pfu/mL) was added, and the culture was transferred
to 200 mL of SB (containing 50 ug/mL of carbenicillin and 10 pg/mL of tetracycline) and
shaken at 300 rpm for 2 h. Kanamycin was added to a concentration of 70 pug/mL and the
culture incubated overnight with shaking (300 rpm) at 37 °C.

The following day, the culture was centrifuged at 2218 x g for 20 min at 4 °C. The
phagemid DNA obtained from the pelleted cells constituted the DNA library, and the
phage-Fab library was isolated from the culture supernatant by PEG-NaCl precipitation.
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The supernatant (200 mL) was mixed with 8 g of PEG-8000 (Sigma©, Burlington, MA, USA,
#ref 89510) and 6 g of NaCl (Sigma®, #ref S3014), incubated on ice for 1 h and centrifuged
at 10,016 x g for 20 min at 4 °C. The supernatant was discarded and the phage-antibodies
were resuspended in 2 mL of 1% BSA (NZYtech©, Lisbon, Portugal, #ref MB04602) in PBS
(137 mM Na(l, 2.7 KCI, 10 mM NayHPOy, 1.8 mM KH,POy, pH 7.4).

2.6. Selection of Gliadin-Binding Phage-Fab Variants by Panning

Four wells from a 96-well immunoplate were coated for 1 h at 37 °C with 100 pL of
gliadin-PWG at 10 pg/mL in 0.1 M carbonate/bicarbonate buffer pH 9.6. The coating
solution was removed, and after three washing steps with PBS, 400 puL of blocking solution
(3% BSA in PBS) was added to each well. After incubating the plate at 37 °C for 1 h and
performing ten washes with PBS, 50 pL of the phage-antibody library was added per well
and the plate was incubated at 37 °C for 2 h. Non-binding phages were washed-away with
five washing steps with PBS-T (PBS containing 0.05% of Tween20). Gliadin binding phage-
antibodies were eluted with 50 uL of 0.1 M glycine-HCI-1% BSA (pH 2.2) by scratching the
bottom of the well with a cut pipette tip for 10 min. Finally, the recovered phages were
neutralized with Tris-Base 2 M (Sigma®, #ref T0440) to pH 7.

The eluted phage-antibodies were used to infect a 2 mL culture of E. coli XL1-Blue
grown in SB (10 ug/mL of tetracycline) at ODggp = 0.8-0.9. After 15 min of infection, a small
aliquot was ten-fold diluted and plated in order to calculate the output tittering. Afterwards,
6 mL of SB (containing 20 pug/mL of carbenicillin and 10 pg/mL of tetracycline) was added
to the infected culture and further incubated at 37 °C for 1 h (250 rpm). Carbenicillin
concentration was increased to 50 pug/mL and the culture incubated for 1 h at 37 °C with
shaking at 270 rpm. Then 1 mL VSCM13 helper phage was added, and the culture expanded
to 100 mL of SB (containing 50 pug/mL of carbenicillin and 10 ug/mL of tetracycline) and
shaken for 2 h at 37 °C (300 rpm). Kanamycin was added to a concentration of 70 pg/mL
and the culture was incubated overnight at 37 °C (300 rpm). This amplified phage-antibody
population obtained from the first round of panning was tittered and used as input for
the second round of selection against gliadin. A total of three rounds of selection were
performed following the protocol described above, but with an increase in the number of
washes for the removal of non-specific phages: 5, 10 and 15 for the first, second, and third
round of panning, respectively. In addition, four wells were used in the first round, then
the number was reduced to two in following rounds.

2.7. Preparation of Antigens

Gliadin-PWG was used as reference material for gluten detection in foods (Arbeitsge-
meinschaft Getreideforschung (AGF) e.V. DIGeFa GmbH, Detmold, Germany). Following
the supplier’s recommendation, it was dissolved in a 60% ethanol/water solution at
100 pug/mL and stored at room temperature protected from light. Gluten-like proteins were
also extracted from different cereal matrices such as wheat, rye, barley, corn, and rice, as
well as a binary mixture of wheat, rye, and barley kernels in a rice-based gluten-free matrix.
Ten food products were tested (Table S4) following the protocols for extraction, analysis and
result confirmation as previously described in Garcia-Garcia et al. [24]. Gluten-like proteins
were extracted from 250 mg of the finely ground sample in 10 mL of a 60% ethanol (or
200 mg in 1 mL of 50% isopropanol solution in the case of Western blot analysis), followed
by shaking for 30 min at room temperature and centrifugation at 867 x g for 15 min at
room temperature. The ethanol extracts were transferred to a clean vial and stored at room
temperature protected from light until analysis.

2.8. Small and Medium Scale Individual Clone Induction for Analysis

Individual colonies isolated from the tittering output plates were grown in 4 mL of SB
medium (50 png/mL of carbenicillin) and incubated at 37 °C until ODg reached 0.9-1. At
this moment, 40 pL of VSCM13 helper phage preparation (10'>~10'3 pfu/mL) was added
and incubated a 37 °C for 2 h with shaking. After helper infection, 70 pug/mL of kanamycin
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was added and the phage-antibodies produced in the supernatant during an overnight
incubation at 37 °C. Selection of gliadin binding phage-antibody candidates was performed
by indirect ELISA of supernatants. The phage-antibodies from the selected clones were
produced using the same protocol but on a larger scale (100 mL of SB-carbenicillin) and the
phage-Fabs were PEG-NaCl purified as described in the panning protocol. The phage prepa-
ration was tittered using the classical top-agar methodology, presenting 4-6 x 10'2 phage
particles per milliliter.

2.9. Indirect Phage-Fab ELISA

Gluten proteins extracted from flour samples or gliadin-PWG were diluted in coating
buffer (0.1 M carbonate/bicarbonate buffer, pH 9.6). One hundred microliters of the
prepared extracts were added per well and the plate was sealed and incubated for 1h at
37 °C. The coating solution was shaken out and 200 uL blocking solution (3% BSA in PBS)
was added per well and, the plate was incubated for 1 h at 37 °C. Following 10 washing
steps with PBS, 100 uL of diluted phages were added and plates incubated 2 h at 37 °C. The
non-binding phages were washed away 10 times with PBS. Then, 100 uL of the secondary
antibody (anti-phage protein VIII HRP conjugated from Sinobiological©, Beijing, China,
#ref 11973) diluted 1:5000 in blocking buffer was added. The plate was incubated for 1 h at
37 °C and PBS washed 10 times. One hundred microliters of TMB (Sigma®, #ref T0440) was
added, and the reaction was stopped after 15-20 min with 50 uL of a diluted sulphuric acid
solution. Absorbance readings were performed at 450 nm wavelength (FluoStar Optima™
from BMG labtech®, Ortenberg, Germany).

2.10. Western Blot Analysis of Gliadin and Gluten-Containing Cereals

The different alcohol-soluble fractions of the commercial gliadin and the gluten-
containing cereals were separated in two identical acrylamide gels (AnyKD precast-gel
from Bio-Rad®, Hercules, CA, USA, #ref 4569033) under denaturing conditions at 90 V
using NZYcolour Protein Marker II (NZYtech©, #ref M090). After electrophoresis, one of
the gels was stained with Coomassie blue and the protein bands of the twin gel were trans-
ferred to a PVDF membrane at 100 V for 1.5 h. The PVDF membrane was blocked overnight
with 3% BSA in TBS (50 mM Tris HCI, 150 mM NaCl, pH 7.5) before incubation with a 1:45
dilution (TBS-BSA 1%) of the PEG-NaCl precipitated phage-Fab8E-4 for2h at 37 °Cin a
rocking platform. Membrane was rinsed 5 times with TBS and incubated for 1 h at 37 °C
with the anti-M13proteinVIII-HRP secondary antibody diluted 1:5000 in blocking solution.
The image was revealed after the addition of a chemo-luminescent reactive (Clarity™ ECL
Western blotting substrate from Bio-Rad®, #ref 1705061) in a ChemiDoc Imaging System
(Bio-Rad®).

2.11. Sequencing and Molecular Modeling of FabSE-4

DNA from the isolated gliadin-binding phage-Fab clones was extracted with the
plasmid mini-prep (GenElute™ plasmid miniprep kit from Sigma®© #PLN70), and the
phagemids sequenced by Sanger method (Eurofins genomics®, Luxemburg, Luxemburg)
using the primers ompAseq and g-back (Table S3) for light and heavy chain reading,
respectively [29].

The antibody coding sequences were searched using the IMGT® /V-QUEST alignment
tool [31] and the IgBLAST tool from NCBI [32]. Furthermore, amino acid sequence from
Fab8E-4 was used to obtain a predictive model of the Fab structures using the sAb Pred
server [33]. Once the Fab structure was generated, paratope and epitope prediction were
calculated using the above mentioned server for which antigen structures were modeled
with Alpha-fold [34].
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3. Results and Discussion
3.1. Semi-Synthetic Heavy Chain Sub-Library Construction

The main objective of this work was the development of a Fab library constructed
by a two-step cloning process consisting of cloning firstly the immune-light chains and
subsequently the semi-synthetic heavy chains. For Fab heavy chain construction, the
sequence of a single domain antibody (named dAb-8E) previously obtained by our group
against gluten was used [25]. Before cloning, the dAb-8E sequence was mutated in order
to eliminate an intra-sequence restriction site that could originate the formation of wrong
constructs. Since dAb sequence lacks constant heavy chain region, the Fab sequences
were built-up from the dAb-8E sequence conforming the variable region, and the CH1
constant region was added by SOE-PCR. A first round of PCR was performed to obtain
the dAb and CH1 sequences originating the intermediate constructs of 392 and 300 bp,
respectively (Figure 1A-lanes A and B). The gel purified DNA fragments were used as
templates for the second round of PCR that allowed the overlap of the dAb-8E with the
CH1 coding sequences, obtaining the heavy-chain coding constructs (Figure 1A-lane C) of
approximately 680 bp, prepared for next step.

Figure 1. Agarose gel containing coding fragments for antibody chains to be cloned for library
construction. (A) Different constructs that built the semi-synthetic heavy chains. Ladder: 1 kb plus
Invitrogen™ (#ref 10787018); lane A: dAb-8E amplified sequence from the first round of PCR (VH-392
bp); lane B: CH1 amplified sequence from the first round of PCR (CH-300 bp); lane C: construct with
the heavy chains obtained from the second round of PCR (SOE-PCR) prepared for Fab library cloning
(H-680 bp). (B) Electrophoretic analysis of the human kappa chain genes amplified by PCR (Ladder:
1 kb plus Invitrogen®©).

3.2. Immune Light Chain Sub-Library Construction

The light chain coding sequences were amplified from the cDNA template obtained
by RT-PCR from lymphocyte-isolated RNA. The B-cells were obtained from two donors
diagnosed of celiac disease during this study and presenting high serum response against
gluten proteins, since they had not yet adhered to a gluten-free diet. The first patient showed
a 168 UA/mL of IgA response against native gliadin (11 times the baseline of 15 UA/mL)
and 550 UA /mL of IgG response against native gliadin (11 times the baseline of 50 UA /mL).
The second donor presented 96.5 and 170 UA/mL for IgA and IgG responses, respectively
(6.5 and 3.4 times the baselines mentioned above). From the 350 mL of peripheral blood
collected from each patient, approximately 1.8 x 108 B-cells (counted with a Neubauer
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chamber after Trypan Blue staining) were isolated from each sample using a Ficoll gradient.
Total RNA was isolated (100 pg) showing high integrity (RIN (RNA integrity number)
value of 8.75-9.5 over 10) and used to produce the cDNA of interest by RT-PCR.

The cDNA obtained was used as template for a first round of PCR to amplify the
complete light chain coding genes, resulting in amplified fragments of approximately
650 bp. Due to the limited quantity of RNA obtained from the biological samples, only the
human kappa chains were amplified in this study, showing a higher expression of the Vk1
set in the electrophoretic analysis (Figure 1B). After gel DNA purification, a second round
of PCR was performed to include enhanced restriction sites on the obtained kappa chains
for proper cloning [28].

3.3. Fab Library Cloning and Panning

For Fab library construction, a two-step cloning process was performed. Firstly,
double digested inserts coding for light chains were cloned into linearized pComb3X
and transformed into electrocompetent E. coli XL-1 Blue, obtaining the light chain sub-
library, formed by 1.4 x 107 total transformants. Plasmid DNA was isolated and re-
linearized to clone the double digested heavy chain constructs. The final ligation products
were precipitated and transformed (elapsed time of 4 ms), resulting in a Fab library with
a repertoire size (RZ) of 2.7 x 107 (autoligation factor of 2%), fulfilling the standards
considered acceptable for this kind of libraries of RZ > 107 and autoligation factor of
5% [27].

Following helper phage infection, the phage-antibody repertoire was isolated by PEG
purification and used for biopanning (successive rounds of selection and amplification)
against gliadin-PWG. The repertoire enrichment process was tracked by tittering the output
phages after each of the three rounds of selection performed, which corresponds to the
infection of the eluted phage-antibodies after antigen exposition. Phage recovery increased
58 times after the third round of panning (Figure S1), indicating the likely selection of phage
variants against the target molecule. To further confirm this result, ELISA experiments
were developed to evaluate if there was an effective enrichment of the phage population in
high-affinity gliadin binders.

3.4. Polyclonal Phage-ELISA

The suitability of the panning methodology was checked by ELISA analysis of gliadin-
PWG coated plates with the PEG-purified phage repertories (Figure 52). As expected,
gliadin was barely detected by the un-selected library (R0), followed by a 7-fold signal
increase after the first interaction with the antigen of interest, and maximized absorbance
values were obtained with the purified phage populations after the second and third
rounds of selection. Very low signals (<0.2 AU) were recorded for the negative control
(BSA used as blocking solution) when using the phages obtained after each round of
enrichment, indicating that there was no non-specific selection of phage variants against
other components of the antigen binding support. Based on these results, a fourth round of
selection was considered unnecessary.

3.5. Selection of Positive Binders by Monoclonal Phage ELISA

A total of 24 individual clones were picked from the tittering plates of the output phage
population from round 3. Induced phage supernatants were 1:2 diluted and subjected
to monoclonal phage-ELISA in immunoplates coated with gliadin-PWG at 1 ug/well.
Predictably, binding and non-binding phage variants were observed, resulting in 4 out of the
24 clones (approximately 17%) selected as high-affinity gliadin-binding clones (absorbance
values greater than 2 AU and negative control signals under 0.3 AU) (Figure 2A).
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Figure 2. Monoclonal indirect phage-ELISA of Fabs isolated from the panning process. (A) Indirect

phage-ELISA analysis of individual induced clones isolated from the last round of affinity enrichment.

(B) Comparison of the dose-response curves by means of the indirect phage-ELISA of the four
selected binding clones performed with gliadin-PWG dilutions from 2.5 to 75 pug/mL. Mean values
of three independent determinations and standard derivation of each data set are shown. (C) Indirect
phage-ELISA of positive clones against ethanol protein extracts of different cereal flours (1:100).

3.6. Affinity and Specificity Analysis of the Selected Positive Clones

Monoclonal phage-ELISA experiments were performed to evaluate the affinity and
specificity of the four gliadin-binding phage-Fabs. A dose-response curve against increasing
concentrations of gliadin-PWG (2.5, 5, 10, 25 and 75 pg/mL) was obtained for each phage
variant. Fab8E-4 showed the most promising recognition properties, exhibiting the most
sensitive dose-response curve (higher absorbance values at all the gliadin concentrations
tested) (Figure 2B).
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In addition, a specificity test was conducted with different cereal flours to evaluate
the performance of the selected clones in a real food matrix and to discriminate the type
of prolamin recognized by the phage-Fabs. As in the case of the gliadin curve analysis,
Fab8E-4 showed highest detectability for wheat, barley, and rye prolamins (Figure 2C).
Considering these results, among the isolated phage-Fabs, Fab8E-4 presented the best
performance for prolamin detection, both in the detection of gliadin dilutions and ethanol
extracts from natural gluten sources. Consequently, further characterization experiments
were only performed with the phage-Fab8E-4.

3.7. Sequencing of Leading Candidates

The results of plasmid DNA sequencing of several clones after bacterial transformation
showed that the two-step cloning process was successful and that the presence of self-
ligation events or other artifacts was not noticeable. Therefore, the constructed library
consisted of a Fab repertoire constituted by a collection of light chains expressed in celiac
disease patients and the sequence of the dAb-8E transformed into four sets of heavy chains
(IgG1, IgG2, IgG3 and IgG4 subclasses). From the DNA sequence analysis of the clones
selected as positives after biopanning (Figure 3A), it was inferred that all belonged to
different clonotypes derived from the combinatorial arrangement of four different light
chains and the same heavy chain, dAb-8E-IgG3 (Figure 3B). The clones selected after three
rounds of panning presented light chain diversity (different V and J genes) but only one
heavy chain (with the same subclass), this fact could be meaning that the heavy and not
the light chains is the principal agent in the molecular evolution process that is selecting
the high-affinity clones.
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Figure 3. Sequencing results, chain families and features identification of the gliadin-binding selected
clones. (A) Alignment of the sequences coding for the Fab8E-4, 6, 10 and 11. Main antibody features
are shown in blue and orange charts for light and heavy chains, respectively. Alignment was
computed using SnapGene® 5.0.8. (B) Identification of the re-arranged genes coding the light and
heavy chains of the isolated gliadin-binding clones. The V] and VD] genes were elucidated using the
IMGT®/V-QUEST tool, and the IgBLAST tool from NCBI was used for elucidating the CH1 subclass
of the heavy chains.
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3.8. Characterization of Phage Fab8E-4

In order to compare the sensitivity of the designed phage-ELISA based on the Fab8E-4
with that of the parental phage-dAbSE, both phage-antibody formats were expressed using
the same helper phage. For this purpose, it was necessary to produce the dAb-8E attached to
the VSCM13 plII minor capsid protein, instead of the KM13 bacteriophage used before [25].
The comparative dose response curve obtained against increasing concentrations of gliadin-
PWG (0.5-6 pg/mL) with both phage-antibody formats is shown in Figure 4A. Following
the Eurachem guides for method validation [34], the limit of detection (LOD) was calculated
from the interpolation of three times the standard deviation of ten blank determinations in
the linear regression in the range 0.01-2 pug/mL (Figure 4B). The LOD for the method using
the Fab8E-4 were set at 0.01 pg/mL.
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Figure 4. Characterization of phage-Fab8E-4. (A) Comparative dose-response curve obtained against
gliadin-PWG dilutions (0-6 g/mL) by means of dAb-8E (grey) and Fab8E-4 (red) antibody fragments
attached to VSCM13 helper phage (4 x 10! pfu/well). (B) Linear regression obtained against
gliadin dilutions (0.01-2 ug/mL) by means of Fab8E-4 in order to determinate the LOD and LOQ.
(C) Representative dose-response curve from the analysis of experimental rice-based binary mixtures
with increasing presence of a proportional mixture of wheat, barley and rye in the range of 0.1 to
100 mg/g. Origin 8.0 software was employed to plot and analyze the experimental data. Mean
values of three independent determinations and standard derivation of each data set are shown.
(D) Western blot analysis of gliadin and flour proteins incubated with phage-Fab8E-4 as primary
antibody. Lane 1 (1 mg per well) and Lane 2 (2 mg per well): gliadin (Merck©, CAS #9007-90-3)
dissolved in 50% isopropanol-water; Isopropanol extractions of cereal flours: Lane 3: wheat; Lane 4:
barley; Lane 5: rye.
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Merging the VL immune chains with the semi-synthetic dAb-8E seemed to slightly
improve the LOD for the gliadin reference material solution. However, since immunoassays
could be frequently influenced by matrix effects, a closer-to-reality approach was applied.
Therefore, a set of binary mixtures was prepared including different spiked levels (0, 0.1,
0.2,05,1,25,5,7.5,10 and 100 mg/g) of an un-treated wheat/barley/rye proportional
mixture (WBRm) in a rice flour matrix [25]. Rice flour was selected as the matrix ingredient
of the binary mixture due to the absence of background signal interference when tested
in the indirect phage-Fab8E-4 ELISA method and since it is frequently used in gluten-
free formulations. Previous studies have adopted a theoretical approach to estimate the
amount of gluten as about 10% of the gluten-containing cereal weight [35]. Therefore, the
binary mixtures used to assess the suitability of the developed immunoassay to detect low
concentrations of gluten in a real food matrix could be interpreted as samples containing
approximately 10, 20, 50, 100, 250, 500, 750, 1000 and 10,000 mg of gluten per kilogram
(particles per million or ppm of gluten in a food sample). According to these experimental
binary mixtures used for in-house validation and to derive the model features, antigen
dose-response curve was fitted to a dose response model (Figure 4C). The LOD and LOQ
obtained from the analysis of the gluten-spiked mixtures with the developed phage Fab8E-4
assay were 10 and 88 ppm of gluten, respectively. The test seemed to fulfill the legislation
requirements, with the ability to distinguish the threshold of 20 ppm used to classify the
products as gluten-free or not. The field application functionality of the proposed method
was tested with ten food products (five labeled as gluten-free and five as containing gluten)
after ethanolic extraction. The indirect phage-ELISA using Fab8E-4 was able to differentiate
both types of products. These results were confirmed with a commercial sandwich ELISA
based on the R5 monoclonal antibody, the gold standard for gluten analysis (Table S3).

A Western blot analysis was performed to elucidate which prolamin fractions from
different gluten-containing cereals were recognized by the developed recombinant antibody
(Figure 4D). A commercial preparation of wheat gliadin was used as control because it
contains all the different gliadin subunits. The results evidenced that the phage-Fab8E-4
was able to significantly recognize the protein bands between 25 and 48 kDa, that could
correspond to the LMW glutenin subunits and alpha-, beta- and gamma-gliadins [35].

3.9. Fab8E-4 Sequence Analysis and Structure Prediction

In silico predictions of the Fab8E-4 structure and antibody-antigen interaction were
performed to further characterize the antibody fragment obtained.

The library obtained in this work presents half the CDR diversity than a usual immune
library, as it applies only to the light chains. Nevertheless, the overall affinity of the library
is improved, because many of the phages of a full immune library might not bind properly
to the target antigen, while in this library the heavy chains are constituted by dAb-8E
gliading-binding chains. Although this situation could lead to miss a “better” new Fab that
could be found, or not, in a classical immune library, the selection of a minor expressed
class, like IgG3, shows that the artificial rearrangement could generate functional structures
that are very underrepresented in nature. This improvement is paired with an increase of
Fab8E-4 affinity and avidity to gliadin, which derives from the new structure.

Based on the sequencing results of the Fab8E-4, the whole molecule 3D-structure
prediction was generated using Alpha-fold2, an artificial intelligence program that per-
forms predictions of protein structure with high accuracy [36]. Five different models were
generated, and each model was recycled three times. The models were ranked by pLDDT
score (a per-residue confidence estimation on a scale of 0-100). The fifth model (Figure 5A
and 5B) was selected as the best, with an overall pLDDT score of 82,3 which was considered
a good backbone prediction [37]. Besides, taking into account that the worst resolved area
was the histidine tag attached to the CH1 domain which lowered the overall score, the
Fab8E-4 domains were fairly well resolved with pLDDT scores >85.
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Figure 5. Computational models of the Fab8E-4. (A) Predictive model of Fab8E-4 generated with
Alpha-Fold2. The pLDDT scores are shown with the following scale of color red > white > blue.
(B) Same Alpha-Fold2 predicted model rotated for better visualization of the different domains.
(C) Fv predictive model generated by Antibody-builder (sAbpred server).

In addition to the whole molecule model, a second model of the Fab was generated
focused on the Fv (fragment variable of the antibody, composed of the VL and VH), the main
antigen-antibody interaction surface. This model was computed using the AbodyBuilder
tool included in the sAbPred server (Figure 5C). This bioinformatic tool encompasses up to
seven different algorithms for the determination of the most likely antibody structure, such
as identification of the best templates for VH and VL domains, prediction of the VH-VL
orientation or modeling of CDR-loops and side chains. The background structures that
were chosen as framework templates were (RCSB PDB identifiers) 6ghg (VH) and 6co3 (VL)
as they showed the highest sequence identity for each chain (86.2% sequence identity for
VH and 93.4% for VL). The VH-VL orientation was predicted using the angles inherited
from the background structure 2uzi.

Once the 3D model of the Fab8E-4 was obtained, epitope and paratope prediction was
assessed to investigate the antigen-antibody interaction surface. To identify the main amino
acids involved in the binding region, knowledge of the 3D structure of both, the antigen and
the Fv of the Fab, is required. However, crystal structures of the different gluten proteins
were not available in databases such as Uniprot or RSCB PDB (which only include structures
from some linear peptides presented by HLA that were not useful for the present work).
Despite the lack of experimental data on crystal gluten structures, the structures of some
gliadins and other gluten-related proteins have been recently solved with AlphaFold, and
uploaded in Uniprot database. Therefore, in this study epitope and paratope predictions
were performed with Epipred and Antibody-ipatch algorithms, respectively, using as
protein templates the 3D antibody structure generated by AbodyBuilder and the antigen
3D-structure of wheat «/ 3-gliadin and barley y-hordein solved by AlphaFold (P18573 and
P17990 Uniprot entries). These entries were chosen as they showed the highest quality of
information recorded in the database. Until the structure of gliadins are not completely
solved by X-ray crystallography or cryomicroscopy, this approach was chosen as the most
adequate approximation for epitope and paratope identification of Fab8E-4.

The epitope predictive models depicted in Figure 6A,B show that the conformational
epitopes were mainly found in the o-helix motifs on the C-terminal region of both antigens,
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the oo/ 3-gliadin and the y-hordein. Within the gliadins studied, the main interaction zone
of the dAb-8E and Fab8E-4 is located downstream one of the most pathogenic reported
zones for celiac disease [38]. Besides, it presented more dispersed and shorter repeats of
glutamines than those found in the N-terminal half. This fact could be explained because the
heavy chain was originally derived from a semi-synthetic library instead of an immune one,
which presumably would have resulted in an antibody binding the pathogenic N-terminal
segment. In this sense, Fab8E-4 and their parental antibody fragment d Ab-8E constitute a
new alternative for gluten determination, providing likely contacts to the C-terminal region
of the antigens, which could complement the already available antibodies that usually
bound to the N-terminal region. This opens the possibility of further developments of
sandwich and competitive ELISAs with antibodies binding different epitopes.

B

Figure 6. Epitope prediction (A,B) in «/3-gliadin (A) and y-hordein (B) facing Fab8E-4. The residues
colored in red are more likely to be part of the conformational epitope. Notice that the images have
been rotated to show the conformational epitope. Models generated with EpiPred (SAbPred server).
Paratope prediction in Fab8E-4 (C,D). The residues are colored according to the likelihood of being
part of the paratope following the order: red >white >blue. Notice that the images have been rotated
to show the zones with a higher likelihood of being part of the paratope. The model was generated
with antibody i-patch (SAbPred server). (C) In red the residues of the heavy chain identified to be
more likely to interact with the antigen. CDR2 and neighboring sequences in a green silhouette.
(D) In red the residues of the light chain identified to be more likely to interact with the antigen.
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As shown in the paratope models obtained in Figure 6C,D, regardless the prolamin
used in the analysis of the paratope models, the main antigen-antibody interaction remained
in the heavy chain of Fab8E-4, which was derived from dAb-8E. The residues most likely to
be in contact with the antigen were in the CDR-2 and neighboring heavy chain sequences
(Figure 6C). However, reformatting of the dAb-8E added new strong contacts with the
antigen through several light chain residues (A56, Y38 and Al14), which presumably
could have improved the characteristics of the detection method. In addition, the disulfide
bond between the constant and the variable domains fixed the structure, reducing the
conformational freedom of the protein [27].

4. Conclusions

This work presents a novel approach to generate a suitable library for selection of anti-
body fragments for prolamin detection. This method goes beyond the direct transformation
of an antibody format to another (dAb into Fab), implying a direct evolution process in
order to improve the features of the previously obtained dAb-8E. A library composed of
light chains and heavy chains from different origin was built. The designed SOE-PCR
reactions allowed a quick conversion of the dAb sequence into a Fab heavy chain and,
once cloned into the subset of light chains obtained from celiac donors, the library was
obtained. The high diversity of the constructed library resulted in the successful isolation
of positive clones. After characterization of different phage variants, the Fab8E-4 was
selected and tested in an immunoassay for the specific and sensitive detection of gluten.
Besides, a deeper study of the generated antibody was developed using in silico tools.
The proposed ELISA method demonstrated that transformation of the dAb-8E into a Fab
structure resulted in an improvement of the characteristics of the developed methodologies
for gluten detection in foodstuff. Therefore, the obtained Fab8E-4 presented enhanced
properties regarding the parental dAb, indicating that the proposed methodology was a
useful tool to improve the performance of existing antibodies.

The phage-Fab8E-4 obtained and characterized in this work has demonstrated ability
to detect gliadin in solution, an also in complex mixtures. Thus, it can be directly applied
for gluten detection in foodstuff. Moreover, thanks to the in silico model, that showed
contacts with the C-terminal gliadin portion, it could be used as a complementary or
alternative reagent to the other antibodies in the market for gluten detection, that bind to
the N-terminal portion of the antigen.

The development of gluten detection assays has been historically focused on hy-
bridoma generated monoclonal antibodies (R401, R5, G12). Seldom recombinant antibodies
have been used for solving this problem, and mainly they were applied for studying clini-
cal features of gluten-related diseases rather than gluten detection in foods. The present
work is a novel rational approach that goes beyond the construction of an immune library
from celiac patients. The construction of a novel Fab library is provided, beginning with
the scaffold of a pre-existing antibody selected against likely pathogenic gluten peptides,
transformed into a Fab heavy chain, and merged with a light chain subset derived from
celiac patients. This is the first time a directed evolved engineered antibody fragment has
been applied for gluten detection in foodstuffs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12010149/s1, Figure S1: Transformants recovery after panning
rounds; Figure S2: Indirect phage-ELISA analysis of the phage-Fab library rescued after each round of
panning; Table S1: Primers used for heavy chain amplification; Table S2: Primers used for light chain
amplification; Table S3: Sequencing primers; Table S4: ELISA results obtained for detection of gluten
with the phage Fab8E-4 and R5 monoclonal antibodies from ethanolic extracts of 10 commercial
food products.
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Supplementary Material

Table S1. Primers used for heavy chain amplification

Name Sequence

First PCR round

VH135 fw AGG TGCAGCTGCTCGAGTCTG G

ovlp-congarev AAG ACC GAT GGG CCCTTG GTG GAT GCG GCCGCG CTC GATACG G

ovlp-cong4d rev ACG GAT GGG CCCTTG GTG GAA GCT GCG GCCGCG CTCGATACG G
Second PCR round

VH135ext fw (GTC)” G TAG GTG CAG CTG CTC GAG TC

CG1Zextrev (GA)® G GCATGT ACT AGTTTTGTCAC

CG2a ext rev (GA)® CTC GACACT AGT TTT GCG

CG3aextrev (GA)® TGT GTG ACT AGT GTC ACC

CG4a ext rev (GA)™ GCA TGA ACT AGT TGG GGG

Table S2. Primers used for light chain amplification

Name Sequence

First PCR round

Vi1 fw GAG CCG CAC GAG CCC GAG CTCCAG ATGACCCAGTCT CC

Vk2/4 fw GAG CCG CACGAG CCCGAG CTCGTG ATGACY CAGTCT CC

VK3 fw GAG CCG CACGAG CCCGAG CTCGTG WTG ACRCAGTCT CC

VK5 fw GAG CCG CACGAG CCCGAG CTCACA CTCACGCAGTCT CC

Ckldrev GCG CCG TCT AGA ATT AACACT CTC CCCTGTTGAAGCTCT TTG TGA CGG GCG AACTCAG

Second PCR round

Vk ext fw GCG CCG TCT AGA ATT AACACT CTC CCCTGT TGAAGCTCT TTG TGA CGG GCG AACTCAG

Ckextrev  GAG GAG GAG GAG GAG GAG GCG CCG TCT AGA ATT AACACT CTC

Table S3. Sequencing primers

Name Sequence
ompAseq AAG ACA GCTATCGCGATTGCAG
g-back GCCCCCTTATTAGCG TTT GCCATC

Degenerated basZes: W=AT; R=A, G.
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Table S4. ELISA results obtained for detection of gluten with the phage Fab8E-4 and R5 monoclonal antibo-
dies from ethanolic extracts of 10 commercial food products.

N2 Sample Gluten Label Fab8E-4 R5
1 Macarrons (Bakery) + + +
2 Apple cake + + +
3 Free-sugar biscuits + + +
4 Caramelized biscuits + + +
5 Cake + + +
6 Sausages - - _
7 Vegan sausages - - -
8 Surimi - - -
9 Nuts mixture - - -
10 Sunflower seeds - - -
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Figure S1. Transformants recovery after panning rounds. An inference was calculated from the colonies grown in
after plating in SB-carbenicilin (100 pug/mL) infected E.coli XL-1 with the output phages from each selection round.
Mean values of two independent determinations and standard derivation of each data set are shown.
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Figure S2. Indirect phage-ELISA analysis of the phage-Fab library rescued after each round of panning. Results of
absorbance value (450 nm) obtained against gliadin-PWG (objective antigen) and BSA (blocking solution). Mean
values of three independent determinations and standard derivation of each data set are shown.
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Desarrollo de un nuevo anticuerpo recombinante, seleccionado mediante
la tecnologia del phage display a partir de un repertorio derivado de
pacientes celiacos, para la deteccion de gluten en alimentos

Development of a new recombinant antibody, selected by phage-display
technology from a celiac patient library, for detection of gluten in foods

Gluten, a group of ethanol-soluble proteins present in the endosperm of cereals, is extensively
used in the food industry due to its ability to improve dough properties. However, gluten is also
associated with a range of gluten-related diseases (GRDs), such as wheat allergies, celiac disease,
and gluten intolerance. The recommended treatment for GRDs patients is a gluten-free diet.
To monitor adherence to this diet, it is necessary to develop gluten-detection systems in food
products. Among the available methods, immunodetection systems are the most popular due
to their simplicity, reproducibility, and accuracy. The aim of this study was to generate novel
high-affinity antibodies against gluten to be used as the primary reactant in an enzyme-linked
immunosorbent assay (ELISA) test. These antibodies were developed by constructing an immune
library from mRNA obtained from two celiac patients with a high humoral response to gluten-
related proteins. The resulting library (composed by 1.1 x 107) was subjected to selection against
gliadin using phage display technology. Following several rounds of selection, the Fab-C was
selected, and demonstrated good functionality in ELISA tests, presenting a limit of detection of
15 mg/kg for detection of gluten in spiked mixtures and food products. The methodology can

discriminate gluten-free products according to the current legislation.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Yeonhwa Park

Gluten, a group of ethanol-soluble proteins present in the endosperm of cereals, is extensively used in the food
industry due to its ability to improve dough properties. However, gluten is also associated with a range of gluten-
related diseases (GRDs), such as wheat allergies, celiac disease, and gluten intolerance. The recommended
treatment for GRDs patients is a gluten-free diet. To monitor adherence to this diet, it is necessary to develop
gluten-detection systems in food products. Among the available methods, immunodetection systems are the most
popular due to their simplicity, reproducibility, and accuracy. The aim of this study was to generate novel high-
affinity antibodies against gluten to be used as the primary reactant in an enzyme-linked immunosorbent assay
(ELISA) test. These antibodies were developed by constructing an immune library from mRNA obtained from two
celiac patients with a high humoral response to gluten-related proteins. The resulting library (composed by
1.1x107) was subjected to selection against gliadin using phage display technology. Following several rounds of
selection, the Fab-C was selected, and demonstrated good functionality in ELISA tests, presenting a limit of
detection of 15 mg/kg for detection of gluten in spiked mixtures and food products. The methodology can

Keywords:
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Celiac disease
Phage display
ELISA

Immune library
Recombinant Fab

discriminate gluten-free products according to the current legislation.

1. Introduction

Gluten-related disorders (GRDs) have an estimated global prevalence
of 5%. Nowadays, GRDs are considered a significant global health issue,
mainly in Western countries (Taraghikhah et al., 2020). GRDs are clas-
sified by their etiopathology into three main groups: Allergy to gluten or
its components, autoimmune diseases, and non-celiac gluten sensitivity.

Celiac disease is the most prevalent within the second group, pre-
senting a 1- 2% prevalence in the Caucasian population (Pena and
Rodrigo, 2015). The molecular mechanisms of celiac pathology are well
described (Caio et al., 2019). The diagnosis of celiac disease is closely
related to the autoimmune response described, and usually implies
several tests like: excluding selective IgA deficiency, high serum levels of
IgA and IgG anti-tTG, serum IgA and IgG anti-deaminated gliadin pep-
tide (DGP), serum IgA endomysial antibodies, and HLA-DQ typing (ge-
netic screening). In addition to the serological and genetic tests, the
diagnosis is usually confirmed by a gut biopsy (Raiteri et al., 2022).

* Corresponding author.
E-mail address: ainagarcia@ucm.es (A. Garcia-Garcia).
! These authors share senior authorship.

https://doi.org/10.1016/j.crfs.2023.100578

Despite several therapies have been proposed to mitigate celiac disease
(anti-inflammatory drugs, inhibitory monoclonal antibodies, gluten
chelators ...), even nowadays, a gluten-free diet is the best therapy that
not only inhibits the autoimmune gut tissue destruction, but also con-
ducts to a correct restoration of the intestinal crypts and the digestive
function (Itzlinger et al., 2018). Due to the high prevalence of GRDs and
the efficacy of a gluten-free diet to treat them, it was necessary to
develop systems for gluten detection in foods. Several methodologies
have been developed (Garcia-Garcia et al., 2018), but immunoassays are
the most used, due to their accuracy and simplicity. The main reactants
of these methods are high-affinity antibodies to gluten. Polyclonal and
monoclonal approaches have been used, outstanding the monoclonal
antibody R5, obtained using a classical hybridoma strategy after mice
immunization with gluten-containing flour extracts. A sandwich ELISA
using the R5 antibody is the golden standard method for gluten detec-
tion in foodstuffs (Valdés et al., 2003). Despite monoclonal antibodies
are widely used nowadays, new developments are needed, based on
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novel technologies like recombinant antibodies, that present several
advantages like scalability, customizability, fast and consistent pro-
duction, and avoidance of the expression of unwanted chains that occurs
with hybridomas (Bradbury et al., 2018).

The Fab (fragment antigen binding region) is a recombinant anti-
body fragment composed of two chains: the complete light chain (var-
iable and constant regions) and a heavy chain, that consists in the
variable domain and only one constant region (CH;) of the mammal
immunoglobulins, but Fabs lack the Fc (fragment crystallizable) region.
This antibody format was chosen because it replicates the region that
binds the antigens in natural antibodies, providing the complete para-
tope pocket. Also, Fabs are more stable than single chain formats due to
the disulfide bond that joins the heavy and the light chains, and their
smaller size (compared to complete immunoglobulins) enhances their
diffusive properties and facilitates the recombinant expression in pro-
karyotic cells (Kang and Seong, 2020).

The main aim of this work was to obtain new alternatives to gluten
immunodetection in foods, based on the development of recombinant
Fabs presenting high-affinity against gluten.

2. Materials and methods
2.1. Bacterial strains, plasmids, and growth media

Escherichia coli XL1-Blue strain (recAl, endA1l, gyrA96, thi-1, hsdR17,
supE44 relAl, lac [F proAB, laclqZAM15, Tn10 (Tetr)]) (Agilent©, Santa
Clara, CA, USA, ref #200150) was used for cloning, building the li-
braries, and for production of phage-displayed Fabs. Electrocompetent
cells were in-house produced by growing E. coli XL1-Blue in Super-Broth
medium (SB: 30 g/L tryptone, 20 g/L yeast extract, 10 g/L MOPS, pH 7)
and concentrating by sequential cycles of centrifugation (3200 g, 4 °C)
and resuspension in 10% glycerol (v/v) (PanReac AppliChem© Monza,
Lombardy, Italy, CAS: 56-81-5) in water. After electroporation, cells
were grown in SOC medium (Invitrogen™-Thermo Fisher©, Waltham,
MA, USA, ref #15544-034). For DNA extraction before sequencing,
bacteria were grown in Luria Broth (LB: 10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl, pH 7). Agar plates were prepared with a 15 g/L
agar concentration.

The antibody chain coding fragments were cloned into the plasmid
pComb3X (Andris-Widhopf et al., 2000).

2.2. Antigen preparations

Gliadin-PWG (Arbeitsge-meinschaft Getreideforschung (AGF) e.V.
DIGeFa GmbH, Detmold, Germany) was used as reference material for
gluten detection in foods. Following the supplier’s recommendation,
gliadin-PWG was dissolved in a 60% ethanol/water solution at 1 mg/mL
and stored at room temperature protected from light. Gluten-like pro-
teins were also extracted from different flour cereal matrices such as
wheat, rye, barley, corn, and rice, as well from a binary mixture of
wheat, rye, and barley kernels prepared in a rice-based gluten-free
matrix as previously described (Garcia-Garcia et al., 2020). Gluten-like
proteins were extracted by dissolving 0.25 g of the finely ground sam-
ple in 10 mL of 60% ethanol, followed by shaking for 20 min at room
temperature and centrifugation at 2000g for 10 min at room
temperature.

2.3. Selection of celiac patients as suitable lymphocytes donors

Prospective donors were patients attending the digestive medicine
service of the Fundacion Jiménez Diaz Hospital (Madrid, Spain), with
symptoms of a prototypical celiac disease humoral response. The
following diagnostic parameters were used to assess the patient eligi-
bility: IgG and IgA tissular anti-transglutaminase (anti-tTG), IgG and IgA
anti-deaminated gliadin peptide (DGP).

In addition, patients with selective IgA deficiency were not
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considered potential donors. It was essential that the patients would not
have started a free-gluten diet to assure the maximum of gluten-reactive
B-cells in their peripheral blood (Agardh et al., 2006).

Once a preliminary search was done based on the diagnosis of celiac
disease of the prospective donors, the humoral response profile to
complete gliadin was characterized. The ELISA tests a-Gliatest S Chromo
IgA (Eurospital, Trieste, Italy, ref #910796) and a-Gliatest S Chromo IgG
(Eurospital, ref #910896) were used for that purpose, according to the
manufacturers’ protocols.

An in-house ELISA test was implemented to quantify the amount of
each immunoglobulin sub-class expressed in the patients. Immunosorb
plates (96-well Maxisorp™ plates, Thermo Fisher©, Waltham, MA, USA,
ref #44-2404-21) were coated for 1 h at 37 °C with 100 pL of 3.3 pg/mL
of gliadin PWG in 0.1 M carbonate/bicarbonate buffer pH 9.6. The
coating solution was removed and, after three washing steps with PBS,
200 pL of blocking solution (3% BSA in PBS) was added to each well. The
plate was incubated at room temperature for 1 h and washed three times
with PBS-T (PBS containing 0.05% of Tween (Sigma®©, Burlington, MA,
USA, ref #P1379)). Then, 100 pL of patients’ serum dilution (1:200 for
IgG1 and IgG2 tests and 1:50 for IgG3 and IgG4) in sterile PBS was added
per well. After incubating the plate at room temperature for 2 h, three
washing steps were performed with PBS-T. One hundred microliters of
anti-human sub-isotypes (Cygnus Technologies LLC, Southport, USA, ref
#IM151 to #IM154) diluted 1:1000 in blocking solution were added.
The plate was incubated for 1 h at room temperature and washed three
times with PBS-T. One hundred microliters of TMB (Sigma®©, ref
#T0440) was then added, and the reaction was stopped after 15-20 min
with 50 pL of a diluted sulphuric acid solution. Absorbance readings
were performed at 450 nm (FluoStar Optima™ from BMG labtech©,
Ortenberg, Germany). The serum of a non-celiac person was used as
negative control.

The results obtained were normalized to consider the different
dilution of the serum used for each isotype. The normalization index (i)
was calculated as follows:

(AU
"“\av2

Where: AU1 are the absorbance units of the donors’ serum samples and
AU2 are the absorbance units of the non-reactive serum sample used as
negative control.

)x serum dilution

2.4. Lymphocyte RNA preparation and retro-transcription

Blood samples were collected from selected donors following the
protocols approved by the human research ethics committee of
Fundacién Jiménez-Diaz (Madrid). After signing the informed consent,
350 mL of peripheral blood were extracted from each donor, and cells
were counted in a Neubauer chamber after Trypan Blue staining. Total
RNA was extracted by a standard method with TriZol LS reagent (Invi-
trogen™-Thermo Fisher©, ref #10296010). Once the RNA quality and
quantity were checked by Agilent© 2100 Bioanalyzer (ref #G2939BA),
it was used as a template in reverse transcription reactions (SuperScript
IV®, Invitrogen™- Thermo Fisher©, ref #18091050), following the
manufacturer protocol, but the reaction was performed at 52.5°Cfor 1 h
instead of 10 min.

2.5. Amplification and isolation of antibody chain coding fragments

The antibody chain coding fragments were amplified in two rounds
of PCR. The first reaction was performed for specific amplification of the
genes, and the second just to add sequences flanking the restriction sites
for cloning improvement. Light chains and Fab heavy chains (VH and
CH1 domains) were amplified separately using the primer set developed
by Barbas et al. (Barbas, 2001) and Table 1S. For the first round, the
reactions were set up with the following proportions: 1.5 pL of cDNA; 60
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pmol of each primer (synthesized by Eurofins genomics©, Luxemburg,
Luxemburg); 8 pL of 2.5 mM dNTPs set (Thermo Fisher©, ref #AB0196);
10 pL of 10X AmpliTaqGold® buffer; 0.5 pL. AmpliTaqGold® (Thermo
Fisher©, ref #4311806) and molecular biology grade water (Sigma®©,
CAS: 7732-18-5) to a final volume of 100 pL. Amplification was per-
formed under the following cycling conditions: Enzyme activation at 94
°C for 5 min; 35 cycles with denaturation at 94 °C for 15 s, primer
annealing at 56 °C for 15 s, primer extension at 72 °C for 90 s; and a final
extension step at 72 °C for 10 min. The amplified DNA fragments were
isolated by gel electrophoresis using UltraPure™ Low Melting Point
agarose (Thermo-fisher©, ref #16520050), and purified with Nucleo-
Spin® gel DNA clean-up columns (Machery-Nagel©, Allentown, PA,
USA, ref #740609). DNA was quantified in a Qubit® Fluorometer
(Invitrogen Thermo-fisher©), and its quality was measured with a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc.,
Montchanin, DE, USA). For the second round of PCRs (Table 1S), the
reactions were set up with the same proportions of reactants as in the
first round, but using 100 ng of purified first-round PCR product as a
template, and the following cycling conditions: 5 min at 94 °C for
enzyme activation; 15 cycles with denaturation at 94 °C for 15 s, primer
annealing at 54 °C for 15 s, primer extension at 72 °C for 2 min and, a
final extension step at 72 °C for 10 min. Then, the product purification
was performed as in the previous round.

2.6. Library construction (clonation and transformation)

The purified PCR products and the plasmid pComb3X were digested
with the corresponding enzymes and then, ligated in a two-step process.
In the first step, the light chain coding fragments and the plasmid were
digested for 1 h at 37 °C with Sacl and Xbal (New England Biolabs©
Ipswich, MA, USA ref #R0156 and ref #R0145), following manufac-
turers’ set-up reactions, and then purified by agarose electrophoresis as
previously described. Digested inserts and linearized vector were ligated
(3:1 M ratio) overnight at 16 °C with T4 DNA ligase. The resulting
ligation was ethanol precipitated, re-suspended in 20 pL of water, and
transformed into high-efficiency electrocompetent Escherichia coli XL1-
Blue. SOC recovery medium (3 mL) was then added to the trans-
formed cells before incubation at 250 rpm for 1 h at 37 °C. At this point,
10 pL of the culture was removed, diluted, and titrated in LB agar plates
containing 100 pg/mL of carbenicillin. The rest of the culture was
transferred to 12 mL of LB broth with 20 pg/mL of carbenicillin and 10
pg/mL of tetracycline and incubated for an additional hour. The culture
was then expanded to 100 mL of LB (carbenicillin at 50 pg/mL and
tetracycline at 10 pg/mL) and grown overnight at 37 °C. Phagemid DNA
containing the immune light chain repertoire was purified by midi-prep
(PureLink™ HiPure plasmid Miniprep Kit Invitrogen™-Thermo Fisher©
ref #K210004) and digested alongside the heavy chain coding fragments
with Xhol and Spel (New England Biolabs© ref #R0146 and ref
#R0133). After gel purification, the resulting fragments were cloned
following the steps described above for the light chain. The ligation
reaction (containing the Fab library) was ethanol precipitated and
transformed into E. coli XL1-Blue. Following electroporation, 5 mL of
recovering SOC medium was added, and the culture was shaken at 250
rpm for 1 h at 37 °C. Then, 10 pL of the culture was removed, and ten-
fold dilutions were plated into SB plates (containing 100 pg/mL of
carbenicillin) to calculate the repertoire size of the library. The
following steps of culture amplification, phage induction and isolation
were done using the protocol depicted (Barbas, 2001).

2.7. Selection of gliadin-binding phage-Fabs

The panning procedure was performed as previously described
(Garcia-Calvo et al., 2022). Briefly, 1 pg of antigen (gliadin PWG)
diluted in coating solution (0.1 M carbonate/bicarbonate buffer, pH 9.6)
was added per well in a microtiter plate. The plates were washed and
blocked with PBS-BSA 3%, incubated for 1 h at 37 °C and washed three
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times with PBS. Then, 100 pL of isolated phages were added per well,
and incubated at 37 °C for 2 h. Non-binding phages were washed out
with PBS-T and binding ones were eluted with acidic conditions. The
eluted phage-Fabs were amplified by infecting a culture of E. coli
XL1-Blue, the helper phage VSCM13 was added and grown overnight.
Phage-Fabs were precipitated with PEG8000 (polyethylene-glycol) and
sodium chloride. The cycle re-started by adding the resulting precipi-
tated phages to another round of selection against the antigen. Three
rounds of selection and amplification were performed for the present
experiment, and an extra amplification of the third round was consid-
ered the fourth.

2.8. Characterization individual gliadin-binding phage-Fabs

Individual colonies isolated after each round of panning from the
tittering output plates were grown at a small scale of 4 mL of initial
culture, infected with helper phage, and induced for a quick screening of
clones by analyzing the supernatants containing the phage-Fabs. The
clones with better features were produced at a bigger scale of 100 mL
and PEG-precipitated.

2.9. Indirect phage-ELISA

The specificity and affinity of the clones obtained were analyzed by
indirect-phage ELISA. One hundred microliters of the suitable antigenic
extracts were added per well, diluted in coating buffer (0.1 M carbon-
ate/bicarbonate buffer, pH 9.6), and the plate was sealed and incubated
for 1 h at 37 °C. The coating solution was shaken out and 200 pL
blocking solution (3% BSA in PBS) was added per well, and the plate was
incubated for 1 h at 37 °C. Following 10 washing steps, 100 pL of diluted
phage was added and plates were incubated for 2 h at 37 °C. The non-
binding phages were washed away 10 times with PBS. Then, 100 pL of
the secondary antibody (anti-phage protein VIII HRP conjugated from
Sinobiological©, Beijing, China, ref #11973) diluted 1:5000 in blocking
buffer was added. The plate was incubated for 1 h at 37 °C, and PBS
washed 10 times. One hundred microliters of TMB (Sigma®©, ref
#T0440) was added, and the reaction was stopped after 15-20 min with
50 pL of a diluted sulphuric acid solution. Absorbance readings were
performed at 450 nm (FluoStar Optima™ from BMG labtech®©). This
methodology was applied for process evaluation, using the polyclonal
mixture of phage-antibodies obtained from each panning round, and for
characterization of monoclonal phage-Fabs.

2.10. DNA isolation and sequencing

Individual colonies from the titration plates of panning rounds three
and four were picked up and grown overnight in 5 mL of LB medium
supplemented with 100 pg/mL of carbenicillin. The plasmid DNA was
isolated from the pellet using a mini-prep kit (GenElute™ plasmid
miniprep kit from Sigma®© ref #PLN70). The phagemids were sequenced
by the Sanger method (Eurofins genomics©, Luxemburg, Luxemburg)
using the primers ompAseq and g-back (Barbas, 2001) for light and
heavy chain reading, respectively. The sequences were visualized, and
preliminary analysis was done using Snapgene software (Dotmatics®,
Boston, MA, USA).

2.11. Searching and characterization of the gluten-binding Fabs

The following discovery pipeline was proposed, using indirect
phage-ELISA for searching of strong gliadin binding candidates: 1) for
the initial screening, 48 individual clones picked from panning outputs
plates were grown, induced for production of phage-Fabs, and the su-
pernatants were tested in a phage-ELISA against 2 pg of gliadin PWG per
well; 2) the clones showing the highest signals against gliadin were
sequenced to discard repeated events; 3) specificity of the clones was
characterized (by their response to gluten-containing flours like wheat,
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rye, and barley, and gluten-free flours like oats, corn, and rice), and their
affinity against the objective antigen (gliadin-PWG) was analyzed in the
range of 0-5 pg/mL; and 4) the top performance clones were also
characterized for their response to the experimental binary mixture of
wheat, rye, and barley kernels in a rice-based gluten-free matrix. Origin
8.0 software was employed to plot and analyze all the experimental
data. The mean values of three independent determinations and stan-
dard derivation of each data set are shown in the figures.

2.12. Analysis of food products

The applicability of the leading phage-Fab candidate to detect gluten
in complex matrixes, such as food samples, was analyzed by indirect-
phage ELISA. Gluten-like proteins from ten commercial products were
extracted in a two-steps procedure: 0.25 g of the sample was dissolved in
2.5 mL of extraction buffer SENSISpec INgezim (Ingenasa®, Madrid,
Spain ref #30.GLU.K.2) and shaken for 20 min in a rotating shaker.
Then, 7.5 mL of 80% ethanol/water solution was added, and the mixture
was shaken for 20 additional minutes. The mixture was centrifuged at
2000 g, 10 min at room temperature. The analysis was performed by
indirect-phage ELISA using the same protocol previously explained.

2.13. Insilico elucidation of Fab-C structure and its interaction with the
target antigen

In silico elucidation of the structure of the leading candidate (Fab-C)
and the antibody-antigen interaction was done to have a deeper char-
acterization of the antibody. The primary data input was the DNA
sequence from Fab-C. From this sequence, the following pipeline was
implemented: 1) the sequence was launched to IMGT/V-QUEST, an
alignment-based tool for antibody domain definition and classification
(Brochet et al., 2008); 2) the structure of the Fab was predicted using the
bioinformatics tools Abodybuilder2 (Dunbar et al., 2016) and IgFold
(Ruffolo et al., 2022); 3) concordances and discrepancies between both
models were discerned using the Matchmaker tool from ChimeraX
(Pettersen et al., 2021); 4) once the Fab models were obtained, the in-
teractions with the target antigen (gliadin) were elucidated by
computing epitope and paratope predictions with the tools Epipred
(Krawczyk et al., 2014) and Antibody i-Patch (Krawczyk et al., 2013);
and 5) based on the information about the antigen-antibody obtained
from the previous analysis and, using both models of the Fab, a global
simulation of the interaction with the antigen was calculated by dock-
ing, using HADDOCK 2.4 server (van Zundert et al., 2016).

3. Results and discussion
3.1. Antibody library design strategy

Several approaches have been proposed in the last decades to
generate high-affinity antibodies against gluten. Most of them used
classical strategies, like immunizing an animal with cereal or recombi-
nant proteins and obtaining monoclonal antibodies secreted by hy-
bridoma cells. Some recent approaches were based in developing
recombinant antibodies with a variety of objectives. On one hand, im-
mune libraries derived from patients aimed to profile their humoral
response in celiac disease. On the other hand, camelid (Dona et al.,
2010) or semisynthetic antibody libraries have been used as source of
recombinant probes for detection of gluten (Garcia-Calvo et al., 2020).

A novel approach is proposed in this work, the construction of a new,
fully human immune library from peripheral blood of celiac patients,
with the objective of translating the humoral features found in the
selected donors to build a platform for antibody discovery, with the final
goal of developing accurate systems for gluten detection in food.
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3.2. Clinical features and evaluation of the humoral response of selected
patients

Building an immune library with enough diversity to allow isolation
from of high-affinity Fabs against gluten proteins that are toxic to celiac
patients required the capture of coding sequences for antibodies that are
involved in the humoral response against the target antigen. To fulfill
this requirement, potential suitable donors with high humoral response
to several antigens related to celiac pathology that usually correlates
with a high response to gliadin were searched at the digestive medicine
service of the Fundaciéon Jiménez-Diaz Hospital (Madrid). Initial pa-
rameters for selection of donors included anti-tTG and anti-DGP IgG and
IgA titers. These serological markers are widely used because their
presence is correlated with the intestinal damage, and their sensitivity
and specificity in detecting untreated celiac disease are close to or above
95% (Leffler and Schuppan, 2010). The utilization of these markers,
particularly circulating anti-tTG, for predictive purposes, encounters
challenges in establishing a standardized and universally applicable
cutoff point. The intricacy arises from the lack of harmonization among
the diverse assay methods available, compounded by the preponderance
of research focused on the pediatric population, as evidenced in many
published works (Beltran et al., 2014). Consequently, in the selection
process for this work, our clinical collaborators adhered to their hospi-
tal’s clinical guidelines, which dictated the cut-offs adapted to their
population’s context.

In contemporary clinical practice, the detection of specific antibodies
against complete gliadin in peripheral blood, has waned as a biomarker
due to its diminished sensitivity in comparison to the currently
employed biomarkers (Singh et al., 2022). Nonetheless, for the present
work, this detection method assumed critical significance, given the role
of gliadin as the primary antigen for the selection process. Thoroughly
characterizing the humoral response of potential donors against gliadin
was paramount, as it enabled the translation of these immune charac-
teristics into the library.

Also, it was very important to assure that the patients had not started
a gluten-free diet, because with the removal of gluten from their diet the
inhibition of the abnormal celiac humoral response is very strong and
sharp (Sharma et al., 2020).

Four patients were included in the study as potential donors
(Table 1). Patient 2 was discarded because the levels of IgG Anti-tTG
were low, and IgA anti-gliadin was bordering the levels for positive
consideration. Patient 3 presented high humoral response levels and a
clear celiac diagnosis but could not be included because started a gluten-
free diet before the blood donation. Finally, patients 1 and 4 fulfilled all
the requirements and donated blood samples.

In addition to these clinical features, a serum sample from the donors
(patients 1 and 4) was tested to quantify their response against native
gliadin by IgG isotype, with the aim to translate the heterogeneous
antibody expression of the patients to the library, instead of inserting
equimolar constructs of the possible isotypes and sub-isotypes (Fig. 1S).

Patients 1 and 4 presented a different IgG isotype response against
gliadin, with the usual dominant expression of IgG1 in patient 1 (Nahm
et al., 1987; Napodano et al., 2021). Nevertheless, patient 4 presented
also a very high expression of IgG2 isotype, an unusual feature in celiac
disease (Husby et al., 1986) but was considered appropriate for the li-
brary construction.

To transfer the affinity of the humoral response of celiac patients to
gluten proteins, the Fab sequences included in the library were ampli-
fied from the mRNA extracted from lymphocytes, which encode the
rearranged sequences from the recombination of the V, D, and J genes.
In addition, obtaining the lymphocytes from peripheral blood assures
the amplification of matured antibodies against the objective antigen
(Victora and Nussenzweig, 2022).
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Analysis of the humoral response of potential celiac patients to be included in this study.

Patient  IgA Anti-tTG 1gG Anti-tTG Selective IgA deficiency IgA Anti-DGP 1gG Anti-DGP IgA Anti-native Gliadin IgG Anti-native Gliadin
(U/mL) (U/mL) (negative/positive) (U/mL) (U/mL) (U/mL) (U/mL)

1 5654 <0.8 negative 1934 22.6 168 550

2 97.6 <0.8 negative 44.8 37.2 19 96

3 6994 49.6 negative 2165.1 537.6 35.37 200.70

4 3238 2 negative 1971 228.50 96.56 169.27

Cutoff >15 >15 >15 >15 >15 >50

3.3. Lymphocyte RNA preparation and retro-transcription

Mononuclear cells isolated from patients’ blood were 1.2 x 10% cells/
mL from patient 1 and 1.8 x 10® cells/mL from patient 4. Total RNA was
isolated with TriZol LS reagent, and tested for integrity, showing high
RIN (RNA integrity number) values of 9.5/10 for patient 1 and 8.75/10
for patient 4. The total RNA from each patient was retro-transcribed
using general oligodT-20 primers, obtaining the c¢cDNA scaffold for
PCR amplification.

3.4. Antibody chain coding fragments amplification and library
construction

Amplification of the fragments coding for the antibody chains was
performed in two sequential rounds. Due to the amplification bias dur-
ing the PCR, some chains can be overrepresented in comparison with
those expressed in the donors. To avoid this issue, the same PCR con-
ditions were used for all chains, so different quantities of each chain
(gene family and isotype) were obtained for cloning instead of an
equimolar pool of chains. Separate amplifications were done for each
combination of family genes and isotypes (e.g., VH135-IgG1; VH4-IgA
).

This approach is novel and unique, first because of the use of the Fab
format while most of the previous works were ScFvs (Marzari et al.,
2001; Rhyner et al., 2003), and also because of the amplification of as
many VH genes as possible to generate a wide diversity, in contrast to
previous studies that focused on certain VH families like VH4 (Sblattero
et al., 2000) and VH5 (Not et al., 2011).

Fab Heavy chain amplicons (Fig. 2S A-B) were amplified with
different terminal restriction sites than the light chains (Fig. 2S C-D) for
sequential cloning. The second round of PCRs was only used to expand
the neighboring sequences to the restriction point (addition of 39 bp) to
improve the cloning steps. The amplification was performed with fewer
cycles than the first step in order to avoid alteration of the first-round
chain composition (Fig. 2S E).

This cloning strategy was used to avoid the more classical protocol of
building the Fabs by OE-PCR (overlap-PCR) that implied three rounds of
amplification (first of the V and C genes from cDNA, second an overlap
of these genes, and third the fusion of the light and heavy chains by a
second overlap) (Barbas, 2001). The methodology proposed for this
work avoids one amplification step and overlaps by directly amplifying
the light and heavy chains of the Fabs and cloning them into the plasmid.
This strategy avoids PCR errors, misrepresentation of minority chains,
and truncated overlaps (Omar and Lim, 2018).

The Fab library was built through a two-step cloning procedure;
firstly, the light chains were introduced into the pComb3X vector and
transformed into E. coli XL1-Blue cells. Plasmid DNA containing the
light-chain sub-library was isolated from the culture for the subsequent
cloning of the Fab-heavy chains, resulting in the Fab library that was
transformed into E. coli. After the electroporation and recuperation in
SOC media, repertoire size (RZ) of the library was calculated, being 1.1 x
107 total clones. Some random clones were sequenced to assure that the
Fab were correctly cloned, showing a self-ligation of 4%. The RZ > 107
and autoligation level (<5%) were good enough to continue with the
panning protocol (Barbas, 2001).

3.5. Panning (selection and amplification) of gliadin binding phage-Fab

The Fab-library was screened against gliadin by phage-display. Three
rounds of panning were conducted with increasing stringency by
incrementing the number of washing steps. The output titers were
measured by plating dilutions of the E. coli XL1-Blue culture infected
with the eluted phages in SB-agar supplemented with 100 pg/mL car-
benicillin (Fig. 1A). A 19-fold increase was observed in round two and
then, it doubled in round three.

Although measuring the output titers was an adequate way to follow
panning performance, partial characterization of the overall affinity of
the selected, amplified, and isolated phage-Fabs from the library was
measured by indirect polyclonal phage-ELISA (Fig. 1B). A three-fold
signal increase was observed after round one, and the maximum
signal of the test was obtained after round three.

Despite the insignificant increase in the transformants recovered in
the first round, the polyclonal ELISA showed a clear increase in the
overall affinity. On the contrary, the higher number of transformants
recovered in the second round was not impaired with a noticeable
increment of the affinity, which could be explained because a wide
population of antibodies has been amplified with a mixture of affinities.

Focusing on the third round, a strong increase of the colonies
recovered, and also in the signal of the ELISA, means that the high-
affinity phage-Fabs against gliadin dominate in the population, and a
monoclonal binder could be easily isolated from the pool.

3.6. Selection of gliadin binders by monoclonal phage ELISA

Forty-eight individual clones were picked from the tittering plates of
the output phage population from last panning rounds (36 from R3 and
12 from R4). Induced culture supernatants (non-precipitated but con-
taining phage-Fabs) were 1:2 diluted and subjected to monoclonal
phage-ELISA in immunoplates coated with gliadin-PWG at a concen-
tration of 2 pg/well. Twenty-nine out of the forty-eight clones produced
absorbance signals higher than 1.5 and did not bind the negative control
(BSA). Those clones were selected as candidates for further analysis
(Fig. 1Q).

3.7. Sequencing and classification of the selected positive clones

The 29 clones identified in the monoclonal phage-ELISA as gliadin
PWG binders, were sequenced to detect repetitive clones, to identify
clonotypes and for their classification by gene family, class, and sub-
class. From the 29 sequenced clones, there were only 14 unique se-
quences, hereinafter named A-N (Fig. 2A).

One of the unique sequences (Fab-C) was heavily repeated in round
four (with 9 clones (31%) presenting that sequence; Fab-H was found in
4 (14%) of the sequenced clones; Fab-N in 3 (10%); Fab-G and Fab-K two
times each (6.89% each) and the remaining ones were found once
(3.34% each). Two clones belonged to the IgA2 subclass (C and H), five
to IgG1 (A, D, G, L and N), four to IgG2 (B, E, J and I), and three to I[gA1
(F, K and M) for the heavy chain. Regarding the light chains, there was a
total dominance of kappa chains. These unique sequences were orga-
nized in clonotypes (the clones belonging to the same clonotype pre-
sented a rearrangement with the same germlines V(D)J gene segments)
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using IgBLAST.

The 14 different clones were classified into 8 clonotypes for the
heavy chains: clonotype 1H (B, E, I and J), clonotype 2H (F, K and M),
clonotype 3H (A and G), clonotype 4H (C), clonotype 5H (H), clonotype
6H (D), clonotype 7H (L) and clonotype 8H (N). Three clonotypes (3H,
6H and 7H) presented VH1 genes, four VH3 (clonotypes 1H, 2H, 4H and
5H), and the remaining (clonotype 8H) VH4 genes for the heavy chains
(Fig. 2B).

The variability of the V, D, J genes whose rearrangement produced
the Fabs is shown in Fig. 2B, 2C and 2D. On one hand, the vast majority
of the gliadin-reactive Fabs presented VH3 genes (64.3% of the clones)
even surpassing the frequency found in a normal human antibody
repertoire (approximately 50%).

Surprisingly, the most expressed family in human antibodies, VH3-
23, (Sun et al., 2022), was only represented by one clonotype (2H),
including by three Fabs.

A special remark must be noticed on the selection of Fab-C, that
presents the VH3-15 locus, a scarcely expressed gene (3% of the human
repertory) but one of the most identified loci in gluten-reactive anti-
bodies in celiac disease (Steinsbg et al., 2014). On the other hand,
although VH4 antibodies represent almost 30% of the human repertory,
only one selected Fab presented this gene (Tiller et al., 2013).

The light chains could be classified into eight clonotypes: clonotype
1L (A, C and E); clonotype 2L (J and K); clonotype 3L (F and G);

clonotype 4L (B and M); clonotype 5L (H and I), clonotype 6L (D), clo-
notype 7L (L) and clonotype 8L (N) (Fig. 3G). Six of the clonotypes for
the light chain presented Vk1 genes (clonotypes 1L, 3L, 4L, 5L, 6L and
7L), one Vk2 (clonotype 8L) and one Vk3 (clonotype 2L).

The frequency of the V and J genes whose rearrangement produced
the light chain of the selected Fab are depicted in Fig. 2F and Fig. 2G.
Most of the clonotypes in the selected Fabs presented Vk1 (78.6%), that
is also prevalent in the human repertory (approximately the 45% of
kappa chains) (Tiller et al., 2013).

The length of HCDR3 of the selected Fabs was remarkably high (16
+ 4.7 amino acids), especially in two clonotypes (1H and 4H) that
presented more than 20 amino acids, an unusual feature (Fig. 2E), when
the average in human antibodies is only 14.8 amino acids (Joyce et al.,
2020). A high variability was found in the length and composition of
HCDR3, in contrast to the shorter and less diverse LCDR3 (8.5 & 0.76)
(Fig. 2H).

3.8. Characterization of gliadin-binding clones

Affinity and specificity of individual gliadin-binding clones were
assessed by indirect-phage ELISA. The optimal phage-Fab concentration
to be used as primary antibody in the phage-ELISA was 8 x 10° phage
particles per well.

A dose-response curve against increasing concentrations of gliadin-
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PWG (0-5 pg/mL) was obtained for each phage variant (Fig. 3A), Fab-C
stands out from the other Fabs, with a linear range between 0 and 1.25
pg/mL, reaching a saturation plateau at 2.5 pg/mL. In addition, a
specificity test was conducted with different cereal flours to evaluate the
performance of the selected clones in an actual food matrix, and to
discriminate the cereal species recognized by the phage-Fabs. Fab-J,
Fab-F and Fab-K showed cross-reactivity for oats; Fab-J, Fab-F and Fab-L
for corn; Fab-J and Fab-F for rice extracts, these clones were not
considered for further characterization because of their cross-reactivity
with cereals tolerated by people suffering from GRDs.

The four strongest candidates (Fab-C, Fab-E, Fab-H and Fab-G), were
tested against the gluten-like proteins extracted from a binary mixture

containing wheat, rye, and barley kernels (0; 0.1; 0.2; 0.5; 1; 2.5; 5; 10
and 100 mg/g) in a rice-based gluten-free matrix, equivalent to 0; 10;
20; 50; 100; 250, 500, 1000 and 10000 mg/kg of gluten (Fig. 3B)
(Garcia-Garcia et al., 2020).

From the results obtained, the clone Fab-C clearly showed the best
features: high response to gliadin-PWG in solution (purified antigen),
and selectivity against gluten-containing flours (wheat, rye, and barley).
Fab-C also showed a high performance for detection of gluten in the
experimental binary mixture, with a LOD of 15 mg/kg of gluten
(Fig. 3C), that fulfills the sorting capacity between gluten-free and
gluten-containing foods set by current legislation (where gluten-free are
considered when the product is containing less than 20 mg/kg of gluten)
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Fig. 3. Characterization and selection of gliadin-binding Fabs by phage-ELISA.
(A) Comparative dose-response curve of the fourteen leading candidates against
gliadin-PWG dilutions (0-5 pg/mL). (B) Dose-response curve of the four
strongest candidates (Fab-C, Fab-E, Fab-H and Fab-G) using an experimental
rice-based binary mixture with increasing presence of a proportional mixture of
wheat, barley and rye in the range of 0.1 to 100 mg/g. (C) Calibration curve
obtained for gluten detection with the experimental mixture and the Fab-C in
an indirect phage-ELISA. Origin 8.0 software was used to plot and analyze the
experimental data. Mean values of three independent determinations and
standard derivation of each data set are shown.
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(Codex-Alimentarius, 2018).

Despite the existence of other antibody-based tests in the market
with lower LOD for gluten detection (Scherf and Poms, 2016), Fab-C
exhibits interesting attributes that warrant further exploration and
advancement. Notably, Fab-C complies with the legal standards of
detection, having a single paratopic interaction with the antigen, in
contrast to monoclonal antibodies that typically require two interactions
(which can be increased to four in a sandwich ELISA format). This
distinctive feature of Fab-C results in highly efficient binding with
gliadin, emphasizing its potential as a valuable candidate for gluten
detection.

3.9. Analysis of commercial food products

Once the Fab-C was selected as the best gluten-binding probe, the
next step was to demonstrate that it could be applied in an indirect-
phage ELISA to detect gluten-like proteins extracted from market
products, using the experimental binary mixture as standard curve
(Fig. 3C).

Ten commercial products were analyzed, five of them were labeled
as gluten-free (like nuts or plant based products) and other five declared
to contain gluten (like bakery products) (Table 2). After calculating
gluten concentration, the products were sorted in two categories ac-
cording to the current legislation: negative or gluten-free (less than 20
mg/kg of gluten) and positive or gluten-containing product (with more
than 20 mg/kg). All products tested were labeled according to the cur-
rent legislation, and the results were confirmed by an R5 sandwich
ELISA (the standard method for gluten detection in food) (Scherf and
Poms, 2016).

These results confirm that phage-Fab-C can be used as the main
reactant of an indirect phage-ELISA to differentiate gluten-free products.

3.10. Insilico elucidation of the structure of Fab-C and its interaction with
gliadin

An in-silico approach was considered the best way to study the mo-
lecular interaction between the Fab-C and gliadin, because there are no
experimental data available of high-resolution structures (obtained by
X-ray crystallography or cryo-microscopy) for either the antigen
(gliadin) or the antibody (Fab-C).

In addition, Alpha-Fold is a high-accuracy tool for predicting the 3D
structure of single-chain proteins (David et al., 2022).

The first step for modeling the interaction was to obtain their mo-
lecular structures. The structure of a wheat alpha/beta gliadin has been
recently resolved with Alpha-Fold and uploaded to the UNIPROT data-
base (IDS: P18573 or GDA9_WHEAT, presenting 307 aminoacids and a
molecular weight of 35 KDa). These proteins are considered intrinsically
disordered (IDPs) (Markgren et al., 2020) and the in silico approach is, to
the date, the best solution of their structure.

Characterization of the Fab structure faced several challenges. A first

Table 2

Results obtained for detection of gluten in ten commercial food products using
the indirect phage-ELISA with Fab-C, and the sandwich ELISA with R5 mono-
clonal antibody as reference method.

Sample Product type Labeled as “gluten free” R5 Phage-Fab-C
1 Vegan sausages no + +
2 Vegan Deli no + +
3 Surimi no + +
4 Nuts no + +
5 Gluten-free pasta no + +
6 Macarrons yes - -
7 Apple cake yes - -
8 Free-sugar biscuits yes - -
9 Caramel biscuits yes -

10 Sponge cake yes - -
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attempt to solve the structure using Alpha-fold program showed many
inconsistencies, which could be caused because the Fab is a multi-chain
protein. Then, alternative machine-learning antibody training tools
were used, like IgFold and AbodyBuilder2. To compare both results, the
structures were over-imposed with the ChimeraX alignment-based tool
Matchmaker, visualizing a moderate discrepancy between the models
regarding the spatial distribution of the HCDR3 (Fig. 4A). In an attempt
to check which model could be closer to an actual experimental struc-
ture, molecules containing HCDR3 with similar length (20 to 23-mer)
and amino acid sequences were searched using the SabDab database
(Schneider et al., 2021), but they were not found. Thus, both structures
were considered for further work.

To identify the epitopes recognized by the Fab-C, the zones of the
gliadin molecule with higher probability to produce contacts between de
Fab and the antigen were assessed to assure better docking. The EpiPred
tool was used for the identification of contacts between each of the Fab-
C models and the antigen, obtaining the same results regardless the Fab-
C model used. The main contacts are more likely to occur on the C-
terminus, with three “hot zones” of several amino acids that are more
likely to be part of the epitope: Q153 to V163; 1200 to Q207 and E253 to
Q261 (Fig. 4B).

Once reliable structural models have been obtained (from a database
for the antigen and generated de novo for the Fab) and a predicted
epitope identified, a model of interaction by docking was computed
using HADDOCK 2.4 tool, adjusting the contact zones to the CDRs for
both Fab models and the predicted epitopes in the antigen.
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Several docking models were computed, and the best are described
by their quality scores: for the IgFold model (RMSD = 0.6 + 0.3 A; Z-
score = -1.2) and for the Abodybuilder2 model (RMSD = 5.8 + 0.5 A; Z-
score = -2) (Kufareva and Abagyan, 2011). Root Mean Square Deviation
(RMSD) represents the average distance between atoms in superimposed
protein structures, and is a crucial quality parameter for docking models.
The model produced by IgFold demonstrates a high level of resolution,
which proves valuable in both docking (where an RMSD <2 indicates
successful docking), and even for crystallography modeling, despite
being a computational model in this case (Lopez-Camacho et al., 2016).

Based on these scores, the antigen-Fab interaction is better modeled
using the IgFold Fab model. Thanks to this high-quality model, several
likely interaction points between the antigen and the antibody were
identified. As expected, the main paratopes are found in the heavy chain.
The HCDR1 (Fig. 4C) interacts with proline and glutamine residues
(position 250-251), and this PQ pattern has been identified in several
peptides related to celiac toxicity (Moron et al., 2008). The HCDR2
(Fig. 4D) mainly interacts with glutamines in several positions within
helixes (positions 203, 207, 251 and 254). This could mean a strength of
this Fab, as gluten-related proteins are very rich in this amino acid. The
abnormal length of the HCDR3 (Fig. 4E) enables it to have double
contact with the antigen. The proximal side of the HCDR3 loop (posi-
tions 109-114) could interact with 153-157 positions of the antigen
(with a couple of glutamines) and the distal side (positions 105-109)
with the residues asparagine 257, leucine 258 and glutamine 261 in a
parallel helix regarding the previous one. Although the contribution of

Fig. 4. Computational model of the structure and
interactions of Fab-C. (A) Fv structure prediction
using two modeling programs: IgFold (blue) and
SAbPred (brown). Comparison by superimposing the
models obtained using the Matchmaker tool from
ChimeraX. HCDR3 is flagged with a black arrow. (B)
Representation of the epitope prediction of
a/p-gliadin. The residues colored in red are more
likely to be part of the conformational epitope. Rep-
resentation of the main likely interaction points be-
tween Fab-C and depicted o/p-gliadin (C to F). The
colored residues are part of the CDRs (yellow and
flagged with a black arrow) or the antigen epitopes

(red) in the docking model: (C) HCDR1; (D) HCDR2;

(E) HDR3; (F) LCDR3. (For interpretation of the ref-
erences to color in this figure legend, the reader is
referred to the Web version of this article.)
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the light chain to the interaction seems to be much weaker, there is a
possible contact between the LCDR3 and the glycine 159 and arginine
160 (Fig. 4F), which probably help the overall stability of the union.
Although this results are simulations, thanks to the quality of the
docking procedure, it could be concluded that Fab-C is a good candidate
as binder to the gliadin C-terminal domain, something unusual
compared to other gluten detection antibodies, like R5 or G12 that bind
in the N-terminal region. In that case, the antibody-antigen interactions
were elucidated in vitro, using peptide arrays composed of overlapping
15-mer gluten peptide sequences (Rockendorf et al., 2017). The
different binding profiles could be useful for development of immuno-
assays, as it is highly likely that Fab-C and other available antibodies
could be combined in an immunoassay with enhanced features due to a
multiple epitope detection.

4. Conclusions

This work presents the first construction and application (by phage
display) of a fully human immune library with the final goal of obtaining
a novel tool for gluten detection in foods.

The new Fab library has been built from peripheral blood lympho-
cytes from celiac patients and, using phage-display technology, the Fab-
C was selected as suitable probe for detection of gluten. The Fab-C is an
antibody fragment with some uncommon features: it belongs to IgA2
subclass, which is directly correlated to celiac pathology; it also belongs
to VH3-15 subfamily (not highly expressed in the human repertoire, but
highly represented after the selection process), and it has a lengthy 21-
mer HCDR3. The Fab-C has demonstrated to detect gluten in solution,
and also in an experimental matrix and in food samples. A phage-ELISA
functional test has been developed, with a LOD of 15 mg/kg, which can
discriminate gluten-free products according to the current legislation.

A quick, simple, and universal pipeline, based in novel prediction
tools, has been developed. Its application resulted in the generation of
the structure of Fab-C that was suitable to be used to calculate the fea-
tures of a proposed antibody-antigen interaction. These results showed
that Fab-C is able to interact with the C-terminus of gliadin, another
unexpected feature compared to other characterized antibodies (like R5
or G12).

In essence, this work introduces an innovative methodology for
crafting antibody fragments tailored for application in food analysis
systems. By harnessing the distinctive immune response features
observed in patients with celiac disease, a comprehensive and original
approach emerges, integrating principles from healthcare, molecular
evolution, and food safety domains.
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Table 1S. Primers for antibody chain amplification (Barbas, 2001).

First PCR round VH 5 primers

Primer Sequence (5 3")

VH135 AGG TGCAGCTGCTCG AGTCTG G
VH2 CAG RTCACCTTG CTC GAG TCT GG
VH4 CAG GTG CAG CTG CTC GAG TCG GG
VH4b CAG GTG CAG CTA CTC GAG TGG GG
VH4gs CAG GTG CAG CTA CTC GAG TGG GGC
VH CAG GTA CAG CTG CTC GAG TCA GG

CH1 3’primers

Primer Sequence (5 23")

CG1z (IgG1) GCATGT ACT AGT TTT GTC ACA AGATTT GGG
CG2a (1gG2) CTC GAC ACT AGT TTT GCG CTC AAC TGT CTT
CA1 (IgA) AGT TGA ACT AGT TGG GCA GGG CAC AGT CAC

VK 5 primers

Primer Sequence (5°3")

Vkl GAG CCG CAC GAG CCC GAG CTC CAG ATGACCCAGTCT CC
Vk2/4 GAG CCG CAC GAG CCC GAG CTC GTG ATG ACY CAG TCT CC
Vk3 GAG CCG CAC GAG CCC GAG CTC GTG WTG ACR CAG TCT CC
VK5 GAG CCG CAC GAG CCC GAG CTC ACA CTCACG CAGTCT CC
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Ck 3'primer

Primer Sequence (5°'=>3)

CK1id GCG CCG TCT AGA ATT AACACT CTCCCCTGT TGAAGCTCTTTG TGACGG GCGAACTCAG
VL 5’primers

Primer Sequence (5°'>3')

VL1a GAG CCG CACGAG CCCGAG CTC GTGTTG ACG CAG CCG ccCcTC
VL1b GAG CCG CACGAG CCCGAG CTC GTG CTCACT CAGCCACCCTC

VL2 GAG CCG CAC GAG CCC GAG CTC GCC CTG ACT CAG CCT SCCTCCGT
VL3/9 GAG CCG CAC GAG CCC GAG CTC GWG CTGACTCAGCCACCYTC
VL7/8 GAG CCG CAC GAG CCC GAG CTC GTG GTG ACY CAGGAG CCMTC
CL 3’primer

Primer Sequence (5" =>3)

CL2d GCG CCG TCT AGA ATT ATG AAC ATT CTG TAG G

Second PCR round VH 5’primers

Primers Sequence (5 23")
VH-ext GTC GTC GTC GTC GTC GTC GTC GTA GGT GCA GCT GCT CGA GTC
VH4-ext GTC GTC GTC GTC GTC GTC GTC GTA GGT GCA GCT ACT CGA GTG

CH1 3’primers

Primer Sequence (5">3')

CG1z-ext (IgG1) GAG AGA GAG AGA GAG AGA GAG GCATGT ACT AGTTTT GTC AC

CG2a-ext (1gG2) GAG AGA GAG AGA GAG AGA GAC TCG ACACTAGTTTTG CG

CAl-ext (IgA) GAG AGA GAG AGA GAG AGA GAA GTT GAA CTA GTT GGG CAG GGC ACAGTCAC
VK 5'primer

Primer Sequence (5" =>3')

Vk-ext GAG GAG GAG GAG GAG GAG CCG CACGAG CCCGA

Ck 3'primer

Primer Sequence (5"'>3")

Ck-ext GAG GAG GAG GAG GAG GAG GCG CCG TCT AGA ATT AAC ACT CTC
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VL 5 primer
Same as Vk-ext

Primer Sequence (5°'>3)

CL-ext AGA GAG AGA GAG AGA GAG AGC GCC GTC TAG AAT TAT GAA CAT TCT GTA GG

Sequencing primers

Primer Sequence (5°'»3')
ompAseq AAG ACA GCTATCGCG ATTGCA G
g-back GCCCCCTTATTAGCG TTT GCC ATC

The degenerated bases stand for: R=AorG;Y=CorT,W=AorT;S=GorC;M=AorC

[ |Patient 1
2500 - [ |Patient 4
2000
1500
>
(1]
=)
£
1000
500 |
0 : . :
IgG1 IgG2 IgG3 IgG4

Isotype

Figure 1S. Representation of the normalized indexes depicting the humoral response against native gliadin per
1gG isotype.
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Figure 2S. Agarose gel containing coding fragments for antibody chains to be cloned for library construction. Lad-
der: 1 kb plus Invitrogen™ (#ref 10787018). (A) Amplicons coding for VH1, 3, and 5 gene families for all IgGs. Lane
1:1gG1. Lane 2: 1gG2. Lane 3: 1gG3. Lane 4: IgG4. (B) Amplicons coding for IgA VH genes. Lane 1: VH135. Lane 2:
VH2. Lane 3: VH4. Lane 4: VH4b. (C) Amplicons coding for kappa light chains. Lanes 1 and 2: Vk1. Lanes 3 and 4:
Vk2/4. Lanes 5 and 6: Vk3. Lanes 7 and 8: VK5. Lane 9: Vk pool. (D) Amplicons coding for lambda light chains: Lane
1:VL1a. Lane 2: VL1b. Lane 3: VL2. Lane 4: VL3/9. Lane 5: VL7/8. (E) Comparison between first round (Lane 1) and
second round (Lane 2) PCR amplicons. The second round amplicon is slightly bigger (39 bps) than the first one, due
to the expansion of the neighboring sequences to the restriction points.

139






CAPITULO 4.3

CAPITULO 4.3

Produccion y caracterizacion de nuevos Fab generados a partir
de diferentes reperotorios para phage display como sondas en
inmunoensayos para deteccion de gluten en alimentos

Production and characterization of novel Fabs generated from different
phage display libraries as probes for immunoassays for gluten detection
in food

Gluten is the main fraction of wheat proteins. It is widely used in the food industry because of
the properties that are generated in the dough, but it is also able to trigger diseases like allergies,
autoimmunity processes (such as celiac disease), and intolerances in sensitized persons. The
most effective therapy for these diseases is the total avoidance of gluten in the diet because it not
only prevents damage but also enhances tissue healing. To ensure the absence of gluten in food
products labeled as gluten-free, accurate detection systems, like immunoassays, are required. In
this work, four recombinant Fab antibody fragments, selected by phage display technology, were
produced and tested for specificity and accuracy against gluten in experimental flour mixtures
and commercial food products. A high-affinity probe (Fab-C) was identified and characterized. An
indirect ELISA test was developed based on Fab-C that complied with the legal detection limits

and could be applied in the assessment of gluten-free diets.

Garcia-Calvo, Eduardo; Garcia-Garcia, Aina; Rodriguez, Santiago; Takkinen, Kristiina; Martin,

Rosario; & Garcia, Teresa. (2023). Production and Characterization of Novel Fabs Generated
from Different Phage Display Libraries as Probes for Immunoassays for Gluten Detection in Food.
Foods, 12(17).

https://doi.org/10.3390/foods12173274

Journal category: Food Science and Technology fOOdS
Journal Impact Factor (2022): 5.2

Journal Rank: 34/142 (Q1)

141






CAPITULO 4.3

foods

Article

Production and Characterization of Novel Fabs Generated from
Different Phage Display Libraries as Probes for Inmunoassays
for Gluten Detection in Food

Eduardo Garcia-Calvo !

Rosario Martin 't and Teresa Garcia

check for
updates

Citation: Garcia-Calvo, E.;
Garcfa-Garcia, A.; Rodriguez, S.;
Takkinen, K.; Martin, R.; Garcia, T.
Production and Characterization of
Novel Fabs Generated from Different
Phage Display Libraries as Probes for
Immunoassays for Gluten Detection
in Food. Foods 2023, 12, 3274.
https://doi.org/10.3390/
foods12173274

Received: 3 August 2023
Revised: 23 August 2023
Accepted: 27 August 2023
Published: 31 August 2023

EE

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Aina Garcia-Garcia

1,% 1 2

, Santiago Rodriguez ", Kristiina Takkinen “",

1,1

Departamento de Nutricion y Ciencia de los Alimentos, Facultad de Veterinaria, Universidad Complutense de

Madrid, 28040 Madrid, Spain; edugar01@ucm.es (E.G.-C.); santro03@ucm.es (S.R.); rmartins@ucm.es (R.M.);

tgarcia@ucm.es (T.G.)

2 Bjosensors Team, VIT Technical Research Center of Finland Ltd., P.O. Box 1000, FI-02044 Espoo, Finland;
kristiina.takkinen@vtt.fi

*  Correspondence: ainagarcia@ucm.es; Tel.: +34-91-394-3749

These authors share senior authorship.

Abstract: Gluten is the main fraction of wheat proteins. It is widely used in the food industry because
of the properties that are generated in the dough, but it is also able to trigger diseases like allergies,
autoimmunity processes (such as celiac disease), and intolerances in sensitized persons. The most
effective therapy for these diseases is the total avoidance of gluten in the diet because it not only
prevents damage but also enhances tissue healing. To ensure the absence of gluten in food products
labeled as gluten-free, accurate detection systems, like immunoassays, are required. In this work,
four recombinant Fab antibody fragments, selected by phage display technology, were produced and
tested for specificity and accuracy against gluten in experimental flour mixtures and commercial food
products. A high-affinity probe (Fab-C) was identified and characterized. An indirect ELISA test was
developed based on Fab-C that complied with the legal detection limits and could be applied in the
assessment of gluten-free diets.

Keywords: gluten; recombinant Fab; celiac disease; phage display; ELISA

1. Introduction

Grains are widely recognized as an essential component of a nutritious diet. However,
the ingestion of gluten, which accounts for 80-90% of wheat proteins [1], has been linked
to several adverse reactions that affect specific and growing population groups. Gluten-
related diseases (GRDs) can be classified into three groups based on their etiology: allergic
diseases, autoimmune diseases, and a third group that encompasses non-allergic and
non-autoimmune gluten intolerance.

In the Western general population, GRDs that involve an allergic component have
a prevalence rate of 0.1% [2]. This condition is characterized by a pathogenic immune
response mediated by IgE antibodies. The second GRD group corresponds to autoimmune
diseases [3]. Celiac disease is the most common of these disorders and is characterized
by damage to the lining of the small intestine, which can cause various gastrointestinal
and non-gastrointestinal symptoms [4]. The third group corresponds to non-celiac gluten
intolerance, a disease that cannot be fit in the previous groups. It has an unknown molecular
mechanism, but there is a strong implication of innate immunity [5].

Even though several pharmacological approaches have been developed to mitigate
these diseases (especially celiac disease), none has demonstrated a better cost-efficiency
than eliminating gluten from the diet [6]. Individuals who are affected by GRD often find
it difficult to adhere to a gluten-free diet. Not only do they need to learn which products
to avoid, but they also depend heavily on accurate product labeling [7]. The widespread
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use of gluten in the food industry due to its functional properties adds complexity to this
challenge [8]. Without an effective allergen management plan integrated into the Hazard
Analysis Critical Control Points (HACCP) system, unintentional contamination of products
during production can occur, leading to mislabeling and posing a threat to individuals who
are sensitive to gluten.

In the European Union (EU), if a food product contains gluten, it must be clearly
labeled as such on the packaging. The labeling must indicate the presence of gluten in the
product and include the words “contains gluten” or “contains cereals containing gluten” in
the ingredients list or in a separate allergen statement. Additionally, the gluten content of a
food product must not exceed 20 mg/kg to be labeled as “gluten-free”, and 100 mg/kg to
be labeled as “very low gluten” [9].

To fulfill these requirements, several analytical methodologies have been developed
that can be classified into genomic, proteomic, and immunological methods [10]. Genomic
methods are based on the detection of the specific genes that allow the identification
of gluten-containing species. These genomic methods are widely based on real-time
polymerase chain reactions (PCR) [11]. Proteomic methods are based on the detection
and quantification of gluten proteins and their peptides by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOF MS), which allows reliable
determination of protein levels as low as 0.01 mg/mL [12] and can be coupled to HPLC
(high-performance liquid chromatography) systems [13] building up a highly reliable
methodology. Despite the power of these techniques, they are expensive and applicable
only for semi-quantitative measurements [14]. Immunodetection methods are based on
antigen—antibody-specific interactions, and they are the most used for gluten detection in
food due to their specificity, sensitivity, speed, and accessibility [15]. Among these immun-
odetection techniques, the application of ELISA (enzyme-linked immunosorbent assay)
for gluten detection in food offers a highly sensitive and specific method to quantitatively
detect even trace amounts of gluten proteins in food samples. This is essential for regulatory
compliance and accurate labeling of gluten-free products. ELISA’s ability to differentiate
between potentially harmful gluten components allows for comprehensive analysis, aiding
in the identification of potential sources of gluten contamination. By providing a reliable
means to assess gluten content, ELISA techniques contribute to safeguarding the health of
individuals with gluten sensitivities, enabling them to make informed dietary choices and
mitigating the risk of adverse reactions [16].

Immunodetection systems depend on high-affinity antibodies against gluten or its
components. The most widely used is the R5 mouse monoclonal antibody [17], and a
direct sandwich ELISA based on R5 is considered the gold standard technique for gluten
detection in foodstuff [18].

Recombinant antibodies offer numerous advantages over both classical monoclonal
and polyclonal antibodies. Firstly, recombinant antibodies are produced using in vitro
techniques, avoiding the need for animal immunization, and can be generated in large
quantities with consistent batches, ensuring a stable and scalable supply. They also exhibit
reduced batch-to-batch variability, increasing the reproducibility and reliability of detection
systems [19]. In addition, the recombinant production of antibodies avoids the presence
of unwanted light chains generated by the hybridoma cells [20]. Overall, recombinant
antibodies stand out as versatile and customizable tools that offer improved performance
and sustainability.

Phage display is a vital technique for antibody discovery and engineering. It involves
genetically modifying bacteriophages to display antibody fragments on their surface. By
fusing genes encoding diverse antibody fragments with the gene codifying a phage coat
protein, a library of phages with millions of different displayed antibodies is generated [21].
When exposed to a specific target antigen, phages with high binding affinity for the target
are selected. These phages can be isolated, and the corresponding antibody fragments can
be further developed into fully functional antibodies. This method enables the efficient
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identification and isolation of antibodies that have the desired binding characteristics,
making phage display a cornerstone in antibody development [22].

Novel single-domain (dAb) recombinant antibodies [23], suitable for the development
of gluten detection ELISA systems, have been recently obtained from directed evolution
processes based on phage display technology [24]. In this work, the use of Fabs is proposed
instead of dAbs because of their enhanced stability and a bigger paratope [25]. The first
step for this workflow was building Fab libraries, derived from two strategies: a Fab library
merging antibody chains of different origins [26] and an immune library by cloning the
genes expressed by peripheral blood lymphocytes from celiac patients [27]. Thanks to the
phage display technology, four Fabs were identified from affinity selection processes. The
aim of this work was the production of the selected Fabs in a soluble format and studying
their feasibility as immunoassay probes for gluten detection in food (Figure 1).

Clonation and
transformation of E. coli
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produced Fabs (ELISA)

Production and
isolation of the Fabs

— —
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Figure 1. Schematic workflow of the production and characterization of novel Fab as probes in ELISA
methods for gluten detection in foodstuff.

2. Materials and Methods
2.1. Bacterial Strains and Growth Media

Escherichia coli XL1-Blue strain (recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl,
lac (F, proAB, laclqZAM15, Tn10, (Tetr))) (Agilent©, Santa Clara, CA, USA, ref #200150)
was used for subcloning. E. coli K-12 strain RV308 substrain ATCC 31608 (laclq, su-,
AlacX74, gal, 1S 11::OP308, strA, (DE3)) was used for recombinant Fab production. Luria
Broth (LB: 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7) was used for growth
before the preparation of chemical competent cells. The transformed cells were grown
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in Super-Broth medium (SB: 30 g/L tryptone, 20 g/L yeast extract, 10 g/L MOPS, pH 7)
supplemented with 1% glucose for DNA extraction. The RV308 cells were grown in Terrific
Broth medium (TB: 12 g/L tryptone, 24 g/L yeast extract, 4 g/L glycerol, and phosphate
buffer (0.17 M KH;,POy, 0.72 M K;HPOy, pH 7.2)) for recombinant protein production.

2.2. Recombinant Antibodies Selection and Bacterial Transformation

Four gliadin-binding Fab recombinant antibodies (named Fab-C, Fab-H, Fab-E, and
Fab8E-4) were previously selected using phage display from Fab libraries cloned into the
phagemid pComb3X [26]. The genes coding for the four Fabs were synthesized, changing
their original antibody isotype to IgG1 and flanked by restriction sites (Nhel and NotI) for
cloning (Eurofins genomics©, Luxemburg, Luxemburg).

The synthetic genes were cloned into the pKKtac expression vector [28] by digestion of the
plasmids and inserts with Nhel and NotI restriction enzymes (New England Biolabs© Ipswich,
MA, USA ref #R3131 and ref #R3189), purification by gel electrophoresis, and ligation with
T4 ligase (Promega®©, Madison, WI, USA ref #M1801) overnight at 16 °C.

The resulting ligations were transformed by chemical transformation into E. coli XL1-
Blue for storage, and into E. coli RV308 for protein production.

Chemical-competent cells were in-house produced by growing in 3 mL of SB for 3 h
at 37 °C on a shaker (220 rpm). Cells were centrifuged at 4700x g for 2 min at room
temperature and gently resuspended into 100 pL of ice-cold sterile CaCl, (1 M). The cells
were incubated on ice for 30 min. One hundred nanograms of plasmid DNA were added to
the chemically competent cells, which were then incubated for 30 min on ice, followed by a
2 min heat shock (37 °C), and incubated again on ice for 2 min. The bacterial cells were
recovered by adding 400 pL of SOC medium (Invitrogen™-Thermo Fisher©, Waltham,
MA, USA, ref #15544-034) and were grown for 1 h at 37 °C, with shaking at 220 rpm.
Then, the culture was plated on LB-ampicillin (100 pg/mL) medium and incubated at
37 °C overnight.

Plasmid DNA was isolated from several transformed E. coli RV308 colonies using
NucleoSpin® Mini kit for plasmid DNA (Machery-Nagel©, Allentown, PA, USA, ref #
740588.50). Plasmids were digested with Nhel and Notl and analyzed by agarose gel
electrophoresis (Thermo-fisher®, ref #16520050) and by Sanger sequencing to ensure that
the clonation process was correct.

2.3. Production of Recombinant Antibodies

A single colony of E. coli RV308, transformed with the plasmid codifying the Fab
of interest, was inoculated into 50 mL of TB medium supplemented with 1% glucose
and 100 pg/mL ampicillin and incubated overnight at 37 °C with shaking at 220 rpm.
Then, this culture was expanded to 1.8 L of TB medium supplemented with 100 pug/mL
ampicillin, and divided into 6 flasks that were shaken (220 rpm) at 37 °C until the ODg
reached 4. The recombinant production was induced using 1 mM of IPTG (Isopropyl
[3-D-1-thiogalactopyranoside), lowering the temperature to 30 °C, and shaking at 170 rpm
overnight. Finally, the recombinant Fabs were recovered from the overnight culture by
centrifugation at 4700 g for 15 min.

Production of the recombinant Fabs was assessed by Western blot analysis. Super-
natant proteins were separated by electrophoresis in a 15% polyacrylamide gel at 100 V,
using Biorad dual color as the molecular weight marker (BioRad, Hercules, CA, USA ref
#1610364). The separated proteins were transferred to a PVDF (Polyvinylidene Difluoride)
membrane at 100 V for 1 h. The PVDF membrane was blocked with TBST (50 mM Tris HCI,
150 mM NaCl, Tween20 0.05%, pH 7.5) for 30 min at 37 °C. Goat anti-human IgG F(ab),
alkaline phosphatase conjugate (Rockland®©, Philadelphia, PA, USA ref #709-1518) diluted
1:1000 in TBST was added and incubated for 1 h at room temperature. The membrane was
rinsed 3 times with TBST before the addition of 5-bromo-4-chloro-3-indolyl-phosphate and
Nitroblue-Tetrazolium (BCIP/NBT) to visualize the bands containing Fab.
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The supernatants containing the Fabs were treated with DNAse I (Merck© Darmstadt,
Germany ref #11284932001) and filtered through Whatman® glass filters GF/B and GF/C
(Merck®© ref #182110 and ref #182202) in a suction bottle to reduce viscosity. Then, the
supernatant was nine-fold concentrated, and the buffer was exchanged for PBS-imidazole
(137 mM NaCl, 2.7 KCl, 10 mM Nap;HPOy, 1.8 mM KH,POy, 5 mM imidazole, pH 7.4) with
a prep/scale tangential flow filtration (TFF) 1 ft? cartridge (Merck®, ref #CDUF001LG). The
concentrated supernatant was centrifuged at 15,000x g for 10 min at room temperature
and filtered through Whatman® glass filters GF/F and GF/D (Merck© ref #1825090 and ref
#182390) in a suction bottle.

2.4. IMAC-Purification and Analysis

The recombinant Fabs were purified using the NGC discovery chromatography system
(BioRad, ref #7880009) and a HisTrap FF crude 5 mL affinity column (Cytiva, Marlborough,
MA, USA, ref #11-0004-58) charged with Nickel ions from a NiSO,4 100 mM solution. Two
buffers were used for the purification: a binding buffer (20 mM NaH;POy, 500 mM NaCl,
5 mM imidazole, pH 7.4) and an elution buffer (20 mM NaH,;PO,4, 500 mM NaCl, 500 mM
imidazole, pH 7.4).

Once the column was equilibrated, the treated supernatant was fed to the system
with a 5 mL/min flow rate. Then, the unbound proteins were flushed away by a washing
program (5 mL/min flow rate and 5 column volumes of binding buffer). The proteins
bound to the column were eluted by a gradient of elution (2 mL/min flow rate from 5 to
500 mM of imidazole in 75 min). A final wash with elution buffer was done to strip off
every remaining protein.

The process was followed by spectrophotometry, measuring the output flow at 280 nm,
and samples from each fraction of interest were analyzed by SDS-PAGE (sodium dodecyl-
sulfate polyacrylamide gel electrophoresis). The fractions that contained the recombinant
Fabs were dialyzed against 100 volumes of PBS (137 mM NaCl, 2.7 KCI, 10 mM Na;HPOy,
1.8 mM KH,POy, pH 7.4) overnight at 4 °C, for imidazole elimination.

To confirm the presence of Fabs, the bands from the SDS-PAGE, which matched with
the Fab size, were analyzed by mass fingerprint. The corresponding bands were excised
using a sterile scalpel. Following the methodology described by Sechi and Chait [29], the
samples underwent in-gel reduction, alkylation, and trypsin digestion. After overnight
trypsinization, 1 uL of the resulting supernatant was allowed to dry and then spotted
onto a MALDI plate. The plate was prepared using o-cyano-4-hydroxy-cinnamic acid
matrix (Sigma) in 50% acetonitrile. Subsequently, peptide analysis was conducted at the
Proteomics Unit of Complutense University of Madrid (Spain) using a 4800 Plus Proteomics
Analyzer MALDI-TOF/TOF instrument (Applied Biosystems, MDS Sciex, Toronto, ON,
Canada). Protein identification via peptide mass fingerprinting (PMF) was performed using
the MASCOT v2.6.2 search engine through Global Protein Server (GPS) v.3.6 (ABSCIEX,
Toronto, ON, Canada), employing the following search parameters: carbamidomethylcys-
teine as a fixed modification, oxidized methionine as a variable modification, allowing one
missed trypsin cleavage site, and with peptide mass tolerance set to 80 mg/kg and MS/MS
fragment tolerance to 0.3 Da.

2.5. Reference Materials and Food Samples Used for Analysis

Gliadin-PWG (prolamin working group) was used as reference material. Gliadin-PWG
was obtained from the ethanolic extraction of a mixture of 28 European wheat cultivars
after the elimination of albumins and globulins using a 0.4 M NaCl solution and then were
concentrated, desalted by ultrafiltration, freeze-dried, and homogenized [30].

To test the ability of soluble Fabs obtained to detect gluten in complex matrixes,
an experimental mixture of gluten-free rice flour spiked with flour made of kernels of
gluten-containing cereals was prepared, as previously described [31]. The kernels, kindly
provided by the national seed repository (Instituto Nacional de Investigaciones Agrarias,
INIA, Spain), were ten different cultivars of each of the following cereals: common wheat
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(Triticum aestivum vulgare), spelt wheat (Triticum aestivum spelta), rivet wheat (Triticum
turgidum turgidum), durum wheat (Triticum turgidum durumy), barley (Hordeum vulgare), rye
(Secale cereale), and two cultivars of the hybrid crop triticale (x Triticosecale). All the mixtures
were ground and mixed in an IKA A11 analytical mill (IKA®, Staufen, Germany).

To test specificity for gluten, 60 heterologous species not containing gluten were tested
to ensure there was no cross-reactivity (Table 1).

Table 1. List of heterologous species (common name and scientific name) that did not show cross-
reactivity when tested in the indirect ELISA with Fab-C.

Okra (Abelmoschus esculentus)

Lentil (Lens culinaris)

Button mushroom (Agaricus bisporus)

Cassava (Manihot esculenta)

Onion (Allium cepa)

Mango (Mangifera indica)

Leek (Allium ampeloprasuimn)

Red banana (Musa acuminata)

Cashew (Anacardium occidentale)

Myrtle (Myrtus communis)

Peanut (Arachis hypogaea)

Olive (Olea europaea)

Strawberry tree (Arbutus unedo)

Rice (Oryza sativa)

Beetroot (Beta vulgaris)

Passion fruit (Passiflora edulis)

Cabbage (Brassica oleracea)

Pepperomia (Peperomia pellucida)

Chinese cabbage (Brassica rapa subsp. pekinensis)

Avocado (Persea americana)

Pigeon pea (Cajanus cajan)

Common bean (Phaseolus vulgaris)

Chili pepper (Capsicum annuumn)

Runner bean (Phaseolus coccineus)

Tabasco pepper (Capsicum frutescens)

Cape gooseberry (Physalis peruviana)

Scotch bonnet pepper (Capsicum chinense)

Pea (Pisum sativum)

Papaya (Carica papaya)

Almond (Prunus dulcis)

Chickpea (Cicer arietinum)

Sweet almond (Prunus dulcis var. dulcis)

Lemon (Citrus limon)

Plum (Prunus domestica)

Mandarin orange (Citrus reticulata)

Raspberry (Rubus idaeus)

Watermelon (Citrullus lanatus)

Atlantic salmon (Salmo salar)

Cantaloupe (Cucumis melo var. cantalupensis)

Castor bean (Ricinus communis)

Cucumber (Cucumis sativus)

Blackberry (Rubus fruticosus)

Quince (Cydonia oblonga)

Sesame (Sesamum indicum)

Persimmon (Diospyros kaki)

Tomato (Solanum lycopersicum)

Teff (Eragrostis tef)

Cherry tomato (S. lycopersicum cerasiforme)

Arugula (Eruca vesicaria subsp. sativa)

Spinach (Spinacia oleracea)

Strawberry (Fragaria x ananassa)

Vanilla (Vanilla planifolia)

European strawberry (Fragaria vesca)

Adzuki bean (Vigna angularis)

Soybean (Glycine max)

Mung bean (Vigna radiata)

Sunflower (Helianthus annuus)

Grape (Vitis vinifera)

Walnut (Juglans regia)

Ginger (Zingiber officinale)

In addition, 50 commercial food products were purchased from several local stores
(Spain). According to their labels, they were classified into 9 gluten-containing prod-
ucts, 6 not declaring gluten, 21 declaring that they could contain gluten, and 14 labeled

as gluten-free.
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2.6. Extraction of Gluten from Samples

Firstly, 50 g of each tested sample was individually ground in the analytical mill,
ensuring thorough cleaning between samples, and stored at —20 °C. The gluten-like pro-
teins were extracted from 250 mg of finely ground samples (either experimental mixtures,
spiked samples, or food products) using 2.5 mL of the Ingezim Gluten extraction solution
(Ingenasa®©, Madrid, Spain). The mixture was homogenized, incubated at 50 °C for 40 min,
and cooled to room temperature before addition of 7.5 mL of 80% ethanol /water solution
and shaking for 1 h in a vertical rotator. The extract was centrifuged at 2000x g for 10 min
at room temperature, and the supernatant containing gluten proteins was transferred to a
glass vial and stored in darkness at 23 °C until used.

2.7. Indirect Enzyme-Linked Immunosorbent Assay (ELISA) Method Based on the
Recombinant Fabs

One hundred microliters of the ethanolic sample extracts obtained as described above
(diluted 1/5 in PBS), or a solution of the appropriate gliadin-PWG concentration, was added
per well. The immune-sorbent plate (Thermo®, ref #163320) was sealed and incubated for
1hat37 °C. The coating solution was shaken out, 200 pnL blocking solution (3% BSA in PBS)
was added per well, and the plate was incubated for 1 h at room temperature. Following
10 washing steps with PBS, 0.5 ug of recombinant Fab was added per well, diluted in 100 pL
of blocking solution, and incubated for 1 h at room temperature in a plate shaker. The plate
was washed 10 times with PBS, and the secondary antibody (rabbit anti-human H + L HRP
conjugated, Abcam©, Cambridge, UK ref #6759), diluted in 100 puL of blocking solution was
added, and incubated for 1 h at room temperature in a plate shaker. After washing 10 times
with PBS, 100 uL of TMB (Sigma®©, ref #T0440) was added. The reaction was stopped after
20 min with 50 pL of a diluted sulphuric acid solution, and the signal detected at 450 nm.

2.8. Assay Validation

The mean values of three independent determinations and standard derivation of
each data set are shown in the figures. The data were plotted, and fitting models were
determined using Origin 8.0 software (OriginLab Corp., Wellesley Hills, MA, USA). The
limits of detection (LOD) and quantification (LOQ) were calculated as three and ten times
the standard deviation of ten blank replicates, respectively [32].

The recovery of gliadin from food samples was analyzed by using a gluten-free certi-
fied rice flour spiked with solid gliadin-PWG equivalent to theoretical 20 and 100 mg/kg of
gluten. As a control, a rice-flour ethanol extract was spiked with the equivalent quantities
of ethanol-dissolved gliadin-PWG (0.05 pg/mL and 0.25 ug/mL).

ELISA results obtained from 50 commercial food products were compared with
those obtained with R5 monoclonal antibody-based sandwich ELISA (Ingenasa®, ref
#30.GL2.K.2), which has a LOQ of 3 mg/kg of gluten and has been approved as a Type I
method by Codex Alimentarius, following the manufacturer protocol.

3. Results and Discussion

The phage display technology has witnessed several applications concerning gluten,
mainly in clinical contexts but also for its detection in food. Immunized llamas [33] and
a semi-synthetic library [34] have been used for these purposes. However, this study
marks the inaugural production and characterization of antibody fragments derived from
immune libraries sourced from celiac patients’ peripheral blood. These fragments, whether
originating from total or partial immune libraries, have been deployed for gluten detection
in food.

3.1. Expression and Purification of Recombinant Fabs

Four gliadin-binding recombinant phage-Fabs were selected by phage-display for their
soluble expression and characterization from two libraries of different origins previously
obtained by our group. One of the Fabs (Fab8E-4) was isolated from a library that resulted
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from merging semi-synthetic heavy chains and immune light chains [26], and the other three
(Fab-C, Fab-E, and Fab-H) were isolated from a fully immune phage-display library [27].

To enhance the recombinant expression of Fabs, the original isotypes found after their
isolation from the library were switched to IgG1. The isotype change allowed the use
of the same secondary antibody for different primary Fabs, increasing test uniformity. It
should be noticed that most of the antibodies selected from the immune library presented
an IgA isotype, an antibody class that presents an extra disulfide bond, which challenges
the production and folding of the recombinant protein [35]. However, it was not surprising
to find IgA antibodies because the library they were isolated from was produced from
peripheral blood lymphocytes from celiac disease patients, and celiac disease is a mucosal
autoimmune condition where gluten-directed IgA antibodies are generated [36].

The recombinant Fabs were expressed in the supernatant thanks to the combination of
the clonation of the antibody chains after a pelB secretion signal and the weak cell wall of the
bacterial strain used. After growing and inducing the transformed colonies for recombinant
production, a Western blot was performed to confirm the effective expression of the Fabs
in the supernatant prior to purification. All the supernatants contained bands coincident
with the Fab size (approx 50 kDa), and the size of the Fab used as a control. Apart from
the Fab, other bands in the gel are proteins secreted to the medium by E. coli. These results
demonstrated the suitability of the strategy used for the heterologous expression of the
selected Fabs and allowed the progression of the purification process (Figure 2).

Figure 2. Western blot analysis of transformed E. coli RV308 culture supernatants after induction for
expression of recombinant Fabs. Lane 1: control Fab previously produced; Lanes 2 and 3: Fab-C;
Lanes 4 and 5: Fab-E; Lanes 6 and 7: Fab-H; Lanes 8 and 9: Fab8E-4.

The antibody fragments, produced as histidine-tagged proteins, were purified from
the cleared supernatant through IMAC (Immobilized Metal Affinity Chromatography).
The isolation process was monitored by spectrometry (Figure 3A). When the imidazole
gradient was activated, the bound proteins were eluted, producing two significant protein
signal peaks that were analyzed by SDS-PAGE (Figure 3B). The proteins eluted in the first
peak were E. coli proteins bound to the column and those from the second peak, the Fabs.
The isolation of the target Fabs was confirmed by mass fingerprinting of the band with
the appropriate molecular weight (approx 50 kDa) of a Fab. For Fab-C, the hit analysis of
the mass fingerprint against the sequence of the Fab showed a protein score (a measure
of the probability that the observed match is a random event) of 84, when the statistical
analysis indicated that scores greater than 13 are significant (p < 0.05). Among the tryptic
peptides identified, there were some containing part of the constant regions and the HCDR3
(third Complementarity-Determining Region of the Heavy Chain) that allowed a clear
identification of the Fab-C.
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Figure 3. Recombinant production, purification, and identification of Fabs. (A) Example of the
immobilized metal affinity chromatography (IMAC) profile for the purification of the recombinant
Fabs (Fab-C in this image). In green, monitorization of the protein quantity (absorbance 280 nm)
going through the column. In red, conductivity measures. In black, percentage of elution buffer
pumped to the system. In blue, measure of the system pressure. (B) Analysis of the purification
steps by SDS-PAGE electrophoresis. Lane 1: control Fab previously produced. Lanes 2—4: samples
from different fractions representing the first peak of the chromatogram (*). Lanes 5-9: samples from
different fractions representing the second peak of the chromatogram (**) containing the desired Fab.

This data confirmed that the Fabs were found in fractions eluted at a concentration of
approximately 100 mM of imidazole.

To ensure that the desired antibody fragment was obtained with an acceptable level of
purity and homogeneity, the purified fraction was dialyzed to remove the imidazole. The
recombinant production strategy resulted in the obtention of between 6 and 9 milligrams
per antibody, a high yield for E. coli production using non-continuous cultures (flasks) [37].
Moreover, the proposed methodology has been proven as a fast, accurate, and reproducible
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option to produce recombinant Fabs, allowing high uniformity between batches of the
same and also different antibodies [38].

3.2. Indirect ELISA Development and Validation for Gluten Detection

The specificity of the recombinant Fabs for gluten was thoroughly evaluated by an
indirect ELISA, using the purified recombinant Fabs as probes and analyzing immuno-
plates coated with wheat, barley, and rye as the target species and maize, oats, and rice
flours as non-target species (Figure 4A). As expected, the soluble Fabs antibodies did
not exhibit any cross-reactivity with the cereals not containing gluten despite their close
phylogenetic relationship.
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Figure 4. Cont.
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Figure 4. Indirect ELISA results for characterization of the four recombinant Fabs produced.

(A) Specificity results against ethanolic extracts of gluten-containing (wheat, barley, and rye) and

gluten-free (oats, corn, and rye) flours (diluted 1:5 in PBS). (B) Sensitivity evaluation by comparative

dose-response curves obtained against gliadin-PWG (0-20 ug/mL) diluted in PBS. (C) Comparison

of dose-response curves for detection of gluten in an experimental mixture (rice flour spiked with

growing concentrations of wheat, rye, and barley flours). (D) Linear regression results obtained from
the analysis of the gliadin-PWG standard (0.025-0.625 ug/mL) by indirect ELISA using Fab-C as

primary antibody.

Once the specificity of the four Fabs was demonstrated, the sensitivity of the indirect

ELISA using the different purified recombinant Fabs was evaluated by analyzing gliadin-

PWG reference material (Figure 4B). The results showed that Fab-C exhibited the highest
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sensitivity, followed by Fab8E-4. Conversely, Fab-E and Fab-H demonstrated comparatively
lower sensitivity.

The performance of the indirect ELISA test with soluble Fabs was not only evaluated
against purified gliadin but also in a matrix that resembles the intended application for
gluten detection in food. To this end, an ELISA test was performed to detect gluten in an
experimental flour mixture consisting of increasing concentrations of gluten containing
wheat, barley, and rye flours blended with a rice flour matrix (non-containing gluten)
(Figure 4C). These results reinforced those obtained from the gliadin-PWG curves, and the
Fabs demonstrated consistent performance in different tests.

A gluten recovery analysis was performed by testing the gluten-like proteins extracted
from a gluten-free certified rice flour spiked with solid gliadin-PWG (equivalent to theoreti-
cal 20 and 100 mg/kg of gluten) with the indirect Fab-C ELISA. The actual gluten content
of these mixtures was assessed by analysis with the R5 sandwich ELISA. The results of
the recovery test for the methodology proposed were 76.71 & 1.72% for the 20 mg/kg
mixture and 90.89 £ 0.36% for the 100 mg/kg mixture. As a control, a rice flour extract was
spiked with the equivalent quantities of dissolved gliadin-PWG (0.05 ug/mL, equivalent
to 20 mg/kg in food samples, and 0.25 pg/mL, equivalent to 100 mg/kg). The results for
these controls were 79.93 + 3.35% for the 0.05 pug/mL solution and 92.11 + 1.07% for the
0.25 pg/mL solution. All the results obtained presented an appropriate recovery limit in
the 75-125% range [39].

In summary, the results demonstrated that Fab-C exhibited the strongest response
against gluten, using purified gliadin-PWG and gluten-like proteins extracted from an
experimental flour mixture.

Moreover, 60 heterologous samples were analyzed by an indirect ELISA to assess any
potential cross-reactivity. The results demonstrated that Fab-C exhibited no cross-reactivity
with these matrices, indicating its high specificity for gluten detection. These findings
suggest that Fab-C may be a reliable and accurate tool for gluten immunodetection in
food products, as it can effectively differentiate between gluten-containing and non-gluten-
containing samples.

The sensitivity of the Fab-C-based indirect ELISA was evaluated using a linear model
based on increasing concentrations of gliadin-PWG, ranging from 0.025 to 0.625 ug/mL
(Figure 4D). The limit of detection (LOD) was calculated as 0.028 ng/mL by interpolating
three times the standard deviation of ten blanks. This corresponds to a gluten concentration
of 11 mg/kg in the samples (considering a dilution factor of 5, an extraction factor of
40 (0.25 g of sample extracted with 10 mL of buffer), and the conversion factor of gliadin to
gluten, 2). The limit of quantification (LOQ) was determined by interpolating ten times
the standard deviation of the blank, being 0.05 pg/mL of gliadin-PWG, equivalent to
19.8 mg/kg of gluten. These results confirm that the indirect ELISA using Fab-C recombi-
nant antibody fulfills the limits established by the current legislation, and it will differentiate
gluten-free products (less than 20 mg/kg of gluten) from gluten-containing ones.

The sensitivity of the assay is slightly lower than that of the R5 sandwich ELISA, which
could be explained by the different types of assay and antibodies involved. The developed
indirect ELISA shows a single molecular interaction per antigen molecule because the
Fab possesses only one paratope, thereby allowing for a single binding event per Fab.
Conversely, the R5 method involves two molecular interactions with the antigen due
to the presence of two paratopes per whole antibody molecule and the utilization of a
direct sandwich format, enabling dual interactions involving the capture and detection
of antibodies [40]. Considering these factors, it is demonstrated that the single-paratope
molecule (Fab-C) exhibits a high affinity towards the target antigen.

3.3. Detection of Gluten in Commercial Food Products by Indirect ELISA Based on the
Recombinant Fab-C

Once the proposed indirect ELISA with Fab-C demonstrated good specificity, sensi-
tivity, and gluten recovery features, the methodology was applied to analyze gluten-like
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proteins extracted from a wide variety of commercial food products, including cereal, dairy,
meat, and drinks, processed and raw products.

Samples were sorted according to their labeling in four different categories: (A) products
that declared to contain gluten (9 samples); (B) products with “may contain gluten” pre-
cautionary labeling (6 samples); (C) products that did not declare gluten or that did not
specifically warn of the presence of gluten (21 samples); and (D) products with “gluten-free”
labeling and/or certification (14 samples).

To assure the accuracy of the proposed test, the food samples were also analyzed
by the gold standard technique for gluten detection in food, a direct sandwich ELISA
based on the monoclonal antibody R5. The results are summarized in Table 2. Most of
the samples analyzed produced the same result with both methods and showed good
agreement with labeling regarding the classification of the food samples following the
guidelines of European legislation.

Table 2. Results obtained for the detection of gluten in commercial food products using the developed
Fab-C-based indirect ELISA and the sandwich monoclonal R5 antibody for result confirmation.

Products No. of Products Indirect Fab-C Sandwich R5

(A) Products declared to contain gluten in the labeling (9)

Pasta 2 +(2) +(2)

Soup or rice plates 3 +(3) +(3)

QOats flakes 1 +(1) +(1)

Cereal bars 2 +(2) +(2)

Dairy products 1 +(1) +(1)

(B) Products with “may contain” precautionary labeling (6)

Cereal 4 +3)/ =) +(3)/—(1)

Flakes 2 —(2) —(2)

(C) Products that did not declare gluten or that did not specifically warn of the presence of gluten (21)
9 +(7)/—(2) +(7)/—(2)
Oat drinks 3 +1)/=(2) +1)/-(2)
8
1

Cereal products

Oat flakes +(2)/—(6) +(5)/-@3)
Meat - -

(D) Products with “gluten free” labeling and/or certification (14)

Cookies/ cakes —(6) —(6)
—(1) -
—(2) -2
Corn flakes —(1) -1
Oat flakes —(1) -1
Meat products 3 —(3) -3

Minus sign (—) indicates gluten content lower than the legal limit of 20 mg/kg of gluten, which allows the labeling
with “gluten free” statement, and plus sign (+) indicates values above the mentioned legal limit. The gliadin PWG
standard curve was used as reference for the indirect Fab-C ELISA and the R5 Sandwich ELISA.

Pasta

Baby food

== N -] o

From the 50 products analyzed with the Fab-C indirect ELISA, the results of 47 matched
with the validation technique used (R5-ELISA). However, three products tested positive
by the R5 reference assay but negative by the Fab-C indirect ELISA. It is remarkable
that the samples that did not conform with the R5 standard test contained oats as the
main ingredient. It is hypothesized that this result can be attributed to the absence of
cross-reactivity exhibited by Fab-C with oats. It has been demonstrated that certain oat
cultivars produce cross-reactivity when analyzed with other detection antibodies like R5,
reporting up to 100 mg/kg of gluten in some oats cultivars [41]. The cross-reaction of the
R5 monoclonal antibody has been explained due to the high similarity of certain peptides
found in avenins (gluten-like proteins in oats) with gluten peptides [42]. The absence of
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this unintended detection in gluten-free oat-derived products could mean a stronghold of
Fab-C, and it could help in the assessment of gluten in these types of products, especially
those containing cultivars that are cross-reactive with other antibodies in the market. In
light of these results, the proposed methodology demonstrated a reliable capacity for
discriminating gluten-free products in the samples analyzed.

Detection of gluten in foodstuff is still a major challenge in food science because the
concept of gluten is defined by chemical features (ethanol solubility), encompassing a
very big range of proteins (unlike other food allergens that are represented by one or few
proteins) that present some common characteristics but can differ in their sequences [43].
This fact makes it very hard to discover a universal probe for gluten detection. Several
comparative studies unveiled that the commercial kits available in the market presented
important discrepancies between them for the quantification of gluten [40,44]. These differ-
ences were explained by the different epitopes of gluten that the antibodies were binding to.
For example, the R5 antibody recognized epitopes that were more expressed in rye, barley,
or triticale than in wheat, in contrast to the G12 monoclonal antibody, which presented a
better detection of wheat epitopes [45]. The recognition of wheat, rye, and barley was very
similar in an indirect ELISA with the recombinant Fabs produced in this work (Figure 4A).
Moreover, although R5 and G12 monoclonal antibodies each detected different epitopes,
all were found in the N-terminal zone of the gliadins. On the contrary, computational
studies with some of the antibodies developed in this work presented interactions with the
gliadin C-terminal portions like Fab8E-4 [26] and Fab-C [27]. The methodology applied
in this work for generating Fabs (construction of celiac-derived Fab libraries for phage
display selection) allowed the transference of some features from the humoral response of
celiac patients to the obtained probes instead of the classical approach of using polyclonal
or monoclonal antibodies, generated by a forced immune response of experimentation
animals [13]. This feature could be important, as the recombinant probes produced are
prone to recognize those epitopes that may be harmful to gluten-sensitive patients.

4. Conclusions

Using the pKKtac plasmid and E. coli RV308 expression system, four soluble recom-
binant Fabs obtained from two different phage display libraries (immune and merged
semi-synthetic) were produced. This recombinant production methodology provides a
cost-effective and efficient alternative to traditional antibody production methods, which
can be time-consuming and expensive. Moreover, recombinant antibodies also offer a more
consistent and reproducible approach to antibody production, allowing for the availabil-
ity of standardized affinity probes. All these benefits are achieved without the need to
use animals.

The four recombinant Fabs produced selective reactivity to gluten, but Fab-C demon-
strated the best detection features in indirect ELISA methodology. Fab-C was capable
of detecting gliadin traces at very low concentrations, as low as 28 ng/mL equivalent to
11 mg/kg in food samples, not showing cross-reactions with all the analyzed heterologous
species that do not contain gluten. In addition, the ELISA test developed meets the legisla-
tive requirements for identifying gluten-free products, and it could have a desirable feature
not covered by some commercial tests, as it does not cross-react with oat proteins.
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Exploring gluten assessment in marketed products through a sandwich-ELISA
methodology based on novel recombinant antibodies.

ABSTRACT

Based on four recombinant Fab antibodies against gliadin previously isolated by phage display, this
study describes the development of a sandwich ELISA methodology for gluten detection in foods.
Firstly, Fab molecules were chemically biotinylated to be used immobilized on streptavidin-coated
plates, as capture antibodies and, alkaline phosphatase-conjugated Fab as detection antibodies.
Although the use of this direct approach eliminated the need for secondary antibodies, a loss
of signal was observed in the ELISA results that was attributed to the chemical biotinylation
procedure. From these experiments, it was revealed that the Fab-pair with the best compatibility
was Fab8E-4 as the capture probe and Fab-C for the detection reaction. Subsequently, the
unmodified antibodies were used to develop a sandwich immunoassay capable of detecting
26 ng/mL of gliadin, which corresponds to a limit of detection of 10 mg/kg of gluten in foods.
A total of 60 different gluten-free species commonly used in the food industry were assayed
with the developed ELISA showing no cross-reactivity. Finally, the results of the analysis of 50
commercial products showed consistent results when compared with the standard method for
gluten detection. Moreover, the developed immunoassay exhibited no cross-reactivity with oat
products, which could be a potential advantage over other available detection systems that cross-

react with this cereal.
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1 INTRODUCTION

Gluten, an ethanol-soluble protein fraction found in grains, constitutes a substantial portion,
often up to 90%, of wheat proteins (Shewry, 2019). Specific components of gluten, present in
various grain species such as wheat, rye, and barley, can trigger adverse effects when consumed
by individuals with particular sensitivities. Gluten consumption has been associated with several
diseases, classified based on their etiopathology (Cabanillas, 2020). The first category encompasses
allergic reactions to gluten components (Inomata, 2009), while the second includes autoimmune
processes, notably celiac disease, the most extensively studied gluten-related disorder with a
prevalence of 1% in Western countries (Tye-Din et al., 2018). The third category refers to non-
celiac gluten intolerance, a condition that does not align with the previous groups. Its molecular
mechanism remains elusive, but there is a compelling implication of innate immunity in its

pathogenesis (Cardenas-Torres et al., 2021).

The most efficient and economically viable treatment for gluten-related disorders is a gluten-free
diet. It not only arrests disease progression but also fosters tissue healing (ltzlinger et al., 2018).
This situation has prompted the establishment of stringent labeling regulations aimed at ensuring
the provision of gluten-free diets for individuals allergic or intolerant. Within the European Union,
any food product containing gluten must bear clear labeling on its packaging. Such labeling
should clearly indicate the presence of gluten in the product, and it must include the precise
terms “contains gluten” or “contains cereals containing gluten” within the ingredients list or in a
dedicated allergen statement. Furthermore, to qualify for the designation of “gluten-free,” a food
product must not exceed 20 parts per million (ppm) of gluten content, while “very low gluten”
labeling is permissible when the gluten content remains below 100 ppm” (OJEU, 2014).

Immunoassays offer unparalleled relevance in the context of gluten detection in food products
when compared to alternative analytical methodologies. Their sensitivity, specificity, and
efficiency in detecting gluten, even at very low concentrations, underscore their importance.
Immunoassays, including enzyme- linked immunosorbent assays (ELISAs) and lateral flow devices,
employ specialized antibodies designed to specifically target (gluten proteins). Furthermore,
immunoassays yield rapid results and are often more cost-effective than alternative methods
like polymerase chain reaction (PCR) or mass spectrometry, justifying their widespread adoption

across the food industry (Garcia-Calvo et al., 2020).

Sandwich-ELISA offers several distinct advantages in the realm of immunological and biochemical
research. One key advantage is its exceptional sensitivity and specificity. By utilizing two
antibodies that bind to different epitopes on the target molecule, sandwich ELISA minimizes
the potential for false-positive or false- negative results, making it highly reliable for detecting
and quantifying specific proteins or antigens (Wieser et al., 2021). Additionally, this assay

format allows for the measurement of proteins in complex mixtures, without interference from
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other molecules. It provides quantitative data, enabling precise concentration measurements,
robustness, reproducibility, and adaptability that have made it an indispensable tool in various
fields, including gluten detection in food, where the most used methodology is a sandwich-ELISA

based in a classical monoclonal antibody named R5 (Méndez et al., 2005).

In earlier studies, novel approaches were introduced to develop recombinant antibody fragments,
Fab (Fragment antigen binding), for gluten detection in foodstuffs. These approaches involved the
construction of two distinctantibody libraries. The first library was acomprehensiveimmune library
derived from lymphocytic RNA (Garcia-Calvo et al., 2023a), while the second library was a hybrid
of semi-synthetic heavy chain (Garcia-Calvo et al., 2022), based on a pre- existing dAb template
(an antibody fragment consisting of the variable region of the heavy chain), and immune light
chains obtained from the aforementioned immune library. Several Fab were successfully isolated
against gluten through phage display technology, and subsequently produced as recombinant
proteins. This process resulted in the obtention of four high-affinity Fab (Fab-C, Fab-H, and Fab-E
from the first library, and Fab8E-4 from the second one), which were characterized for their
suitability as probes in ELISA assays, and one of them was tested for its ability to detect gluten
in marketed products (Garcia-Calvo et al., 2023b). The aim of this work was the development of
a sandwich ELISA methodology based on those recombinant Fab, to be used as an alternative

method for gluten detection in commercial food products.

2 MATERIALS AND METHODS

21 BRecombinant Fab used as sandwich-ELISA probes

The Fab (Fab-C, Fab-E, Fab-H and Fab8E-4) were selected by phage display, expressed in
the supernatant of E. coli K12 RV308, and purified by IMAC (Immobilized Metal Affinity
Chromatography) as previously described (Garcia- Calvo et al., 2023b).

2.2 Compatibility study between the selected Fab

The compatibility between the Fab in a sandwich disposition was checked in a direct sandwich
ELISA, by using in vitro biotynilated recombinant Fab, immobilized in streptavidin plates, as

capture antibodies and, alkaline phosphatase-conjugated Fab as detection antibodies.

The biotynilation process started with each Fab dissolved in PBS, that was changed to carbonate/
bicarbonate buffer pH 8.3 using an Amicon® ultra-15 centrifugal device (30 kDa MWCO, Merk©
ref #UFC903024). The chemical biotinylation was carried out using the EZ-link® kit (Thermo®©,
ref #21363), by adding 37 ug of reactant per Fab milligram and incubating the reaction for 30
min at room temperature. The excess of free biotin was washed away using an Econopac 10
DG column (Biorad©, ref #7322010). The eluted fractions containing protein were identified by
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their absorbance at 280 nm. The biotinylated Fab were immobilized to streptavidin-coated plates

(Thermo ref #15122) to be used as capture antibodies.

One milligram of each biotinylated Fab was conjugated with streptavidin-alkaline phosphatase

following manufacturers’ specifications (Merck® ref #52890) to be used as the detection antibody.

Once the capture antibody was immobilized in the plate, it was blocked with PBS- BSA 3 %.
Different antigen concentrations were added, incubated, and washed away. The detection
antibody (alkaline phosphatase-conjugated Fab) was then added (0.5 pg/well in the blocking
solution), and incubated for 1 h at room temperature. Unbound conjugated Fab were washed
away and, the reveling solution (2 mg/mL 4-nitrophenyl phosphate disodium salt hexahydrate
PNPP (Sigma®©, ref #N4645) dissolved in diethanolamine-MgCl2 buffer (Reagena®©, Toivala,

Finland, ref #170057)) was added and measured in a spectrophotometer at 405 nm.

2.3 Sandwich ELISA protocol

The capture antibodies were directly adsorbed to the immunosorbent plates (0.5 ug/well of
recombinant Fab in PBS) and incubated for 1 h at 37 eC.

Then, the coating solution was shaken out, 200 pL blocking solution (3% BSA in PBS) was added
per well, and the plate was incubated for 1 h at room temperature. Following 10 washing steps
with PBS, the gliadin-PWG or gluten proteins extracted from samples were diluted in PBS, and
100 L of antigen dilution were added per well. The plate was incubated for 1 h at 37 °C. After
10 washing steps, 0.5 pug of unmodified detection Fab was added per well, diluted in 100 pL of
blocking solution, and incubated for 1 h at room temperature in a plate shaker. The plate was
washed 15 times with PBS, and the secondary antibody (rabbit anti-human H + L HRP conjugated,
Abcam©, Cambridge, UK ref #6759), diluted in 100 uL of blocking solution was added, and
incubated for 1 h at room temperature in a plate shaker. After washing 10 times with PBS, 100 pL
of TMB (Sigma®©, ref #T0440) was added. The reaction was stopped after 20 min with 50 pL of a

diluted sulphuric acid solution, and the signal was detected at 450 nm.

2.4 Assay validation and analysis of commercial products

The assays used for validating and characterizing the key analytical features of the proposed
methodology were essentially as performed with the indirect ELISA based on Fab-C (Garcia-
Calvo et al., 2023b). The limits of detection (LOD) and quantification (LOQ) were calculated by
performing a dose-response analysis against a reference material, the gliadin-PWG (prolamin
working group) (Van Eckert et al., 2006). To test specificity for gluten, 60 heterologous species
that did not contain gluten were tested to ensure there was no cross-reactivity, and a recovery

analysis was also implemented. Once the analytical features were characterized, 50 commercial
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food products were analyzed to demonstrate the functionality of the assay in its intended actual

application.

3 RESULTS AND DISCUSSION

3.1 Selection of capture and detection recombinant Fab

The compatibility of different Fab pairs was evaluated using 10 pg/mL of gliadin- PWG as antigen
for all combinations. Four gliadin-binding recombinant Fab (Fab8E-4, Fab-E, Fab-H and Fab-C)
obtained in a previous work (Garcia-Calvo et al., 2023b), were evaluated as candidates for
development of a sandwich ELISA for detection of gluten. To assess compatibility between the
four Fab used to detect gliadin, a checkerboard test was performed, using all biotinylated Fab
as capture antibodies, and all the alkaline-phosphatase conjugated Fab as detection antibodies
(Table 1).

Table 1. Checkerboard compatibility test between pairs of recombinant Fab in a direct sandwich ELISA. The
values represent average absorbance data (405 nm) in three independent assays.

Detection Fab

Fab8E-4 Fab-E Fab-H Fab-C
Fab8E-4 1.254 0.612 0.412 4.741
Fab-E 0.841 0.523 0.341 0.745
Capture Fab
Fab-H 0.647 0.389 0.415 0.714
Fab-C 2.751 0.748 0.477 1.784

The combination of Fab8E-4 as a capture antibody and Fab-C conjugated with alkaline phosphatase
as the detection antibody produced the best results. The same Fab could be used as the capture
and the detection antibody because the absorbance values were lower than as expected for the
saturating concentration of antigen added. This could be explained due to the competition for the
same epitopes in the gliadin molecule when using the same antibodies for capture and detection.
In contrast, the R5 monoclonal antibody is used both as capture and detection antibody in the
sandwich ELISA assay used as reference for gluten detection. That may be due to its ability to
recognize repetitive motifs dispersed across gluten proteins, predominantly within the more
conserved N-terminal segments of gliadins (Lexhaller et al., 2017).

Computational models (Garcia-Calvo et al., 2022; Garcia-Calvo et al., 2023) indicated that Fab-C
and Fab8E-4 exhibit prominent interactions with the gliadin C-terminal regions, albeit in distinct
positions (a less conserved region characterized by a reduced occurrence of repetitive motifs).
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This may explain why pairs of identical Fab compete for the same epitopes, while combinations

of dissimilar Fab synergistically enhance detection efficiency.

The in vitro biotinylation procedure enabled the conjugation of biotin molecules with up to all
available free amino groups. This led to significant alterations in the conformation of the Fab,
resulting in a reduced affinity towards the target (Fairhead & Howarth, 2015). While the direct
ELISA protocol adequately assessed Fab compatibility, the biotinylation process introduced
a discernible decline in the detection signal. Consequently, the ultimate assay configuration
adopted was an indirect sandwich ELISA, employing the Fab pair that exhibited superior detection

performance.

3.2 INDIRECT SANDWICH ELISA DEVELOPMENT AND VALIDATION
FOR GLUTEN DETECTION

In order to ascertain the selectivity of the sandwich method, an indirect sandwich ELISA
methodology was set up and tested with a panel of 60 diverse samples to evaluate its potential
cross-reactivity with matrices devoid of gluten. The outcomes unequivocally showcased that the
sandwich ELISA displayed an absence of cross-reactivity with these matrices, underscoring its
remarkable specificity in detecting gluten. These results strongly endorse the method as a valuable
and precise instrument for gluten immunodetection in food products, as it clearly distinguishes

between samples containing gluten and those lacking these proteins.

The sensitivity of the indirect sandwich ELISA was assessed through a dose- response model of
increasing concentrations of gliadin-PWG, ranging from 0.025 to 25 pg/mL (Figure 1). The limit
of detection (LOD) was calculated as 0.026 ug/mL by interpolating three times the standard
deviation of ten blank samples. This translates to a gluten concentration of 10.4 mg/kg in the
samples, considering a dilution factor of 5, an extraction factor of 40 (0.25 g of sample extracted

with 10 mL of buffer), and the conversion factor of gliadin to gluten (2).
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Figure 1. Dose response curve obtained from the analysis of the gliadin-PWG standard (0.025-25 ug/mL) by sand-
wich ELISA using Fab-C as detection antibody and Fab8E-4 as capture antibody. This model was used to estimate
the gluten content of the tested commercial food products. An HRP-conjugated anti- human Fab was used as the
secondary antibody. Mean values of three independent determinations and standard deviation of each data set
are shown.

Furthermore, the limit of quantification (LOQ) was established by interpolating ten times the
standard deviation of the blank samples, resulting in a value of 0.044 ug/mL of gliadin-PWG,
equivalent to 17.4 mg/kg of gluten. These outcomes affirm the method’s adherence to the

regulatory limits currently in force.

The method developed, effectively distinguishes gluten-free products (with less than 20 mg/kg of
gluten) from those containing gluten. It is noteworthy that the sensitivity of this assay is slightly
lower than that of the R5 sandwich ELISA, which may be attributed to variations in assay types
and the antibodies employed. The newly developed indirect sandwich ELISA relies on a single
molecular interaction per antigen molecule due to the Fab’s composition of only one paratope
(two in total), facilitating a singular binding event per Fab. In contrast, the R5 method entails
two molecular interactions with the antigen, owing to the presence of two paratopes per whole
antibody molecule and the adoption of a direct sandwich format, allowing dual interactions, that
involve four paratopes from the capture and detection antibodies (Amnuaycheewa et al., 2022).
The results obtained thus demonstrate that the single-paratope molecules (Fab) exhibit a high

affinity for the target antigen.
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A gluten recovery analysis using the indirect sandwich ELISA was conducted by testing gluten-
like proteins (prolamins) extracted from gluten-free certified rice flour that had been spiked with
solid gliadin-PWG, equivalent to theoretical concentrations of 20 and 100 mg/kg of gluten. The
actual gluten content of these mixtures was concurrently assessed using the R5 sandwich ELISA.
The results obtained yielded recovery percentages of 104.14 + 2.2 % for the 20 mg/kg mixture
and 95.44 + 6.36 % for the 100 mg/kg mixture. To establish a control baseline, a rice flour
extract spiked with equivalent quantities of dissolved gliadin- PWG (0.05 ug/mL, corresponding
to 20 mg/kg in food samples, and 0.25 pg/mL, equivalent to 100 mg/kg) was prepared. The
results for these control samples demonstrated recovery percentages of 100.08 + 3.67 % for
the 0.05 pg/mL solution and 95.44 + 6.36 % for the 0.25 pg/mL solution. Accordingly, all the
results demonstrated an excellent recovery range close to 100 %, affirming the accuracy and
reliability of the method (Thompson et al., 1999).

3.3 DETECTION OF GLUTEN IN COMMERCIAL SAMPLES

The developed methodology was applied for the analysis of gluten-like proteins extracted from a
wide variety of commercial food products, encompassing categories such as cereals, dairy, meat,
and beverages, spanning both processed and raw items. The collected samples were categorized
based on their labeling into four distinct groups: (A) products explicitly indicating the presence
of gluten (9 samples); (B) products bearing precautionary labeling stating “may ontain gluten” (6
samples); (C) products lacking any declaration of gluten presence or specific gluten warnings (21

samples); and (D) products featuring “gluten-free” labeling and/or certification (14 samples).

To ensure the precision and reliability of the proposed test, these food samples underwent parallel
analysis using the gold standard technique for gluten detection in food, a direct sandwich ELISA
with the monoclonal antibody R5. The summarized results are presented in Table 2. Notably,
most of the analyzed samples yielded congruent outcomes with both methods, exhibiting a
strong alignment with their respective labeling claims. This alignment underscores compliance
with the guidelines stipulated by European legislation for classifying food products in terms of

gluten content.

The results of 47 out of the 50 products subjected to analysis using the indirect sandwich ELISA,
were consistent with those obtained from the validation technique, the R5-ELISA. Notably, three
products yielded positive outcomes when assessed using the R5 reference assay but registered
as negative when evaluated with the proposed methodology. A noteworthy observation was that
these particular samples, which deviated from the results of the R5 standard test, contained oats
as their primary ingredient. It is postulated that this outcome can be attributed to the lack of
cross-reactivity of the recombinant Fab with oats, potentially explaining the discordance in these

instances.
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3.4 COMPARISON WITH OTHER DEVELOPED METHODS

A direct comparison between the previously developed indirect ELISA, which relies solely on
Fab-C (Garcia-Calvo et al., 2023b), and the newly introduced indirect sandwich ELISA featuring
the Fab-C and Fab-8E pair, is of significant relevance. On one hand, the indirect approach offers a
speed advantage, as it involves one step less than the sandwich method. Conversely, the sandwich
methodology has demonstrated greater sensitivity, proving a slightly lower limit of detection, as
well as a reduced limit of quantification (17 ppm for the sandwich method as opposed to 20 ppm for
the indirect method). This can be explained by considering the number of molecular interactions.
While both formats allow for a minimum of a single interaction per antigen molecule (avidity),
the sandwich format exhibits stronger paratopic affinity due to the provision of two interactions
paratope-epitope, in contrast to the singular paratope in the indirect format. A similar occurrence
takes place in the sandwich-R5 method, but because R5 is a complete antibody molecule, a
double interaction per antigen occurs, involving up to four paratopes within the two participating

antibodies.

In terms of accuracy, the recovery analysis unveiled notable enhancements with the sandwich format,
where the retrieved gluten quantities consistently fell within a narrow range of 95 - 105 % compared
to the theoretical concentration. In contrast, the indirect ELISA exhibited a broader variability, with

recovery results spanning from 76 % to 92 %.

Another noticeable feature in both indirect and sandwich ELISA tests developed is the complete

absence of cross-reactivity with oats.

Some authors have found that specific varieties of oats can exhibit cross- reactivity when tested
with other detection antibodies such as R5, revealing gluten levels of up to 100 mg/kg in certain
oat cultivars (Benoit et al., 2017). The R5 monoclonal antibody’s cross-reaction can be attributed
to the substantial similarity between certain peptides found in avenins (which are gluten-like
proteins in oats) and gluten peptides (Hardy et al., 2015). The absence of this unintentional
detection in oat-derived products labeled as gluten-free may indicate the effectiveness of Fab-C
and Fab8E-4, making it a valuable tool for evaluating gluten content in such products, especially
those containing oat varieties that trigger cross-reactivity with other antibodies available in the
market. The proposed methodology has demonstrated a consistent ability to distinguish gluten-
free products among the samples examined.
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Table 2. Results obtained for the detection of gluten in commercial food products using the developed indi-
rect sandwich ELISA and the sandwich monoclonal R5 antibody for result confirmation.

Products No. of products Sandwich Fab Sandwich R5

(A) Products declaring to contain gluten in the labeling (9)

Pasta 2 +(2) +(2)
Soup or rice plates 3 +(3) +(3)
Oats flakes 1 +(1) +1)
Cereal bars 2 +(2) +(2)
Dairy products 1 +(1) +(1)

(B) Products with “may contain” precautionary labeling (6)

Cereal 4 +(3)/-(1) +(3)/-(1)
Flakes 2 -(2) -(2)

(C) Products that did not declare gluten or that did not specifically warn of the presence of gluten (21)

Cereal products 9 +7)/-(2) +(7)/-(2)
Oat drinks 3 +(1)/-(2) +1)/-(2)
Oat flakes 8 +(2)/-(6) +(5)/-(3)
Meat 1 -(1) -(1)

(D) Products with “gluten free” labeling and/or certification (14)

Cookies/cakes -(6) -(6)
(1) -(1)
-(2) -(2)
(1) -(1)
(1) -(1)

—-(3) -(3)

Pasta

Baby food

Corn flakes

Oat flakes

Wl k| ~,r N PO

Meat products

Identifying gluten in food products remains a significant hurdle in the field of food science. This
challenge arises from the fact that gluten is characterized based on its chemical properties, such
as solubility in ethanol. Unlike other food allergens, which are typically represented by one or
just a few proteins, gluten encompasses a wide variety of proteins. These proteins share certain
common characteristics but can vary significantly in their amino acid sequences (Biesiekierski,
2017). This circumstance renders the quest for a universal gluten detection method exceptionally
challenging. Numerous comparative investigations have revealed significant disparities among the
commercially available kits in the market when it comes to quantifying gluten (Bugyi et al., 2013).

These discrepancies can be attributed to variations in the gluten epitopes to which the antibodies
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bind. For instance, the R5 antibody predominantly identifies epitopes that are more prevalent in
rye, barley, or triticale compared to wheat, while the G12 monoclonal antibody demonstrates
superior detection capabilities for wheat epitopes (Lexhaller et al., 2017). In addition, it has been
demonstrated that the quantification of gluten depends on the species and cultivars analyzed,
showing significant differences when analyzing the same wheat cultivar with ELISA methods
based on polyclonal and monoclonal antibodies such as R5 and G12 (Schopf & Scherf, 2018).

4 CONCLUSIONS

The use of recombinant antibodies for gluten detection systems provides a more uniform source
for standardized affinity probes compared to polyclonal and hybridoma-secreted monoclonal
antibodies. Importantly, these advantages are attained without the necessity of animal
involvement. Sandwich ELISA techniques have enhanced the sensitivity and accuracy of single-
probe indirect ELISA approaches. Among the four recombinant Fab exhibiting selective reactivity
to gluten, Fab-C and Fab8E-4 have proven to be not only compatible but also showing superior
detection capabilities when employed in the direct sandwich ELISA method. Utilizing the Fab-C
and Fab8E-4 pair in an indirect sandwich ELISA enables the detection of gliadin concentrations,
reaching levels as low as 26 ng/mL, equivalent to 10 mg/kg in food samples. Importantly, this
method exhibits no cross-reactivity with any of the analyzed non-gluten- containing species.
Furthermore, the developed ELISA test complies with legislative requirements for identifying
gluten-free products and offers an advantageous feature not present in some commercial tests,

as it does not exhibit cross-reactivity with oat proteins.
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ABSTRACT

Directed evolution has emerged as a crucial approach for the discovery of novel antibodies.
Recent advances in high-throughput DNA sequencing techniques have revolutionized research
in different fields such as genomics, epigenomics, and transcriptomics. For instance, these
techniques have become essential tools for the characterization of phage antibody libraries and
have facilitated the comprehension of the selection processes aimed at generating molecular
binders for specific applications. In previous studies, two antibody libraries were constructed to
select high-affinity Fabs against gliadin. One of the libraries was entirely derived from mRNA
isolated from the peripheral blood of celiac patients (immune library), while the second library
was generated through a protein engineering strategy merging the immune light chains derived
from celiac patients with heavy chains from semisynthetic origin (semi-immune library). Both
libraries underwent phage-mediated selection processes against gliadin. In this study, a
compact in-lab sequencing device from Oxford Nanopore was used to comprehensively
characterize the composition of the constructed libraries and analyze the performed selection
processes against gliadin. A customized analysis pipeline was employed to select high-quality
reads, perform sequence analysis by annotating chain distribution and other features, and
conduct statistical comparisons between the different selection rounds. Furthermore, an
additional analysis was conducted to infer some immunological attributes of the most
representative phage variants after the selection process. Sequencing results of the immune
library evidenced that many features of the celiac immune response had been successfully
transferred to the phage repertoire and to the antibodies derived from it, indicating that these
attributes might have been essential in guiding the selection of the best recombinat Fabs

against gliadin.
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1 INTRODUCTION

The paradigm-shifting development of hybridoma technology revolutionized the field of
antibody production with the discovery of monoclonal antibodies (Kohler & Milstein, 1975). In
2022, six out of the fifteen best-selling pharmaceuticals were monoclonal antibodies (even
more if COVID-19 vaccines are not considered), these figures illustrate the magnitude of the
impact that these molecules have made in research and medicine (Urquhart, 2023).
Subsequently, the advent of recombinant protein production techniques and the application of
directed evolution methodologies further transformed the antibody discovery landscape
(Packer & Liu, 2015).

Phage display technology stands as the most prominent methodology for the development of
recombinant antibodies in the context of directed evolution of proteins. This method is based
on the construction of antibody libraries derived from diverse sources with high variability
(Winter, 2019). A characteristic feature of these libraries is that the antibodies are expressed
fused to the coat proteins of bacteriophages, which facilitates their affinity selection through
successive rounds against the target antigen (biopanning) (Smith, 2019). Thus, antibodies with
higher affinities undergo expansion within the phage population, culminating in the isolation of
antibodies endowed with the desired characteristics and for which their genetic coding

information is also available (Jaroszewicz et al., 2021).

Traditionally, monitoring of the panning procedure has been performed by colony picking and
Sanger sequencing since the 1990s. Although this method could be automated for the
screening of thousands of different colonies, it would only cover a small amount of the clones
implied in the process. This problem could be solved by using next generation sequencing (NGS)
techniques (Glanville et al., 2015). The in-depth analysis of phage libraries by NGS has proven to
be an exceptionally effective approach for clone identification, including low-frequency rare
variants that may not amplify adequately within the phage population (D'Angelo et al., 2014).
Moreover, NGS has facilitated the identification and reconstruction of complementarity
determining region (CDR) combinations of antibody fragments from phage selection outputs
(Barreto et al., 2019). Beyond antibody libraries, this transformative technique extends its
applicability to the study of peptide libraries, essential for epitope mapping of antibodies
(Matochko & Derda, 2015).

Oxford Nanopore Technology offers many advantages that have revolutionized the field of DNA
sequencing and genomic analysis. Firstly, the portable and compact sequencing devices provide
unprecedented flexibility, enabling real-time, in situ, and rapid DNA sequencing in diverse
environments, including field research and clinical settings. Secondly, the sequencing
technology can read exceptionally long DNA fragments, allowing for improved genome
assembly and structural variant detection. This feature have been particularly valuable for
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studying complex genomes or uncovering elusive genetic mutations. Additionally, Nanopore's
procedures eliminates the need for time-consuming library preparation, making it a faster and
cost-effective option for researchers. Furthermore, it allows both DNA and RNA analysis,
broadening its applicability in different research areas, from genomics to transcriptomics.
Overall, the Oxford Nanopore sequencing technology represents a powerful tools for more

comprehensive and efficient nucleic acid analysis (Chen et al., 2023).

Antibodies are lymphocyte-secreted molecules with the ability to get attached to specific
antigens and with several cell signaling functions. Their antigen-counteracting capacity derives
from their extraordinary diversity, for instance humans may be capable of producing as many
as 108 distinct antibodies (Joyce et al., 2020). This huge antibody repertoire that can be found
in mammals derives from diverse genetic events like V(D)J recombination (Roth, 2014), somatic
hypermutation and class switch recombination (Hwang et al., 2015).

In humans, the genes encoding antibodies are located on different locus found on three
chromosomes (chr): heavy chain genes found on chr14 (14932.33) and kappa and lambda light
chain genes found on chr2 (2p11.2) and chr22 (22g11.2), respectively. There have been found
50 germinal sequences for VH (heavy chain varible region) grouped in 7 families, 40 for Vk
(kappa chain varible region) grouped in 6 families and 30 for VA grouped in 10 families. The
three major D gene fragments are located in the heavy chain locus. For the J genes have been
described 7 genes for the heavy chain locus, 9 for lambda and 6 for the kappa locus. Moreover,
IgH (immunoglobulin heavy chains) have five major isotypes (IgM, IgD, 1gG, IgE, 1gA), with four
isotypes for IgG (1gG1, 1gG2, IgG3 and IgG4) and two for IgA (IgAl and IgA2) (Barbas, 2001).

Several diseases related to the ingestion of gluten, the ethanol-soluble protein fraction present
in the endosperm of some cereals like wheat, barley and rye, have been described. The most
studied is celiac disease, an autoimmune condition with a reported prevalence of 0.5 - 1 % of the
general population, although it might be underestimated due to undiagnosed or misdiagnosed
milder cases (Caio et al., 2019). This disease is characterized by the production of autoantibodies
against the tissue transglutaminase (tTG) in the context of a loosen intestinal barrier (Sapone et
al., 2012). Despite ongoing research into numerous therapeutic alternatives for celiac patients,
the gluten-free diet remains the most effective treatment, not only to halt intestinal damage but
also to promote tissue healing (Itzlinger et al., 2018).

In this work, two previously constructed antibody libraries which were subjected to a
biopanning process for the selection of gliadin-binding antibodies were characterized by
sequencing with Oxford Nanopore Technologies. Comparison of the changes in the composition
of the different antibody chains over the consecutive rounds of panning provided an overall
picture of the performance of the gliadin-guided selection procedure.
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2 MATERIAL AND METHODS

21 Source material: DNA isolation and purification

In our previous works, high affinity antibody fragments against gliadin were developed as novel
probes for immunodetection systems to ensure the absence of gluten in foods intended for
people suffering from gluten-related disorders. These antibodies consisted of antigen-binding
regions (Fab) generated by phage display technology. For this purpose, two Fab-libraries were
constructed into the pComb3X vector (Barbas, 2001): an immune library derived from the
retrotranscribed RNA of the peripheral blood lymphocytes of celiac patients (Garcia-Calvo et al.,
2023) and a second library obtained by merging semi- synthetic heavy chains (derived from a pre-
existent single domain antibody) with the immune light chain repertoire, that was named semi-
immune library (Garcia-Calvo et al., 2022). Both libraries were used in biopanning processes to
select high-affinity Fab against gliadin. After each round of selection, the eluted phages were used
to infect Escherichia coli XL1-Blue (recAl endA1l gyrA96 thi- 1 hsdR17 supEA4 relAl lac [F proAB
laclgZAM15 Tn10 (Tetr)]) (Agilent©, Santa Clara, CA, USA, ref #200150). Overnight cultures were
grown in Super-Broth medium (SB: 30 g/L tryptone, 20 g/L yeast extract, 10 g/L MOPS, pH 7),
After centrifugation at 4000 xg for 20 min at room temperature, the supernatant was subjected
to phage precipitation to continue the selection process and phagemid DNA was isolated from
the cell pellets by a midi-prep procedure (PureLink™ HiPure plasmid Midiprep Kit Invitrogen™,
Thermo-Fisher©, Waltham, MA, USA, ref #K210004) following manufacturers” protocol.

In this study, the unsearched libraries as well as the sub-libraries obtained after each round of
panning were characterized by NGS with Oxford Nanopore technology. For this purpose, DNA in a
double strain and linear format is required. Plasmids were digested with Nhel for 1 h at 37 °C (New
England Biolabs®© Ipswich, MA, USA ref #R0156), since this enzyme presented a single restriction
site with an appropriate distance from the antibody construct, to avoid interfering with the

sequencing results.

The DNA was purified by AMPure XP reagent (Beckman Coulter©, Brea, CA, USA, ref #A63880)
following manufacturers” instructions for the protocol based on the use of magnetic beads.
Finally, DNA was quantified in a Qubit® Fluorometer (Invitrogen, Thermo-Fisher©), and its quality
was measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc.,
Montchanin, DE, USA).

2.2 DNA preparation for sequencing protocol

A total of nine samples were barcoded with the PCR barcoding expansion 1-12 kit (Oxford
Nanopore©, Oxford, UK, ref #£EXP-PBC001) using a magnetic bead- based protocol. Barcodes (BC)

were assigned as follows: BC01-06 for the identification of the un-panned immune library (BC01)
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and its four panning rounds (BC02-05) and BC06-09 for the identification of the un-panned semi-
immune (BCO6) and its three panning rounds (BC07-09).

Finally, the magnetic bead system was used to subject the barcoded sample to end-repair and
dA-tailing using the NEBNext End Repair/dA-tailing module, and subsequent ligation of Nanopore
sequencing adapters onto the prepared DNA ends (Oxford Nanopore©, ref #SQK-LSK110).
Samples were loaded into the Nanopore’s flow-cell (Oxford Nanopore©, ref #R10.4.1) and NGS

sequencing was performed on a MinlON® device collecting sequencing data for 30 h.

2.3 Primary sequence analysis

NGS sequence analysis usually follows a workflow with two main stages. The primary analysis is
based on the organization of the raw sequences generated by the sequencer and the elimination
of poor-quality sequences that could generate errors and introduce noise into the subsequent
analysis (Han et al., 2018).

MinKNOW software (Oxford Nanopore®©) transformed the registered electrical signals into
raw FASTS5 files that were used as base for the primary analysis which was carried out using
a workflow encompassing three different steps (Figure 1). In the first step, megalodon tool
(v1.9.5, https://github.com/nanoporetech/megalodon) was used to extract high accuracy
modified base calls and sequence variant calls from the raw reads by anchoring the information
of the basecalling neural network output to the reference genome of Homo sapiens (Genome
Reference Consortium Human Build 38, NCBI RefSeq assembly GCF_000001405.26). A sub-
pipeline appropriately divided the work and merged the results, yielding a single FASTQ file
containing the basecalled reads. In the second step, this file was demultiplexed into new FASTQ
files for as many barcodes as the analysis included, in order to cluster the sequences according
to their barcodes. Subsequently, the files provided were submitted to quality control using
FastQC and analyzed with the Porechop tool (https://github.com/rrwick/Porechop) to trim off
the adapters found at the ends of the reads. The trimmed sequences were again subjected to
quality control, before being analyzed with Trimmomatic, a tool which can identify low quality
reads. Lastly, the trimmed sequences were subjected to a final quality control using FastQC. In
the third step, a sorted BAM file was obtained with the alighnment of the sequences against the

reference genome of Homo sapiens using minimap2 tool (https://github.com/Ih3/minimap2).

The tools used in the secondary analysis required sequence packages containing less than one
million sequences. For this purpose, the tool LUMC/fastaq filter (https://github.com/LUMC/fastg-
filter) was used to optimize the FASTQ packages filtered by read size between 4-6 kb and sequence

quality (phred scores higher than 15), removing low-quality sequences from the packages.
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Figure 1. Schematic representation of main workflow used for the primary analysis of the sequences read with
the MinlON device.
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24 Secondary analysis of antibody sequences

The filtered FASTQ data was uploaded to the online tool IMGT/HighV-Quest that orchestrated the
analysis of the Fab sequences (Brochet et al., 2008). Each identified Fab was characterized by 1)
IMGT unique numbering for the V-domain; 2) closest variable (V), diversity (D) and junction (J)
genes and their respective alleles; 3) junction analysis and 3) mutation and amino-acid changes
resulting from somatic hypermutations by comparison with the IMGT/V-QUEST reference

directories set (Lefranc & Lefranc, 2020).

Subsequently, IMGT/StatClonotype tool was used to perform pairwise comparison of datasets
from the IMGT/HighV-QUEST output. In this study, the different datasets corresponded with
the consecutive rounds of selection of the Fab phage libraries. From this analysis V(D)) gene
associations by multivariant phylogenetic heatmap plots and CDRs analysis by length and amino-

acid composition were obtained (Aouinti et al., 2016).

Minimap2 alignments were used to identify classes and subclasses of the antibody sequences that
could not be analyzed by IMGT tools. The number of sequences that aligned at the positions of the
genome where the genes of each subclass are located was counted using the coverage function
of the bedtools package (https://bedtools.readthedocs.io/en/latest/content/tools/coverage.html).

3 RESULTS AND DISCUSSION
3.1 DNA preparation

Phagemid DNA isolated from all the library and sub-library samples resulted in high yields (DNA
concentrations above 390 ng/ulL) with appropriate purity (OD 260/280 > 1.8 and OD 230/260
> 2). Therefore, the obtained DNA samples showed suitable parameters to be subjected to the

sequencing process.

3.2 Primary sequences analysis

After the transformation of the recorded electrical signal into nucleotide data (basecalling
algorithm), a total of 4.68 million of reads were collected in a FAST5 format. Through the
primary analysis workflow, the reads were transformed into demultiplexed and trimmered
FASTQ sequences grouped by barcode. An average of 0.5 million sequences per barcode were
collected, ranging in length from 120 to 12,400 bases, something common in this methodology
(Wang et al., 2021). This broad spectrum of reads underscored the imperative need to
implement a filtering process. The quality of sequences was assessed and showed a relatively
uniform distribution across the reads (Figure 2A). The analysis of quality scores distribution
per sequence revealed that the majority of sequences exhibited a phred-score of 18 (Figure
2B), demonstrating an improvement in quality over those reported by previous similar studies

were most of the sequences presented a phred-score between 10 and 15 (Lowden & Henry,
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2018). The nucleotide content analysis per base sequence revealed that the proportion of each
of the four bases was remain relatively constant over the lengths between 0.4 and 9 kb of
the reads, except for an enrichment in T and A residues in the 4-5 kb range that are found
also in the original vector (Figure 2C). Notably, this bias in nucleotide composition did not affect
the antibody coding segments. The examination of the sequence length distribution revealed
the presence of two prominent populations. The larger population, obtained in lenghts ranging
from 4.5 to 5.5 kb, corresponded to the linearized phagemid of the library (Figure 2D). On the
contrary, the smaller population centered on 4 kb, could potentially denote truncated plasmids
which might result from the existence of unforeseen restriction points. Based on the quality data
described above, sequence filtering was performed obtaining a collection of cleansed FASTQ
sequences of 4-6 kb in length and phred-scores greater than 15. Remarkably, the majority of the
antibody coding sequences were found to meet these parameters and were therefore included in
the secondary analysis; other sequences with varying lengths were considered noise or outliers

and were excluded from the analysis.
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C Per base sequence content
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Figure 2. Quality metrics for Oxford Nanopore sequencing of the home- made phage-displayed libraries. (A)
Distribution of quality scores according to read position, in the boxplot in black lines represent medians, the box
shows the lower and upper boundaries of the first and third quartiles, respectively, and the line shows the mean
quality score. (B) Mean per-read quality score diagram. (C) Per base sequence content plot. (D) Read length distri-
bution. All the analysis were performed using FastQC toolkit. The data shown correspond to one of the multiplexed
samples, however the data recorded for all the samples presented similar profiles.
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3.3 Secondary analysis of antibody sequences and biological interpretation of the
results

After completing the primary analysis and acquiring a set of adequate sequences in terms of
quality and length, subsequent analysis delved into the antibody composition of the constructed

libraries.

Firstly, all the sequences were aligned to the V(D)J germlines using IMGT/HighV- Quest. The
immune library) data were analyzed for both the heavy and light chains, whereas for the semi-
immune library sequences only the light chains were analysed, since in this case all heavy chains

derived from the same dAb (VH3-23 subfamily) and their study was not relevant.

The results obtained in this study have led to the conclusion that we successfully captured 31
out of the 50 VH subfamilies documented in the human population, 16 Vk subfamilies within the
immune repertoire, and 22 Vk subfamilies within the semi-immune repertoire, from the total of
40 Vk subfamilies known in humans (Barbas et al., 2001). It should be noted that not all antibody
chains were included in our analysis, primarily due to the PCR amplification conditions. Our
primary objective was to focus on including antibody chains specifically involved in the immune

response associated with celiac disease.

Moreover, it is worth noting that our decision not to include all antibody chains aligns with findings
from previous studies on repertoire construction for phage display. These studies have indicated
that including many minor subfamilies in repertoires does not necessarily add practical value, as
such subfamilies are often compromised and do not significantly contribute to the functionality of
the repertoires. Therefore, a more strategic approach involves concentrating on the amplification
of subfamilies known to exhibit reactivity, which enhances the overall utility of the repertoire in

our research context.

3.3] Analysis of the variable domains

Regarding VH composition of the immune, two different profiles can be observed during the
panning rounds. First, the profile of the 31 VH subfamilies between the unpanned library and
the phage population recovered from the first round of selection remained practically unaltered.
Then a slight increment of VH3-15 subfamily was observed after the second round, followed by a
substantial dominance of this subfamily in rounds three and four. Interestingly, this subfamily Fab
exhibited the highest affinity to the antigen.

Inordertotestthis hypothesis, we conducted pairwise comparisons of the heavy chain composition
between the different rounds using IMGT/StatClonotype. To study the selection process, the
unpanned immune library and its fourth round of selection were compared to observe any

changes in distribution of the V gene. As expected, a significant increase (statistically significant
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for all p-values) in the VH3-15 subfamily, which evolved from a minority to a predominant family
(Figure 3). Although less pronounced, there was also a statistically significant decrease in the

presence of 15 subfamilies, with the remaining subfamilies showing no notable differences.
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Figure 3. Pairwise analysis of VH genes composition of the unpanned immune library (red) and its fourth round
of selection (blue). Normalized proportions (left chart) and intervals at 95 % confidence of the differences in pro-
portions (right chart) for each VH subfamily. The color of the intervals depicts test interpretation: non-significant
(red), significant for al p-values (blue), significant for at least 2 tests (pink) and significant for only Benjamini-Ho-
chberg test (green).

Additionally, it was also determined through pairwise analysis if the initial increase of the VH3-
15 subfamily between rounds 1 and 2 was significant (Figure 4). The test confirmed that VH3-15
was the subfamily that exhibited the most substantial increase, and this increase was statistically
significant for all p-values analyzed. Additionally, two VH4 subfamilies showed a significant
increase, although this significance was observed for only one of the p-values. Although VH4-4
and VH4- 31 subfamilies also presented a significant increase between the studied rounds, they

were not highly represented in the last round.
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VH genes R2 vs R1 (immune library)
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Figure 4. Pairwise analysis of VH genes composition of round 1 (red) and round 2 (blue) of selection of the
immune library. Normalized proportions (left chart) and intervals at 95 % confidence of the differences in pro-
portions (right chart) for each VH subfamily. The color of the intervals depicts test interpretation: non-significant
(red), significant for al p-values (dark blue), significant for one test (light blue).

When examining the selection process of the immune library, a striking observation was made.
Instead of the anticipated gradual increase in selected binders across the rounds, two punctual
selection events were identified. The first event was characterized by a slight yet significant
increase in VH3-15 Fab during the second round. This was followed by their substantial expansion
in rounds 3 and 4. Notably, this event coincided with an increase in the stringency of the selection,
achieved by incorporating additional washing steps. Following the expansion observed in round
3, the VH3-15 variants surpassed the abundance of other variants to such an extent that the
likelihood of other selections became highly improbable. Although there were several notable
changes in the composition of the light chain families throughout the depicted process, it appears

that the role of the light chain as a selection agent may not be decisive.
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The relationship between the VDJ genes of the heavy chains of the immune library was depicted by
generating clustered image maps facing the identified VD, DJ and VJ genes (Figure 5). Considering
that the rearrangement of the chains does not change through the selection rounds, the analysis
was performed using the data from the unpanned library. The main gene associations found were
as follows: VH3-33 with DH5-18 and JH4. VH4-31 with DH5-18, DH3-22 and JH4, VH3-7 with DH6-
19 and JH4, VH3-15 with DH3-10, and JH4 with DH6-19, DH3-16, and DH1-26. Notably, the usage
of the joining gene JH4 was very extended, a normal pattern in the human species were JH genes
presents an asymmetric usage of more than the 40 % for JH4. This situation is derived from re-
arrangements events, in which conserved nonamers, heptamers and 23-bp spacers are involved
(Shi et al., 2020).
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Figure 5. Clustered imaged maps depicting the relation between immunoglobulins VDJ genes of the immune
library. (A) VD genes; (B) DJ genes and (C) VI genes. Darker colors in heatmaps indicate the strongest associations

between genes.
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Another crucial aspect under investigation pertains to the identification of specific characteristics
associated with the celiac response within the immune library. Notably, it was observed that
the selected chain variants (VH3-15) constituted approximately 3.5 % of the total reads during
the initial round. This prevalence aligns with previous reports on directly sequenced biological
samples obtained from healthy controls (Bowers et al., 2014) However, it should be highlighted
that the observed expression level was notably higher than that reported in the human Naive
phage display library (Kim et al., 2017). These variants were selected until the total dominance of

the population in last round (86.2 %).

Previous studies have also emphasized the preferential selection of VH3-15-IgA variants as highly
reactive antibodies against gliadin. However, it is worth noting that the observed VH/VL pairing
was not consistently maintained, as this phenomenon appeared to occur stochastically during
the construction of the library (Steinsbg et al., 2014).

An additional analysis was performed focused on the gliadin-selected Fab variants from the
immune library: the VH3-15 chains of these Fab were alignment against the germline gene
(IMGT accession number M99406), finding several mismatches that could constitute biologically

significant mutations in the gliadin-binding Fab (Table 1).

Table 1. Identification of mismatch mutations heavily repeated on the selected Fab variants from the immu-
ne library after the biopanning process against gliadin.

Position Germline Library % of reads with the mismatch
13 G C 92
92 A G 91
98 G A 95
99 G T 93
150 T G 96
176 C A 91
188 C G 93
193 C T 95
252 A G 96

Upon analyzing the selected variants, a comprehensive examination revealed the presence of
somatic mutations within the VH regions. Specifically, an average of 9 + 2 mismatched bases
were identified across the VH3-15 variants from the final selection round. Remarkably, these
mismatches were distributed extensively throughout the reads, indicating a strong likelihood of
SMH as the underlying cause. Furthermore, the observed mutation rates were consistent with

those found in other pertinent studies. In our study, we also observed an average of 9 mutations
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in IgA serum antibodies reactive to gliadin, while other antibodies exhibited an average of 15
mutations compared to the germline (Steinsbg et al., 2014), This finding suggests that the heavy
chain coding genes captured and subsequently selected within the library may originate from
short-lived plasmatic cells that were activated through an extrafollicular immune response (Ho
et al., 1986). Furthermore, it is important to note that the selection of celiac patients who had
not yet initiated a gluten-free diet logically led to the inclusion of genes derived from short-lived
plasma cells in the library. In the absence of gluten- related response-triggering peptides, it is
highly probable that these short-lived plasma cells would have been inhibited and the patients to

exhibit symptoms. (Sharma et al., 2020).

In addition, the development of B cells in the extrafollicular context is influenced by T cells.
Previous reports have indicated that T cells present at the T-B border within lymph nodes,
distinct in phenotype from germinal center T cells, play a crucial role in the initiation of B-cell
priming for the generation of extrafollicular antibody responses (Lee et al., 2011). This lower
mutation occurrence in gliadin reactive antibodies it was also found in transglutaminase 2 (TG2)
autoantibodies suggesting that the presence of gluten antigens or gluten-specific T cells may
potentially contribute to the observed low mutation rates in the specific IgA antibodies (Steinsbg
et al,, 2014).

When analyzing the evolution of the immune library kappa-light chains throughout the selection
process (unpanned library against round 4), four statistically significant changes were found
(Figure 6): the increase of the Vk1-39, Vk1-27 and Vk1-12 and a decrease of Vk3-20 subfamilies.
In this sense, Vk1-39 has been identified as the most expressed light chain gene in other studies
with naive libraries (Kim et al., 2017). In the present study, this light chain was found to be the
dominant subfamily in the unpanned immune library and also between the selected phages after

the panning process (the most significant increase within the light chains) (Figure 6).

Regarding the re-arrangement process for the kappa-light chains, several VJ association were
found between the most expressed Vk gene (Vk1-39) with Jk-1 to 4, with a stronger occurrence
of Jk-1 and Jk-2 associations (Figure 7). Although there were several notable changes in the
composition of light chain families throughout the immune repertoire selection process, it seems
that the role of the light chain as a selection agent has not proven decisive.
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Vk genes RO vs R4 (immune library)
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Figure 6. Pairwise analysis of Vk genes composition of the unpanned immune library (red) and its fourth round
of selection (blue). Normalized proportions (left chart) and intervals at 95 % confidence of the differences in pro-
portions (right chart) for each VH subfamily. The color of the intervals depicts test interpretation: non-significant
(red), significant for al p-values (dark blue), significant for one test (light blue), and significant only Benjamini-Ho-
chberg test (green).

193



194 4. RESULTADOS

Homsap IGKV1-33
[ Homsap IGKV4-1
Homsap IGKV1-NL1
{ Homsap IGKV1-8
. Homsap IGKV1-27
= Homsap IGKV1-9
Homsap IGKV1-6
‘ﬂ Homsap IGKV1-16
Homsap IGKV1-17
Homsap IGKV1D-12
Homsap IGKV1D-13
Homsap IGKV1-13

Homsap IGKV1-17, ¢
Homsap IGKV1-16, «
Homsap IGKV1D-16

_E _ | Homsap IGKV1-5

Homsap IGKV1-12

Homsap IGKJ3 l

Homsap IGKJ5
Homsap IGKJ4
Homsap IGKJ2
Homsap IGKJ1

Figure 7. Clustered imaged maps depicting the relation between VI (k chains) genes of the immune library.
Darker colors in heatmap indicate the strongest associations between genes.

In summary, the immune library successfully captured and preserved characteristics associated
with celiac disease, as identified by multiple researchers. These features were utilized to generate
novel high-affinity Fab targeting gluten. The resulting Fab possess unique attributes, incorporating
key elements of the humoral response observed in celiac patients. Consequently, they serve as
valuable probes for gluten immune-detection in food products. This innovative approach offers
distinct advantages over the traditional monoclonal antibody-based methods that rely on animal
immunization, which are currently available in the market.

Similar analyses were performed with the data obtained from the sequencing of the library which
was constructed by merging immune and semi-synthetic chains, but mainly focus on the light
chains. In this case, no significant changes in the composition of the light chains were found
through the selection process (Figure 8). Since this library was built based on a preexistent dAb
(previously isolated for its affinity against gliadin) which was present in all the sequences, such

result demonstrated that the immune light chains were not a determinant selector of gliadin-
binding Fab.
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Vk genes RO vs R3 (merged library)
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Figure 8. Pairwise analysis of Vk genes composition of the unpanned semi-immune library (red) and its third round
of selection (blue). Normalized proportions (left chart) and intervals at 95 % confidence of the differences in propor-
tions (right chart) for each VH subfamily. The color of the intervals depicts test interpretation: non-significant (red).

3.3.2 Analysis of the constant domains

An additional analysis, not commonly implemented in this kind of studies, involved the identification
of changes in antibody classes and subclasses that might occur during the selection process. This
analysis is of particular importance in the characterization of the immune library, since it could
contribute to demonstrate the translocation of the humoral response found in the celiac donors, in
the phagemid DNA that constituted the library. This study revealed a clear change on the antibody
subclass when comparing the unpanned library and its fourth round of selection (Figure 9). Before
de selection process, the vast majority of chains presented an IgG1 subclass (56 %), followed by a
33 % of 1IgG2 subclass, and a the 10 % of IgA chains. On the other hand, after the selection process,

the most represented chain was IgA2 (36 %) which resulted the minority subclass in the unpanned
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library (14-fold increase in abundance). As observed, the composition in antibody classes and
subclasses completely changed during the selection process against gliadin. This finding further
correlates with the fact that IgA2 was the subclass of the best gliadin-binding Fab isolated from
the library (Garcia-Calvo et al., 2023).
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Figure 9. Antibody subclass composition of the unpanned immune library (RO, orange) and its fourth round of
selection (R4, green). Data were extracted from the alignment of the sequences of each round against the human
genome, followed by counting sequences with the coverage function of the bedtools package.

The library composition by subclass, prior to the selection process, closely resembled that of
IgG in human serum, where IgG represents over 80 % of immunoglobulins. Furthermore, the
customary 2:1 ratio in the quantity of IgG1 and IgG2 was maintained (Vidarsson et al., 2014). The
proportion of IgA antibodies in the repertoire also mirrored the typical range found in healthy
human serum, which is approximately 10 — 15 % (Loh et al., 2013). However, it is important to
note that in celiac disease, this proportion is often increased, as reported in previous works (Caio

et al., 2019), a phenomenon that was not captured in our repertoire.

Notably, there was a clear selection of antibodies from the IgA2 subclass. IgA2 is minimally
represented in the bloodstream under normal circumstances, except in cases of intense celiac-
type responses, where antibodies from this subclass (typically expressed in the intestinal mucosa)
appear in the plasma (Volta et al., 2008). Therefore, it is not surprising that the most reactive

antibodies against gliadin that were selected predominantly belonged to the IgA2 subclass.
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Besides, no significant changes were observed in the comparison of antibody subclasses between

the unpanned semi-immune library and its last round of selection (Figure 10).
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Figure 10. Antibody subclass composition of the unpanned semi-immune (RO, orange) and its third round of
selection (R3, green). Data were extracted from the alignment of the sequences of each round against the human
genome, followed by counting sequences with the coverage function of the bedtools package.

Although equimolar PCR products were used in the library construction procedure with the
intention of achieving equal representation of the heavy chain subclasses (25 % each), sequencing
data indicated that certain chains had been amplified more efficiently than others, resulting in a

slight imbalance.

In the present study, the investigation of the merged library revealed an absence of discernible
evolutionary dynamics. Notably, no substantial alterations were observed between the initial and
final rounds of selection for the light chains. This trend was similarly observed for the heavy
chains, where the 1gG3 Fab exhibited a high level of recurrence with nearly identical frequencies
at both endpoints. The preservation of dAb functionality while transitioning into Fab can be
attributed to primarily structural factors, specifically the transformation of the heavy chain and
the incorporation of immune light chains. Consequently, it can be postulated that the acquisition
of diverse antibody variants through evolution and selection processes played a lesser role in this

particular context.
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4  CONCLUSIONS

This study presents an illustrative demonstration of a rapid and precise methodology for
sequencing and analyzing antibody repertoires (and their usage) generated through phage-

mediated affinity-selection processes.

The utilization of Oxford Nanopore technology facilitated a user-friendly and expeditious
sequencing approach using portable equipment. This compact device enables the acquisition of
significantly longer reads, thereby allowing simultaneous sequencing of entire Fab, obviating the
need for assembly from fragmented reads.

The proposed workflow analysis enables the generation of valuable data for a comprehensive
characterization of the selection process, revealing features that may be overlooked by other
analytical methods, such as traditional Sanger sequencing of individual colonies. This approach
provides a deeper insight into the selection process, capturing additional information that would

otherwise be inaccessible due to the size of the data generated.

The primary analysis approach facilitated a rapid and seamless handling of the raw data produced
by the sequencing device. This encompassed key steps such as basecalling utilizing neural
networks, demultiplexing, quality analysis, trimming of low-quality sequences, and alignment
against the reference genome. These steps effectively prepared the data for secondary analysis

focused on antibody data generation, utilizing only high-quality sequences.

The secondary analysis involved the utilization of bioinformatics tools, specifically IMGT/HighV-
Quest, for the classification of reads based on VDJ genes, CDR features, and clonotype organization.
Additionally, IMGT/StatClonotype was employed for statistical analysis and alignment-dependent
analysis was conducted for isotyping and mutation analysis. These bioinformatics tools provided
essential functionalities to enable comprehensive exploration and interpretation of the obtained

data in an immunological context.

The progression of the panning process of theimmune library against gliadin revealed a discernible
selection pattern, as evidenced by the substantial expansion of VH3-15 variants within the Fab
population starting from round 2, despite the initial presence of over 30 heavy chain families.
While there were notable alterations observed in the composition of light chains, the data suggest

that these chains did not play a significant role in the depicted selection process.

The analysis specifically targeting the merged chains library revealed that the conservation and
expansion of features observed in the transformation of a pre- existing dAb into a Fab were not
dependent on molecular selection. Significantly, no substantial changes were detected in the
immune light chains cloned or in the transformation of the dAb into a heavy chain. This suggests
that other factors, like structural characteristics, might have contributed to the preservation and

amplification of these features.
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Lastly, the analysis of the VH3-15 variants that were selected during the panning process provided
insights into certain immunological characteristics of the Fab. The lower observed mutation rate
in the VH segment, consistent with previous findings, suggests that the generated Fab originated
from plasma cells activated through T-cell dependent extrafollicular stimulation. These identified
features validate that the immune library generated encompasses crucial attributes transferred

from the humoral response of individuals with celiac disease.
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Existen diversas metodologias para la deteccidn de gluten en alimentos, entre las que destacan las
técnicas de inmunodeteccidn, que se basan en la especificidad de la unién de los anticuerpos con
sus correspondientes antigenos. Debido a la elevada prevalencia de las patologias relacionadas con
el gluten (Taraghikhah et al., 2020), en las Ultimas décadas se han desarrollado varios anticuerpos
con alta afinidad para su deteccion, segun la tecnologia disponible en cada momento. Las primeras
aproximaciones se llevaron a cabo mediante el aislamiento de anticuerpos policlonales a partir
del suero de animales inmunizados (Manohar, 2002). La revolucion tecnolégica que supuso la
generacion de hibridomas productores de anticuerpos monoclonales también se trasladé a este
campo. Entre los anticuerpos monoclonales generados frente al gluten destaca el R5, a partir
del cual se desarroll6 un sistema de deteccion de ELISA sandwich directo que, a dia de hoy, es el
método de referencia del Codex Alimentarius para la deteccion de gluten en alimentos (Méndez
et al., 2005).

Actualmente, los anticuerpos monoclonales siguen siendo muy utilizados, pero se han obtenido
nuevos tipos de moléculas, como los anticuerpos recombinantes, que presentan varias ventajas,
como una produccion rapida y constante de diversos tipos de fragmentos de anticuerpos sin
necesidad de utilizar animales de experimentacion, la posibilidad de introducir modificaciones
funcionales en la molécula y que, a diferencia de los anticuerpos secretados por hibridomas, no

presentan cadenas no deseadas (Bradbury et al., 2018).

A finales del siglo XX se desarrollé el concepto de evolucién dirigida de proteinas, que abrid
nuevas posibilidades en la produccién de anticuerpos. Se basa en generar amplios repertorios de
proteinas (anticuerpos en este caso) que se someten a sucesivas rondas de seleccién frente a un
antigeno, seguidas de la amplificacion de los candidatos seleccionados. Esto permite generar una
poblacién de anticuerpos en la que estdn representados mayoritariamente aquellos con mayor
afinidad frente al antigeno objetivo. La tecnologia mas utilizada es la de phage display, basada
en el emparejamiento del fenotipo (anticuerpo) con el genotipo (la secuencia de ADN que lo
codifica) en fagos filamentosos (M-13) que contienen un fagémido (genotipo) que codifica un

anticuerpo unido a proteinas propias del fago (fenotipo).
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El objetivo de este trabajo ha consistido en trasladar la respuesta humoral de pacientes celiacos
a dos repertorios de anticuerpos recombinantes, para obtener moléculas que presentaran una
elevada afinidad por el gluten.

Gracias a los avances en ingenieria de proteinas, existe una gran cantidad de fragmentos de
anticuerpos que no se encuentran en la naturaleza y que estan disefiados especificamente para
un uso concreto. El tipo de fragmento de anticuerpo recombinante elegido para la construccion de
repertorios durante la presente tesis doctoral fue el Fab (fragmento de unién al antigeno), que esta
compuesto por dos cadenas: la cadena ligera completa (con sus regiones variable y constante), y
una cadena pesada que consiste en el dominio variable y la primera regién constante (CH1) de las
inmunoglobulinas de mamiferos, pero que carece de la region Fc (fragmento cristalizable). Este
formato replica la region que se une a los antigenos en los anticuerpos naturales, proporcionando
el bolsillo paratépico completo. Ademads, los Fab son mas estables que los formatos de cadena
Unica, debido al puente disulfuro que une las cadenas pesada y ligera. Su menor tamafio (en
comparacion con las inmunoglobulinas completas) mejora sus propiedades de difusién y facilita

la expresién recombinante en células procariotas (Kang & Seong, 2020).
Para conseguir este objetivo general fue necesario desarrollar los siguientes objetivos parciales:

1. Obtencion y preparacion de muestras biolégicas como material de partida para el
desarrollo de repertorios de anticuerpos recombinantes.

2. Construccién de un repertorio semiinmune de Fab para seleccionar anticuerpos
recombinantes de alta afinidad frente al gluten.

3. Construcciondeunrepertorioinmunede Fab paraseleccionaranticuerposrecombinantes
de alta afinidad frente al gluten.

4. Produccién soluble de los Fab seleccionados a partir de los repertorios generados y

desarrollo de técnicasinmunoenzimaticas ELISA para la deteccidn de gluten en alimentos.

5. Modelizacion in silico de la estructura e interaccion de los anticuerpos recombinantes
obtenidos que presentaban mejores caracteristicas de deteccion.

6. Caracterizacion de los repertorios mediante técnicas de secuenciacion masiva.



5.1 OBTENCION Y PREPARACION DE MUESTRAS BIOLOGICAS

5] OBTENCION Y PREPARACION DE MUESTRAS BIOLOGICAS
COMO MATERIAL DE PARTIDA PARA EL DESARROLLO DE
REPERTORIOS DE ANTICUERPOS RECOMBINANTES

A través de una colaboracion con el Hospital Universitario Fundacion Jiménez Diaz (Madrid), se
seleccionaron varios pacientes recién diagnosticados de enfermedad celiaca. Una vez firmado el
preceptivo consentimiento informado, los pacientes seleccionados donaron su sangre, de la que
se aislaron linfocitos B. EI ARN aislado de los linfocitos se retrotranscribié a ADNc y fue utilizado
como molde para amplificar los genes que codifican para las cadenas ligeras y pesadas de los

anticuerpos.

5.1.1 Proceso de seleccion de pacientes para su inclusion en el estudio

La construcciéon de un repertorio inmune con suficiente diversidad como para permitir el
aislamiento de Fab de alta afinidad dirigidos frente al gluten, requeria capturar las secuencias
codificantes de los anticuerpos involucrados en la respuesta humoral frente al antigeno objetivo.
Para cumplir con este requisito, se buscaron donantes con una alta respuesta humoral frente a
varios de los antigenos relacionados con la patologia celiaca, que generalmente se correlacionan
con una respuesta elevada frente a la gliadina (antigeno objetivo). Los pardmetros iniciales
para la seleccién de donantes incluyeron los titulos de anticuerpos 1gG e IgA dirigidos frente
a transglutaminasa tisular (anti-tTG) y a péptidos deaminados de gliadina (anti-DGP). Estos
marcadores seroldgicos son muy utilizados en la practica clinica, debido a que su presencia se
correlaciona con el dafio intestinal, y a que su sensibilidad y especificidad para el diagndstico
de la enfermedad celiaca no tratada son cercanas o superiores al 95 % (Leffler & Schuppan,
2010). El establecimiento de un punto de corte estandarizado y universalmente aplicable con
fines predictivos para estos biomarcadores, particularmente el titulo de anti-tTG circulante, es
complejo debido a la falta de armonizacion entre los diversos métodos de ensayo disponibles, y a
que la mayoria de las investigaciones se dirigen a la poblacién pediatrica (Beltran et al., 2014). En
consecuencia, en el proceso de seleccion de pacientes para este trabajo, nuestros colaboradores
clinicos se basaron en las pautas clinicas de su hospital, que dictaban los umbrales de las pruebas

analiticas, adaptados al contexto de su poblacidn.

La utilizacion del titulo de anticuerpos especificos frente a la gliadina completa en sangre
periférica como biomarcador de enfermedad celiaca no es muy comuln en la practica clinica
contemporanea, debido a que es menos sensible que otros biomarcadores (Singh et al., 2022).
No obstante, en esta tesis doctoral se considerd importante incluirlo, debido a que se ha utilizado
la gliadina como antigeno principal para el proceso de seleccidn. Caracterizar minuciosamente la
respuesta humoral de los posibles donantes frente a la gliadina fue fundamental, ya que permitié

trasladar estas caracteristicas inmunoldgicas a los repertorios desarrollados.
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También fue muy importante asegurarse de que los pacientes no hubieran iniciado una dieta
sin gluten, ya que su eliminacién inhibe de manera significativa y abrupta la respuesta humoral

anormal de la enfermedad celiaca (Sharma et al., 2020).

En el estudio se incluyeron cuatro pacientes como posibles donantes (Tabla 4.2.1). El paciente
2 fue descartado porque los niveles de IgG anti-tTG eran bajos y la IgA anti-gliadina rozaba los
niveles limites para su consideracidn como positiva. El paciente 3 presentaba niveles elevados
de respuesta humoral y un claro diagndstico de celiaquia, pero no pudo ser incluido porque
comenzo unilateralmente una dieta sin gluten antes de la donacién de sangre. Finalmente, los
pacientes 1 y 4 cumplieron con todos los requisitos, firmaron el consentimiento informado, y

donaron muestras de sangre.

Con el fin de conocer y trasladar al repertorio la respuesta humoral de los pacientes seleccionados
con mayor facilidad, se analiz6 una muestra de suero de cada donante (pacientes 1y 4) para
cuantificar la expresidn de los distintos subisotipos 1gG frente a la gliadina nativa (Figura 4.2.1S).
Los pacientes 1y 4 presentaron diferentes respuestas de subisotipo IgG frente a la gliadina, con
la expresion dominante habitual de I1gG1 en el paciente 1 (Nahm et al., 1987; Napodano et al.,
2021). Sin embargo, el paciente 4 también presentd una expresiéon muy alta del subisotipo 1gG2,
una caracteristica inusual en la enfermedad celiaca (Husby et al., 1986), pero se considerd de

interés para la construccidn del repertorio.

A pesar de que el numero de donantes iddoneos era reducido, los altos niveles de repuesta
frente a la gliadina nativa indicaban que era un antigeno altamente inmunogénico para ellos,
y esto aseguraba (al menos tedricamente) una elevada probabilidad de aislar anticuerpos de
alta afinidad (Hoogenboom, 1997). Ademas, investigaciones recientes han demostrado que no es
estrictamente necesario generar repertorios a partir de gran cantidad de muestras bioldgicas, si
se amplifican las cadenas de anticuerpos correctamente, dado que el sistema inmune de un solo

individuo genera la suficiente diversidad molecular (Erasmus et al., 2021).

5.1.2 Aislamiento de linfocitos B de sangre periférica para la extraccion y
caracterizacion de su RNA

El material de partida para la amplificacion de los genes codificantes para las cadenas de
anticuerpos que se incluyeron en el repertorio de Fab fue el ARNm extraido de linfocitos B de
sangre periférica de los pacientes celiacos seleccionados. Como estos linfocitos producen los
anticuerpos maduros frente al antigeno objetivo de esta forma se aseguraba la amplificacion de
las moléculas de ARNm que codifican las secuencias ya reorganizadas a partir de la recombinacion
de los genes V, Dy J (Victora & Nussenzweig, 2012).
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Otros investigadores han desarrollado repertorios a partir de linfocitos B residentes en tejidos
intestinales, cuyos anticuerpos estan menos madurados, pero son mas diversos, ademas de
proceder de una mucosa continuamente estimulada por los antigenos (Marzari et al., 2001).
Esta opcidn no se considerd adecuada ni posible para la presente tesis doctoral, porque hubiera
requerido obtener muestras de biopsias intestinales de gran cantidad de pacientes, con las

dificultades técnicas, logisticas y éticas que ello conllevaria.

Seaislaron células mononucleares de la sangre de los pacientes mediante separacion con gradiente
Ficoll®. A partir de estas células, se aisld el ARN total utilizando el reactivo TriZol LS, obteniendo 100
ug de alta calidad (con valores de RIN (RNA integrity number) superiores a 8/10). Con el ARN total
de cada paciente se realizd RT-PCR utilizando cebadores oligo-dT-20 inespecificos, y se obtuvo el
ADNCc que se empled como molde para las amplificaciones especificas de los genes que codifican
para anticuerpos. Teniendo en cuenta la cantidad limitada de ARN aislado, se consideré que esta
era la mejor opcidn, aunque otros investigadores también proponen amplificar directamente del

molde de ARN las secuencias que codifican para las cadenas de anticuerpos (Lee et al., 2021).

5.2 CONSTRUCCION DE UN REPERTORIO SEMIINMUNE DE FAB,
MEDIANTE LA COMBINACION DE CADENAS DE ANTICUERPOS
DE ORIGEN SEMISINTETICO E INMUNE, Y DESARROLLO DE UN
METODO ELISA PARA LA DETECCION DE GLUTEN, UTILIZANDO
LOS FAGO-FAB SELECCIONADOS POR PHAGE DISPLAY

Para la construccién de este repertorio se partié de un dAb preexistente (Garcia- Garcia et al.,
2020) que se transformé en una cadena pesada de Fab (afiadiendo las regiones constantes para
IgG) y, a continuacidn, se clond en un subrepertorio que contenia los genes que codifican para las
cadenas ligeras de los anticuerpos de los pacientes celiacos. Se trata, por tanto, de un repertorio

semiinmune.

5.2.]1 Construccion del subrepertorio de cadenas pesadas semisintéticas

Para la construccion de la cadena pesada de los Fab, se utilizd como base la secuencia de un
anticuerpo de dominio Unico (denominado dAb-8E) dirigido frente al gluten, y obtenido
previamente por nuestro grupo (Garcia-Garcia et al., 2020). Previamente a la clonacion, la
secuencia del dAb-8E se sometié a una mutacién dirigida para eliminar un sitio de restriccién
intrasecuencia no deseado. Dado que la secuencia del dAb carece de la regidn constante de la
cadena pesada, las secuencias codificantes para los Fab se construyeron con la secuencia dAb-8E
como VH, y laregién CH1 se agregd mediante OE-PCR (Overlap-PCR). Se realizd una primera ronda
de PCR para obtener las secuencias del dAb-8E y las secuencias codificantes para los CH1-1gG,

que dieron origen a constructos intermedios de 392 y 300 pb, respectivamente, con extremos
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modificados y solapantes. Los fragmentos de ADN, purificados a partir de la electroforesis en
gel de agarosa, se utilizaron como ADN molde para la segunda ronda de PCR (OE-PCR), lo que
permitié la superposicidn y fusidn de las secuencias anteriores (dAb-8E y CH1-1gG), para obtener
los constructos que codifican para la cadena pesada del Fab (Figura 4.1.1A). La metodologia de
ingenieria de anticuerpos desarrollada en esta tesis doctoral para transformar una molécula
pequefia (el dAb) en una de mayor tamaiio (Fab), es novedosa y Unica en el campo de la deteccién
de alérgenos. Esta aproximacion se aplica habitualmente en el disefio de receptores de células
T quiméricos (CAR-T cell, Chimeric Antigen Receptor- T cell) una de las terapias oncolégicas mas
eficaces actualmente (Schoonjans et al., 2000). También se suele utilizar la estrategia contraria,
consistente en transformar una molécula completa en un fragmento mds pequefio y de cadena

Unica, como los scFv (de Aguiar et al., 2021).

5.2.2 Construccion del subrepertorio de cadenas ligeras inmunes

El ADNc obtenido de las muestras bioldgicas de los pacientes se utiliz6 como molde para una
primera ronda de PCR con el fin de amplificar los genes codificantes para las cadenas ligeras
completas, lo que dio lugar a fragmentos de aproximadamente 650 pb. Teniendo en cuenta la
cantidad limitada de ARN obtenido de las muestras bioldgicas, se priorizé la amplificacidon de
las cadenas kappa, observandose una mayor expresion de la familia Vk1 (Figura 4.1.1B), que
es el tipo de cadena ligera mas expresada por el ser humano (Guigou et al., 1990). Después de
la purificacién del ADN, se realizdé una segunda ronda de PCR para incluir sitios de restriccion
mejorados (colas adyacentes a los sitios de restriccidn para facilitar el acceso de las enzimas) en

las secuencias codificantes para cadenas kappa.

5.2.3 Clonacion del repertorio de Fab y seleccion por afinidad frente a la gliadina
(panning)

Para la construccion del repertorio de Fab, se realizé un proceso de clonacién en dos pasos. Se
clonaron primero las cadenas ligeras de origen inmune y posteriormente las cadenas pesadas de
origen semisintético. Era necesario mantener este orden, debido a que las cadenas amplificadas
con el cebador VH4gs (Tabla 4.2.1S) contienen secuencias muy similares a las dianas de restriccién

introducidas para la clonacién de las cadenas ligeras (Barbas et al., 2001).

En primer lugar, se clonaron los insertos que codifican para las cadenas ligeras en el fagémido
pComb3X linealizado, y se transformaron en células electrocompetentes E. coli XL-1 Blue,
obteniéndose el subrepertorio de cadenas ligeras, compuesto por 1,4 x 10’ transformantes
totales. Se aislé el ADN plasmidico y se linealizd6 nuevamente para clonar los constructos
codificantes para las cadenas pesadas. Los productos de ligacion finales se precipitaron y se
transformaron (con un elapsed time 4 ms), lo que dio lugar a un repertorio de Fab con un RZ de

2,7 x 10’ (factor de autoligacion del 2 %), cumpliendo con los estandares considerados aceptables
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para este tipo de repertorios (RZ > 10’ y un factor de autoligacion menor al 5 %). Estos criterios
de calidad, desarrollados por los primeros investigadores en phage display (Barbas, 2001), son
muy utilizados. Sin embargo, mas recientemente se ha descubierto que el tamafio aparente del
repertorio (determinado como transformantes totales) no se corresponde con el tamafio real
(que se puede medir por técnicas de secuenciacidon masiva), y que puede llegar a ser bastante
menor del esperado (del orden de 10* en lugar de 107 secuencias distintas), aunque el repertorio
siga siendo funcional (Glanville et al., 2015). Por lo tanto, estos criterios de calidad mas antiguos
se siguen empleando por su facil aplicacién e inmediatez, pero no son una medida absoluta del

tamafio y calidad de los repertorios.

Después de la infeccidn con el fago auxiliar (VSC-M13), se aislé el repertorio de fago-anticuerpos
mediante purificacion con polietilenglicol (PEG) y se utilizd para el panning (rondas sucesivas de
seleccién y amplificacion) frente a gliadina- PWG. El proceso de enriquecimiento del repertorio se
caracterizd mediante la titulacién de los fagos eluidos después de cada una de las tres rondas de
seleccidn realizadas. La recuperacion de fagos aumentd 58 veces después de la tercera ronda de
panning, lo que indica una probable seleccién de variantes de fago-anticuerpos frente a la molécula
objetivo (Figura 4.1.1S). Para confirmar este resultado, se realizaron ensayos de ELISA policlonal
para evaluar si hubo un enriquecimiento efectivo en fago-Fab con alta afinidad por la gliadina. Como
era de esperar, la gliadina apenas fue detectada por el repertorio no seleccionado, pero después
de la primera interaccién con el antigeno de interés, se produjo un aumento de sefial de 7 veces,
y se obtuvieron valores maximos de absorbancia con las poblaciones de fago-Fab de la segunda y
tercera rondas de seleccidn. Se registraron sefiales muy bajas (< 0.2 UA) para el control negativo
(BSA utilizado en la solucién de bloqueo), lo que indica que no hubo una seleccién no especifica
de variantes de fagos frente a otros componentes del soporte o el bloqueante (Figura 4.1.2S). Con

estos resultados, se considerd innecesaria una cuarta ronda de seleccion.

5.2.4 Seleccion de clones de fago-Fab individuales mediante ELISA monoclonal

A partir de las placas de titulacidn de la poblacién de fagos eluidos de la tercera ronda de panning, se
seleccionaron aleatoriamente un total de 24 clones individuales. Los sobrenadantes (que contenian
los fago-anticuerpos) se diluyeron y se sometieron a un ensayo de ELISA indirecto con fago-Fab
monoclonales en placas recubiertas con gliadina-PWG (Figura 4.1.2A). Se identificaron los pocillos
con fago-anticuerpos que reconocian el antigeno, lo que dio lugar a la seleccién de 4 de los 24
clones (aproximadamente el 17 %) como clones de alta afinidad frente a gliadina (aquellos que
presentaban valores de absorbancia superiores a 2 UA y sefales de control negativo inferiores a
0,3 UA, para asegurar la ausencia de reactividad cruzada con el bloqueante). La técnica de ELISA
indirecto con fago-Fab monoclonales también se empled para evaluar la afinidad y especificidad de
los cuatro fago-Fab seleccionados, como una forma de caracterizacion parcial de los Fab aislados,
antes de su produccién como moléculas solubles no unidos a fagos, ya que esta estrategia demostrd

ser muy util en trabajos anteriores (Garcia-Garcia et al., 2020; Madrid et al., 2020).
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Para analizar la afinidad, se obtuvo una curva de dosis-respuesta para cada variante de fago-Fab
frente a concentraciones crecientes (2,5 - 75 pug/mL) de gliadina-PWG (Figura 4.1.2B). El Fab8E-4
mostro las propiedades de reconocimiento mas prometedoras, produciendo la curva de dosis-
respuesta mas sensible. Ademas, se realizd una prueba de especificidad con harinas de diferentes
cereales (Figura 4.1.2C) para evaluar el rendimiento de los clones seleccionados en una matriz
alimentaria real, y para comprobar los tipos de prolaminas reconocidas por los fago-Fab. El
Fab8E-4 mostrd mayor capacidad de deteccion de prolaminas de trigo, cebada y centeno que el
resto de los clones analizados. Teniendo en cuenta estos resultados, entre los fago-Fab aislados,
el Fab8E-4 presentd mejores caracteristicas para la deteccidn de prolaminas, tanto en diluciones
de gliadina pura como en extractos etandlicos de fuentes naturales de gluten. En consecuencia,

se selecciond el fago-Fab8E-4 para ensayos posteriores.

5.2.5 Secuenciacion y analisis de los clones seleccionados

La secuenciacion del ADN plasmidico de varios clones aislados después de la transformacion
bacteriana mostré que el proceso de clonacién en dos pasos fue exitoso, dado que la gran
mayoria de clones secuenciados eran Fab clonados en el marco de lectura correcto, y que no
se observaron ni eventos generalizados de autoligacién ni otros artefactos. Por lo tanto, el
repertorio construido consistié en una coleccidn de cadenas ligeras expresadas en pacientes con
enfermedad celiaca y cuatro conjuntos de cadenas pesadas (subclases 1gG1, IgG2, 1gG3 e 1gG4)
que comparten como region variable la secuencia del dAb-8E. A partir del anélisis de la secuencia
de ADN de los clones seleccionados como positivos después del biopanning (Figura 4.1.3A), se
observé que todos derivaban de la disposicion combinatoria de cuatro cadenas ligeras diferentes
y la misma cadena pesada, dAb-8E-IgG3. (Figura 4.1.3B). Este hecho podria significar que las
cadenas pesadas, y no las cadenas ligeras, son los principales agentes en el proceso de evolucidn
molecular que selecciona los clones de alta afinidad; lo que no es extrafio, puesto que en los
anticuerpos humanos, la cadena con mayor participacion en la interaccién con el antigeno es la
cadena pesada (Schoonbroodt et al., 2008). La avidez general del Fab puede verse incrementada
gracias a la adicién de cadenas ligeras que también generen contactos adicionales con el antigeno,

reforzando la afinidad de la cadena pesada dAb-8E-1gG3.

El repertorio derivado del dAb presenta la mitad de la diversidad de CDRs en comparacion con un
repertorioinmune completo, ya que la diversidad sélo aparece en las cadenas ligeras. Sin embargo,
la afinidad total del repertorio se mejora, ya que muchos de los fago-Fab de un repertorio inmune
podrian no unirse correctamente al antigeno diana, mientras que en este repertorio todas las
cadenas pesadas se unen a la gliadina. Aunque esta situacidon podria conducir a no detectar
un nuevo Fab “alin mejor” que podria encontrarse (o no) en un repertorio inmune cldsico, la
seleccion de una subclase de anticuerpo expresada minoritariamente en el ser humano, como
IgG3 (Damelang et al., 2019), muestra que el reordenamiento artificial podria generar estructuras

funcionales muy subrepresentadas en la naturaleza.
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5.2.6 Caracterizacion del fago-Fab8E-4 como sonda para deteccion de gluten en
alimentos mediante una técnica ELISA indirecto

A partir de los resultados anteriores, quedd demostrado que el clon Fab8E-4 presentaba mejores
caracteristicas que el resto, por lo que, se continud con su caracterizacién. Para comparar la
sensibilidad del ELISA basado en el fago- Fab8E-4 con el del fago-dAb8E parental, ambos formatos
de anticuerpo (Fab y dAb) fueron expresados unidos a la proteina plll del mismo fago auxiliar
VSC- M13. Una vez obtenidos los dos formatos unidos al mismo fago, se compararon sus curvas
dosis-respuesta frente a concentraciones crecientes de gliadina- PWG (0,5 - 6 pug/mL) (Figura
4.1.4A). El fago-Fab presentd una capacidad ligeramente superior al fago-dAb para detectar
la gliadina-PWG en solucién. Siguiendo las guias de Eurachem para la validacion de métodos
analiticos (Magnusson, 2014), el limite de deteccidn (LOD) utilizando el fago-Fab8E-4 se establecid
en 0,01 pug/mL (Figura 4.1.4B).

Considerando que los inmunoensayos podrian verse influenciados por efectos de la matriz
alimentaria, se prepard un conjunto de mezclas binarias que incluian diferentes concentraciones
(0; 0,1; 0,2; 0,5; 1; 2,5; 5; 7,5; 10 y 100 mg/g) de una mezcla proporcional de harinas de trigo,
cebaday centeno sin tratar en una base de harina de arroz. Se selecciond la harina de arroz como
la base de las mezclas debido a que no produjo interferencias cuando se analizé6 mediante ELISA
indirecto con el fago-Fab8E-4, y porque se utiliza con frecuencia en formulaciones de alimentos
sin gluten. Algunos investigadores han propuesto adoptar un enfoque tedrico para estimar la
cantidad de gluten como aproximadamente el 10 % del peso del cereal (Martin-Ferndndez et
al., 2015). Por lo tanto, las mezclas binarias utilizadas en este trabajo para evaluar la idoneidad
del inmunoensayo en una matriz alimentaria real podrian interpretarse como muestras que
contienen aproximadamente 10, 20, 50, 100, 250, 500, 750, 1000 y 10.000 mg de gluten por kg
de producto (partes por millon o mg/kg de gluten en una muestra de alimento). Estas mezclas

binarias experimentales fueron utilizadas para la validacién interna del ensayo (Figura 4.1.4C).

Los limites de deteccion (LOD) y cuantificacion (LOQ) obtenidos a partir del andlisis de las
mezclas binarias con el fago Fab8E-4 fueron de 10 y 88 mg/kg de gluten, respectivamente. En
consecuencia, este ELISA indirecto permitiria detectar los alimentos que superen el umbral de
20 mg/kg establecido para clasificar los productos como “sin gluten” conforme a la legislacion
vigente (Diario Oficial de la Unidn Europea, 2014). La aplicabilidad del método propuesto se probd
con diez productos alimentarios comerciales (cinco etiquetados como sin gluten y cinco como
con gluten) (Tabla 4.1.54). El ELISA indirecto con el fago- Fab8E-4 fue capaz de diferenciar ambos
tipos de productos. Estos resultados se confirmaron con un ELISA comercial de tipo sandwich

basado en el anticuerpo monoclonal R5, el método mds utilizado para el andlisis de gluten.

Finalmente, se realizd un analisis de Western blot para elucidar qué fracciones de prolaminas

de diferentes cereales que contienen gluten eran reconocidas por el anticuerpo recombinante
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desarrollado (Figura 4.1.4D). Como control se utilizé6 una preparacion comercial de gliadina de
trigo que contenia todas las subunidades de gliadina. Los resultados mostraron que el fago-
Fab8E-4 era capaz de reconocer significativamente las bandas de proteinas entre 25 y 48 kDa,
que podrian corresponder a las subunidades de glutenina de bajo peso molecular y las a, By
y-gliadinas (Wan et al., 2014).

5.3 CONSTRUCCION DE UN REPERTORIO INMUNE DE FAB Y
DESARROLLO DE UN METODO ELISA PARA LA DETECCION DE
GLUTEN, UTILIZANDO LOS FAGO- FAB SELECCIONADOS POR
PHAGE DISPLAY

En la construccion de este segundo repertorio, completamente inmune, se incluyeron cadenas
ligeras y pesadas generadas directamente a partir de los linfocitos B de los pacientes incluidos en

el estudio.

5.3 Construccion del repertorio inmune

Para la construccion del repertorio inmune, el ADNc derivado de las muestras obtenidas de los
pacientes seleccionados se empled para amplificar las secuencias que codifican tanto las cadenas

ligeras como las cadenas pesadas de los anticuerpos.

Al igual que en el subrepertorio de cadenas ligeras, la amplificacion de los fragmentos que
codifican las cadenas pesadas de anticuerpos se realizd en dos rondas de PCR secuenciales.
Debido al posible sesgo de amplificacion durante la PCR, algunas cadenas pueden acabar
sobrerrepresentadas en comparacion con las expresadas en los pacientes (Lee et al., 2021). Para
evitar este problema, se utilizaron las mismas condiciones de PCR para todas las cadenas, de
modo que se obtuvieron cantidades diferentes de ADN amplificado de cada cadena, segin familia
de genes V e isotipo (por ejemplo, VH135-IgG1; VH4-IgA...), en lugar de un conjunto equimolar
de cada tipo de cadena. Ademas, los amplicones codificantes de las cadenas pesadas de los Fab
(Figuras 4.2.2SA y 4.2.2SB), se generaron con sitios de restriccion terminal diferentes que los de

las cadenas ligeras (Figuras 4.2.2SC y 4.2.2SD) para permitir una clonacién secuencial.

Este enfoque es novedoso y Unico debido al uso del formato Fab, mientras que la mayoria de
los trabajos previos se centraron en el formato scFv (Marzari et al., 2001; Rhyner et al., 2003), y
también debido a la amplificacién de la mayor cantidad posible de genes VH para generar una
amplia diversidad, a diferencia de estudios anteriores que se enfocaron en ciertas familias VH
como VH4 (Sblattero et al., 2000) o VH5 (Not et al., 2011).

Los resultados obtenidos mostraron una mayor expresion de genes VH135-IgG1 y Vk1, lo que

confirma que la amplificacién de cadenas se ha producido respetando la expresion que se suele
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observar en la respuesta fisioldgica humana, dado que el primer VH135 amplifica de manera
conjunta la primera (VH3), tercera (VH1) y cuarta (VH5) familias de genes V de cadena pesada
(Guigou et al., 1990) y la subclase (IgG1) mas habituales en el suero sanguineo (Nahm et al., 1987).
La elevada expresiéon de anticuerpos de la subclase 1gG2 (Figura 4.2.2SA) es una caracteristica
poco comun, y sin explicacion fisioldgica o relacionada con la enfermedad celiaca, pero que se
observa tanto en el suero del paciente 4 como en la amplificacidn, por lo que también se incluyd

en el repertorio.

La elevada expresion de cadenas pesadas de clase IgA (Figura 4.2.2SA) no es habitual en el suero
sanguineo, pero es caracteristica de la enfermedad celiaca, por lo que resulta fundamental
trasladar estas cadenas al repertorio. Ademas, se ha descubierto que estos anticuerpos IgA séricos
estan directamente relacionados con los que se producen en el intestino (lversen et al., 2017).
Con respecto a las cadenas ligeras, también se amplifican con niveles de expresion similares a los
observados por otros investigadores, destacando la presencia mayoritaria de Vk1 (Figura 4.2.25C)
(Guigou et al., 1990) y de VL2 (Figura 4.2.2SD) (Popov et al., 1999).

La segunda ronda de PCR solo se utilizéd para expandir las secuencias adyacentes al punto de
restriccion (adicion de 39 pb) con el fin de mejorar la eficiencia de la clonacidn (Figura 4.2.2SE).
La amplificacién se realizé con menos ciclos que la primera etapa (20 en vez de 35) para evitar la

alteracién de la composicidén en las cadenas.

Esta estrategia de amplificacidn y clonacion se utilizd para evitar el protocolo mas clasico de
construccidn de repertorios de Fab, mediante OE-PCR, que implicaba tres rondas de amplificacién:
la primera para amplificar los genes V y C a partir del ADNc, la segunda para el solapamiento de
estos genes, y la tercera para la fusidn de las cadenas ligeras y pesadas mediante un segundo
solapamiento (Barbas, 2001). La metodologia propuesta para este trabajo evita los solapamientos,
al amplificar directamente las cadenas ligeras y pesadas de los Fab y clonarlas en el plasmido.
Esta estrategia evita errores de PCR, representacion incorrecta de las cadenas minoritarias, y
solapamientos truncados (Omar & Lim, 2018).

Tras la clonacién de los amplicones codificantes para cadenas pesadas y ligeras en el vector
pComb3X, y la transformacion de células de E. coli XL-1 Blue, utilizando la misma metodologia
que en el repertorio semiinmune, se obtuvo un RZ de 1,1 x 107 transformantes. Se secuenciaron
algunos clones al azar para asegurar que los Fab se clonaron correctamente, y se encontré una
autoligacion del 4 %. El valor de RZ> 107y el nivel de autoligacion (< 5 %) se consideraron adecuados
como para continuar con el protocolo de seleccidn (Barbas et al., 2001). Otros investigadores han
publicado repertorios funcionales con una gran variabilidad de tamafio, con valores de RZ de 10°
a 10 (Bashir & Paeshuyse, 2020), por lo que los repertorios desarrollados durante la presente
tesis doctoral presentan valores de RZ dentro de estos limites.
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5.3.2 Seleccion por afinidad (panning) del repertorio inmune frente a la gliadina

El antigeno diana utilizado como selector de Fab del repertorio fue la gliadina- PWG, inmovilizada

mediante adsorcion en pocillos de placas de poliestireno para inmunoensayo.

Se realizaron tres rondas de panning, con astringencia creciente mediante un mayor nimero de
lavados con PBS-T. El titulo de fago-anticuerpos eluidos aumenté 19 veces entre la primera y la
segunda ronda, y luego se duplicé en la tercera ronda de seleccion (Figura 4.2.1A). Ademas, se
realizd una caracterizacion parcial de la afinidad general de los fago-Fab seleccionados mediante
un ELISA indirecto policlonal (Figura 4.2.1B), en el que se observé que la sefial se triplicd después

de la primera ronda, y alcanzé la maxima absorbancia después de la tercera ronda.

Integrando ambos resultados se observé que, a pesar de que no hubo un aumento significativo en
el numero de transformantes recuperados en la primera ronda, el ELISA policlonal mostré un claro
aumento en la afinidad general. Por otro lado, el mayor nimero de transformantes recuperados
en la segunda ronda no se vio afectado por un incremento notable en la afinidad, lo que podria
explicarse porque se amplific6 una amplia poblacidon de fago-anticuerpos con una mezcla de
afinidades. En la tercera ronda, un fuerte aumento en las colonias recuperadas, asi como en
la sefial del ELISA, significd que los fago-Fab de alta afinidad frente a la gliadina dominan en la
poblacién y que se podria aislar facilmente del conjunto un ligando monoclonal. Es fundamental
observar este aumento en alguna de las rondas, si no, la seleccién no esta siendo efectiva (Barbas
et al., 2001). Dependiendo del repertorio utilizado y el antigeno objetivo, este aumento puede

aparecer en diferentes rondas (Garcia-Garcia et al., 2020; Madrid et al., 2020).

Las colonias aisladas de las placas de titulacion de las ultimas rondas se cultivaron para inducir
la produccion de fago-anticuerpos monoclonales. Con los fagos aislados se realizd un ELISA
indirecto para seleccionar aquellos fago-Fab que presentaban una elevada afinidad por la
gliadina-PWG (Figura 4.2.1C). De los 48 clones analizados, 29 produjeron sefiales de absorbancia
superiores a 1,5 UA y no detectaron la solucién de bloqueo (control negativo). Estos clones

fueron seleccionados para continuar con su caracterizacién.

5.3.3 Secuenciacion y analisis de los clones seleccionados

El ADN plasmidico de los 29 clones identificados como ligandos de la gliadina- PWG en el ensayo
ELISA monoclonal con fago-Fab, se secuencié para detectar clones repetitivos, identificar
clonotipos y clasificarlos por familia génica, clase y subclase. De los 29 clones secuenciados, solo

se encontraron 14 secuencias Unicas (Fab-A a Fab-M) (Figura 4.2.2A).

Una de las secuencias Unicas (Fab-C) se repitié en 9 clones de la tltima ronda de seleccién, lo que

representa el 31 % de las secuencias; Fab-H se encontré en 4 clones (14 %); Fab-N en 3 (10 %);
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Fab-G y Fab-K dos veces cada una (6,89 % cada una) y las restantes secuencias se encontraron
s6lo una vez (3,34 % cada una). De los 14 clones diferentes, dos pertenecian a la subclase IgA2
(CyH),cincoalalgGl (A, D,G,LyN), cuatroalalgG2 (B, E,Jel),ytresalalgAl (F Ky M) para
la cadena pesada. En cuanto a las cadenas ligeras, hubo un dominio total de las cadenas kappa.
Estas secuencias Unicas se organizaron en clonotipos utilizando la herramienta IgBLAST. Los
clones pertenecientes al mismo clonotipo son aquellos que presentan una reorganizacién con los
mismos genes germinales V(D)J. Los 14 clones diferentes se clasificaron en 8 clonotipos para las
cadenas pesadas: clonotipo 1H (B, E, 1 y J), clonotipo 2H (F, Ky M), clonotipo 3H (A y G), clonotipo
4H (C), clonotipo 5H (H), clonotipo 6H (D), clonotipo 7H (L) y clonotipo 8H (N). Tres clonotipos
(3H, 6H y 7H) presentaron genes VH1, cuatro VH3 (clonotipos 1H, 2H, 4H y 5H), y el clonotipo 8H
presentd genes VH4 (Figura 4.2.2B).

La variabilidad de los genes V, D y J cuya reorganizacion produjo los Fab, se muestra en las Figuras
4.2.2B,4.2.2Cy 4.2.2D. Por un lado, la gran mayoria de los Fab reactivos a la gliadina presentaron
genes VH3 (64,3 % de los clones), incluso superando la frecuencia encontrada en un repertorio
normal de anticuerpos humanos (donde representan aproximadamente el 50 % de los genes
secuenciados). Sorprendentemente, la familia mds expresada en los anticuerpos humanos, VH3-

23, solo estuvo representada por un clonotipo (2H), que incluyé tres Fab.

Debe destacarse especialmente la seleccién del Fab-C, que presenta el gen VH3-15, escasamente
expresado (3 %) en el repertorio humano, pero que es uno de los genes mas frecuentemente
identificados en los anticuerpos reactivos al gluten en la enfermedad celiaca (Steinsbg et al.,
2014). Por otro lado, aunque los anticuerpos VH4 representan casi el 30 % del repertorio humano,
y también se ha publicado que son reactivos a la gliadina en pacientes celiacos (Sblattero et al.,
2000), solo uno de los Fab seleccionados de este repertorio presento esta subfamilia génica (Tiller
et al.,, 2013).

La frecuencia de los genes V y J cuya reorganizacién produjo la cadena ligera de los Fab
seleccionados, se representa en las Figuras 4.2.2F y 4.2.2G. La mayoria de los clonotipos en los
Fab seleccionados presentaron Vk1 (78,6 %), que también es la variante mas prevalente en el

repertorio humano (aproximadamente el 45 % de las cadenas kappa) (Tiller et al., 2013).

La longitud de los HCDR3 de los Fab seleccionados fue notablemente alta (16 + 4,7 aminodcidos),
especialmente en dos clonotipos (1H y 4H) que presentaron mas de 20 aminoacidos (Figura
4.2.2E). Esta caracteristica es inusual, ya que el promedio en los anticuerpos humanos es de 14,8
aminoacidos (Joyce et al., 2020). Se encontrd una alta variabilidad en la longitud y composicion
de los HCDR3, en contraste con los LCDR3, que son mas cortos (8,5 + 0,76) y menos diversos
(Figura 4.2.2H).

Hasta donde llega nuestra informacidn, este es el primer repertorio de Fab generado a partir
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de linfocitos B de pacientes celiacos con el fin de obtener anticuerpos para sistemas de
deteccion de gluten en alimentos. El proceso de seleccidén por afinidad realizado en este
trabajo ha seguido los protocolos clasicos aplicados en los comienzos de la tecnologia del
phage display (Barbas et al., 2001), que han resultado ser efectivos sin necesidad de aplicar
métodos mas modernos y complejos, que implican secuenciacidén masiva o citometria de flujo
(D’Angelo et al., 2014; Younger et al., 2017). Siguiendo este procedimiento, se seleccionaron
anticuerpos claramente relacionados con la enfermedad celiaca (clase IgA) a partir del

repertorio inmune de Fab.

5.3.4 Caracterizacion de los fago-Fab seleccionados con mejores caracteristicas como
sondas para la deteccion de gluten

La sensibilidad y especificidad de los clones individuales que presentaban afinidad por la gliadina
se evaluaron mediante ELISA indirecto con fago-Fab. Se obtuvo una curva dosis-respuesta con
concentraciones crecientes de gliadina- PWG (0 - 5 pg/mL) para cada variante de fago-Fab
producida (Figura 4.3.3A). El Fab-C destacé sobre los demas Fab, con un intervalo de respuesta
lineal entre 0 - 1,25 pg/mL, alcanzando una meseta de saturacion a 2,5 pug/mL. Ademas, se realizd
una prueba de especificidad con harinas de diferentes cereales para evaluar el rendimiento de los
clones seleccionados en una matriz alimentaria real, y para discriminar las especies de cereales
reconocidas por los diferentes fago-Fab. Tres Fab (Fab-J, Fab-F y Fab-K) mostraron reactividad
cruzada con la avena, otros tres (Fab-J, Fab-F y Fab-L) con el maiz, y otros dos (Fab-J y Fab-F)
con extractos de arroz. Estos clones no fueron considerados para una caracterizacién adicional,
debido a su reactividad cruzada con cereales tolerados por personas que padecen patologias

relacionadas con el gluten.

Los cuatro fago-Fab que presentaron mejores caracteristicas (Fab-C, Fab-E, Fab-H y Fab-G)
se utilizaron para analizar muestras mas complejas. Con este fin, se analizaron las proteinas
similares al gluten extraidas de una mezcla binaria experimental que contenia trigo, centeno
y cebada (0; 0,1; 0,2; 0,5; 1; 2,5; 5; 10 y 100 mg/g) en una matriz libre de gluten a base de
arroz, equivalente a 0; 10; 20; 50; 100; 250; 500; 1000 y 10.000 mg/kg de gluten (Figura
4.2.3B) (Garcia- Garcia et al., 2020). A partir de los resultados obtenidos, el clon Fab-C mostré
claramente las mejores caracteristicas: una elevada respuesta frente a la gliadina-PWG en
solucién (antigeno purificado) y selectividad frente a harinas que contienen gluten (trigo,

centeno y cebada).

El Fab-C también mostré una alta capacidad para detectar el gluten en la mezcla binaria
experimental, con un limite de deteccién (LOD) de 15 mg/kg de gluten (Figura 4.2.3C), por lo que
permite la discriminacidn entre alimentos libres de gluten y aquellos que contienen gluten, segun

la legislacién actual (Diario Oficial de la Unién Europea, 2014).
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En el mercado se pueden encontrar otros métodos analiticos para la deteccion de gluten basados
en anticuerpos que tienen un LOD mds bajo que el Fab-C (Scherf & Poms, 2016). Sin embargo,
se debe tener en cuenta que el fago-Fab- C es capaz de cumplir con los estandares legales de
deteccidn de gluten con una sola interaccidn paratdpica, a diferencia de los otros anticuerpos
monoclonales clasicos, en los que se producen dos interacciones, que pueden aumentar a cuatro
en un formato de ELISA tipo sdndwich, como en el método basado en el monoclonal R5 (Méndez
et al., 2005).

Una vez seleccionado el Fab-C como la mejor sonda para la deteccion de gluten, el siguiente paso
fue demostrar que podia aplicarse en un ELISA indirecto con fagos para cuantificar proteinas
similares al gluten extraidas de productos comerciales, utilizando la mezcla binaria experimental
como curva patrén (Figura 4.2.3C). Se analizaron diez productos comerciales, cinco de los cuales
estaban etiquetados como libres de gluten y otros cinco declaraban contenerlo (Tabla 4.2.3). La
media de tres determinaciones realizadas con el fago-Fab-C, se interpold en la curva patrén, y
se calculé la concentracién final de gluten teniendo en cuenta todas las diluciones realizadas. Se
consideraron como negativas (sin gluten) todas las muestras que presentaron valores inferiores
al LOD o que se encontraban entre 15 (el LOD) y 20 mg/kg de gluten, ya que la legislacion actual,
establece que para etiquetar un producto como “sin gluten” debe contener menos de 20 mg/kg
de este componente (Diario Oficial de la Unidn Europea, 2014). Se consideraron positivos aquellos
productos que presentaban mas de 20 mg/kg determinados con la metodologia propuesta.
Todos los productos analizados estaban etiquetados de acuerdo con la legislacion vigente, y los
resultados fueron confirmados mediante un ELISA sandwich con el anticuerpo R5 (el método de
referencia, segln el Codex Alimentarius, para la deteccién de gluten en alimentos). La metodologia
propuesta de ELISA indirecto con fago- anticuerpos, solo se utilizé como prueba de concepto para
determinar parcialmente las caracteristicas analiticas (como sensibilidad y especificidad) de los
Fab aislados de los repertorios. Esta metodologia, aunque resulta util, no es definitiva, porque
los anticuerpos secundarios (anti-pVIll) presentan muchas reacciones cruzadas, y se puede
sobreestimar la sefial obtenida, porque estos anti-pVIll se pueden unir simultdaneamente hasta
2400 veces a un fago (Hertveldt et al., 2009). Ademas, no todas las particulas de fagos producidas
en el sobrenadante expresan el anticuerpo, por lo que también se podria sobreestimar el titulo
y dilucion de los fago-anticuerpos utilizados (Kiguchi et al., 2018). Por todas estas razones, fue
necesario continuar con el desarrollo de algunos de los Fab seleccionados, en este caso como

moléculas solubles, no unidas al fago.

219



220 5 DISCUSION INTEGRADORA

5.4 PRODUCCION SOLUBLE DE LOS FAB SELECCIONADOS Y
DESARROLLO DE TECNICAS INMUNOENZIMATICAS ELISA
PARA DETECCION DE GLUTEN EN ALIMENTOS.

5.4 Produccion recombinante a escala semiindustrial de los Fab seleccionados

Los cuatro fago-Fab con mayor afinidad por la gliadina, obtenidos mediante la tecnologia de
phage display a partir de los dos repertorios desarrollados en esta tesis doctoral, se seleccionaron
para su expresion soluble y caracterizacién. Uno de los Fab (Fab8E-4) se aislo del repertorio

semiinmune, y los otros tres (Fab-C, Fab-E y Fab-H) se seleccionaron del repertorio inmune.

Los anticuerpos seleccionados a partir del repertorio inmune presentaron la clase IgA, hecho que
no fue sorprendente, ya que el repertorio se produjo a partir de linfocitos de sangre periférica
de pacientes con enfermedad celiaca, que es una afecciéon autoinmune mucosal en la que se
generan anticuerpos IgA dirigidos frente al gluten (Koninckx et al., 1984). Esta situacion dificulta
la expresion soluble de los anticuerpos recombinantes obtenidos, dado que la clase IgA presenta
un enlace disulfuro adicional, lo que plantea desafios en la produccién y plegamiento de la
proteina recombinante (Gaciarz et al., 2016). El Fab8E-4 presentaba el isotipo 1gG3, que también
tiene una estructura que dificulta su expresion, en este caso, una region bisagra de gran tamafio
(Spiteri et al., 2021). Para mejorar la expresion recombinante de los Fab, se cambid el isotipo
original (encontrado después de su aislamiento de cada repertorio) a IgG1. Este cambio de isotipo
permitié el uso del mismo anticuerpo secundario para diferentes Fab primarios, lo que aumenté

la uniformidad de los ensayos.

Los Fab recombinantes se introdujeron en el vector de expresion pKKtac, que dirige las moléculas
recombinantes al sobrenadante del cultivo, gracias a la clonacion de las secuencias codificantes
para cadenas de anticuerpos después de una sefial de secrecion pelB. Ademas, se eligié como
biofactoria la cepa de E. coli RV308, que facilita la salida de los Fab al sobrenadante porque
presenta una pared celular débil. Después de cultivar e inducir las colonias transformadas para
la produccion del Fab recombinante, se realizd un Western blot (Figura 4.3.2) para confirmar la
expresion efectiva de los Fab en el sobrenadante antes de su purificacion. Todos los sobrenadantes
contenian bandas coincidentes con el tamafno de los Fab (aproximadamente 50 kDa) y con el
tamafio del Fab utilizado como control. Ademas del Fab, en el gel se observaron otras bandas que
correspondian a proteinas secretadas al medio por E. coli. Este método no permite la identificacion
absoluta de la presencia de la proteina recombinante buscada, pero se consideré adecuado para

tomar la decisidn sobre continuar la purificacion.

Los fragmentos de anticuerpos, producidos como proteinas recombinantes con colas de histidina,
se purificaron mediante cromatografia de afinidad con metal inmovilizado (IMAC) a partir del

sobrenadante clarificado. El proceso de aislamiento se monitorizd mediante espectrometria
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a 280 nm (Figura 4.3.3A). Cuando se activé el gradiente de imidazol, las proteinas unidas a la
columna se eluyeron, produciendo dos picos de sefial significativos que se analizaron mediante
SDS-PAGE (Figura 4.3.3B). Las proteinas eluidas en el primer pico de absorbancia eran proteinas
de E. coli unidas a la columna y las del segundo pico coincidian con el tamafo de los Fab. La
identificacidn de los Fab se confirmdé mediante un analisis de huella peptidica a partir de la banda
del gel de poliacrilamida coincidente con el peso molecular de un Fab (aproximadamente 50 kDa).
Por ejemplo, para el Fab-C, el analisis mostrd una puntuacién (una medida de la probabilidad de
que el evento observado sea aleatorio) de 84, y el analisis estadistico indicé que las puntuaciones
mayores de 13 son significativas (p <0,05) y confirman la identificacién. Entre los péptidos
detectados, habia algunos que contenian parte de las regiones constantes y el HCDR3, lo que
permitié una clara identificacidn del Fab-C. Estos datos confirmaron que los Fab se encontraron
en fracciones eluidas a una concentracion de aproximadamente 100 mM de imidazol. Para
garantizar que se habia obtenido el fragmento de anticuerpo deseado con un nivel de pureza
y homogeneidad aceptable, la fraccidn se dializd para eliminar el imidazol. La estrategia de
produccion recombinante dio lugar a la obtencidn de entre 6 y 9 miligramos de cada anticuerpo,
un rendimiento adecuado para la produccién en E. coli utilizando cultivos discontinuos (matraces)
(Frenzel et al., 2013). Ademas, la metodologia propuesta ha demostrado ser una opcidn rapida
(cuatro dias desde el inicio del cultivo hasta la recuperacion del Fab dializado), precisa (una vez
optimizadas las condiciones, todos los lotes producidos fueron correctos) y reproducible (la
produccion ha sido satisfactoria en dos laboratorios diferentes) para obtener Fab recombinantes,

lo que permite una alta uniformidad entre lotes y diferentes anticuerpos (De Marco, 2015).

5.4.2 Validacion de los Fab recombinantes como sondas para la deteccion de gluten.

La especificidad de los Fab frente al gluten se evalué exhaustivamente mediante el analisis
de extractos etandlicos de una amplia variedad de especies heterélogas. Como primer paso,
se realizd un ELISA indirecto utilizando los Fab recombinantes purificados como anticuerpo
primario, sobre placas de inmunoadsorcion tapizadas con extractos de harinas de trigo, cebada
y centeno como especies objetivo (por contener gluten), y harinas de maiz, avena y arroz como
especies heterdlogas (sin gluten) (Figura 4.3.4A). Los anticuerpos solubles no mostraron ninguna
reactividad cruzada con las prolaminas de cereales de las especies heterélogas, a pesar de su
estrecha relacion filogenética. Posteriormente, se evalud la sensibilidad del ELISA indirecto
mediante el andlisis de un material de referencia, la gliadina-PWG (Figura 4.3.4B). Los resultados
mostraron que el Fab-C exhibié la mayor sensibilidad, seguido del Fab8E-4. Por el contrario, el

Fab-E y el Fab-H demostraron una menor sensibilidad.

Ademas de verificar la capacidad de unién a la gliadina purificada, era imprescindible evaluar la
funcionalidad de los Fab para detectar el gluten en una matriz mas compleja, que se asemeje a la
aplicacidn final, la deteccidn de gluten en alimentos. Con este fin, se realizd un ensayo de ELISA

para detectar gluten en una mezcla compuesta por concentraciones crecientes de harinas de

221



222

5 DISCUSION INTEGRADORA

trigo, cebada y centeno, mezcladas en una matriz de harina de arroz (que no contiene gluten). Los

resultados coincidieron con las respuestas obtenidas de la curva de gliadina-PWG (Figura 4.3.4C).

5.4.3 Desarrollo de una metodologia de ELISA indirecto con Fab soluble para deteccion
de gluten en alimentos

Los resultados anteriores demostraron que el Fab-C exhibié la mejor respuesta frente al gluten en
ensayos tanto con la gliadina-PWG purificada, como con proteinas similares al gluten extraidas de
una mezcla experimental de harinas, por lo que se eligié como sonda para desarrollar un ELISA

indirecto y se realizo una evaluacion de la especificidad, sensibilidad y exactitud de la prueba.

En primer lugar, se realiz6 un analisis mas exhaustivo de la especificidad, evaluando
posibles reacciones cruzadas frente a 60 especies heterdlogas (Tabla 4.3.1). Los resultados
demostraron que el Fab-C no presentaba reactividad cruzada con estas matrices, lo que
indica su alta especificidad para la deteccion de gluten. Estos hallazgos sugieren que el Fab-C
podria ser una herramienta fiable y precisa para la inmunodeteccién de gluten en productos
alimenticios, ya que puede diferenciar de manera efectiva entre muestras que contienen

gluten y muestras sin gluten.

En segundo lugar, la sensibilidad del ELISA indirecto basado en el Fab-C se evalué utilizando un
modelo de regresion lineal con concentraciones crecientes de gliadina-PWG, que iban desde 0,025
hasta 0,625 ug/mL (Figura 4.3.4D). El limite de deteccién (LOD) se calculé como 0,028 pg/mL
mediante interpolacién en la ecuacién del triple de la desviacién estandar de diez blancos. Esto
corresponde a una concentracion de gluten de 11 mg/kg en las muestras (considerando un factor
de dilucién de 5, un factor de extracciéon de 40 (0,25 g de muestra extraida con 10 mL de tampdn)
y un factor de conversion de gliadina a gluten de 2). El limite de cuantificacién (LOQ) se determiné
interpolando diez veces la desviacidn estandar del blanco, siendo 0,05 pg/mL de gliadina-PWG,
equivalente a 19,8 mg/kg de gluten. Estos resultados confirman que el ELISA indirecto utilizando el
anticuerpo recombinante Fab-C puede diferenciar claramente los productos sin gluten (menos de
20 mg/kg de gluten) de los que contienen gluten, segun los limites establecidos por la legislacion

actual (Diario Oficial de la Unién Europea, 2014).

La sensibilidad del ensayo es ligeramente inferior que la del ELISA sdndwich R5, utilizando el mismo
patrén (gliadina-PWG), aunque se debe tener en cuenta que las condiciones y el formato del
ensayo son diferentes. El ELISA indirecto con el Fab-C muestra una sola interaccién por molécula
de antigeno, porque el Fab posee solo un paratopo, lo que permite un solo evento de unién por
Fab. Por otro lado, el método de ELISA sandwich R5 implica dos interacciones moleculares con
el antigeno, debido a la presencia de dos paratopos por molécula de anticuerpo completo, y
a la utilizacion de un formato de tipo sandwich directo, que permite interacciones duales que

involucran la captura y la deteccidon del antigeno (Amnuaycheewa et al., 2022). Teniendo en
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cuenta estos factores, se demuestra que la molécula de un solo paratopo (Fab-C) exhibe una alta

afinidad hacia el antigeno objetivo.

Serealizé un andlisis de recuperacion de gluten mediante un ELISA indirecto con el Fab-C, utilizando
proteinas similares al gluten (prolaminas) que fueron extraidas de harina de arroz certificada sin
gluten, enriquecida con gliadina-PWG sdlida (equivalente a 20 y 100 mg/kg de gluten tedrico).
El contenido en gluten de estas mezclas se evalué tomando como referencia los resultados
obtenidos con el ELISA de tipo sandwich R5. Los resultados de la prueba de recuperacion para la
metodologia propuesta fueron del 76,71 + 1,72 % para la mezcla de 20 mg/kg y del 90,89 + 0,36 %
para la mezcla de 100 mg/kg. Como control positivo, se enriquecidé un extracto de harina de arroz
con las cantidades equivalentes de gliadina-PWG disuelta (0,05 pug/mL, equivalente a 20 mg/kg
en muestras de alimentos, y 0,25 ug/mL, equivalente a 100 mg/kg). Los resultados para estos
controles fueron del 79,93 + 3,35 % para la solucién de 0,05 ug/mLy del 92,11 + 1,07 % para la
solucién de 0,25 pg/mL. Todos los resultados obtenidos presentaron un limite de recuperacion
adecuado, en el intervalo del 75 al 125 % siguiendo los estandares de la Unidn Internacional de
Quimica Aplicada y Pura (IUPAC) (Thompson et al., 1999).

5.4.4 Desarrollo de una metodologia de ELISA sandwich con Fab recombinantes para
deteccion de gluten en alimentos

Para evaluar el potencial de los Fab recombinantes generados para su aplicacion en un ELISA de tipo
sandwich, los anticuerpos se modificaron quimicamente mediante una unién covalente a biotina.
La biotinilacion tenia un doble propdsito: la inmovilizacidn en placas recubiertas con estreptavidina
para utilizarlos como anticuerpos de captura, y facilitar la conjugaciéon con la enzima fosfatasa
alcalina para su uso como anticuerpos de deteccidn. Después de la modificacidn quimica, se evalud
la compatibilidad de diferentes pares de Fab, utilizando 10 pg/mL de gliadina-PWG como antigeno,
probando todas las combinaciones de anticuerpos. La combinacién del Fab8E-4 como anticuerpo
de captura y el Fab- C conjugado con fosfatasa alcalina como anticuerpo de deteccién produjo los
mejores resultados (Tabla 4.4.1). La utilizacién del mismo Fab como anticuerpo de captura y de
deteccién no resulté adecuada, ya que los valores de absorbancia no fueron tan altos como se
esperaba para la concentracién de antigeno aplicada (saturante con Fab no conjugado). Esto podria
explicarse debido a que un mismo anticuerpo con diferentes usos (captura y deteccién) compite
por los mismos epitopos, disminuyendo la respuesta global. Sin embargo, el anticuerpo monoclonal
RS si se utiliza como captura y deteccidn en el mismo ensayo de tipo sandwich, debido a que se
une a regiones pentaméricas altamente repetitivas en la molécula del gluten (Kahlenberg et al.,
2006), permitiendo una cuddruple interaccién con el antigeno en el formato ELISA sandwich (dos

paratopos por anticuerpo, de captura y deteccién) que aumenta su sensibilidad.

Conviene sefialar que se observd una disminucion en la sensibilidad de los Fab biotinilados con

relacion a los no modificados. Se teorizé que la fuerte modificacién quimica causé cambios
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estructuralesenlosanticuerpos, teniendo en cuenta que la biotinilacion se podia producir en todos
los grupos amino libres (de media hasta 24 en un Fab). Lo ideal seria una Unica biotinilacién en la
regidn constante del Fab, dado que otras uniones podrian modificar la estructura y plegamiento
del Fab, resultando en una pérdida de funcionalidad (Fairhead & Howarth, 2015). Para abordar
este problema, se propuso un ELISA de tipo sandwich indirecto sin modificacidon quimica, mediante
la adsorcidn del anticuerpo de captura (Fab8E-4) en la placa inmunoadsorbente, el Fab-C como
anticuerpo primario, y un anticuerpo secundario anti-Fab humano conjugado con peroxidasa de

rabano (el mismo utilizado para el ELISA indirecto basado en el Fab-C).

La metodologia de ELISA sandwich indirecto fue validada con los mismos ensayos que el ELISA
indirecto basado en el Fab-C: no se observé reactividad cruzada con ninguna de las 60 especies
heterdlogas analizadas. La sensibilidad se evalué a través de un modelo de dosis-respuesta
utilizando concentraciones crecientes de gliadina-PWG, que iban desde 0,025 hasta 25 ug/mL
(Figura 4.4.1). El limite de deteccidn (LOD) se calculé como 0,026 pug/mL mediante interpolacion
del triple de la desviacidn estdndar de diez blancos, que se traduce en una concentracién de
gluten de 10,4 mg/kg. El limite de cuantificacién (LOQ) se establecié interpolando diez veces
la desviacidn estandar de diez blancos, lo que resulté en un valor de 0,044 pg/mL de gliadina-
PWG, equivalente a 17,4 mg/kg de gluten. Los resultados del analisis de recuperacién fueron de
104,14 + 2,2 % para la mezcla de 20 mg/kg y de 95,44 + 6,36 % para la mezcla de 100 mg/kg.
Para establecer una linea base de control, se prepard un extracto de harina de arroz enriquecido
con cantidades equivalentes de gliadina-PWG disuelta (0,05 pug/mL, correspondiente a 20 mg/kg
en muestras de alimentos, y 0,25 pug/mL, equivalente a 100 mg/kg). Los resultados para estas
muestras de control demostraron porcentajes de recuperacién de 100,08 t 3,67 % para la
solucién de 0,05 pg/mLy de 95,44 + 6,36 % para la solucién de 0,25 pg/mL.

5.4.5 Comparacion entre las dos metodologias desarrolladas

Por un lado, el ELISA indirecto ofrece una ventaja en términos de velocidad, ya que involucra un
paso menos que el método de tipo sandwich. Por otro lado, la metodologia de tipo sandwich
ha demostrado una mayor sensibilidad, con un limite de deteccidn ligeramente mas bajo, asi
como un limite de cuantificacién mas reducido (17 mg/kg para el método de tipo sandwich
en comparacién con 20 mg/kg para el método indirecto). Este fendmeno se puede explicar
considerando el numero de interacciones moleculares. Si bien ambos formatos permiten,
como minimo, una interaccion por molécula de antigeno (en términos de avidez), el formato
de tipo sandwich exhibe una mayor avidez global debido a la provisidon de dos interacciones
paratopo-epitopo, en contraste con el Unico paratopo en el formato indirecto. Se produce un
fendmeno similar en el método sandwich-R5, pero en este caso hay una doble interaccidén por
antigeno, que implica hasta cuatro paratopos entre los dos anticuerpos participantes (Scherf &
Poms, 2016).
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En términos de exactitud, el analisis de recuperacién revelé mejoras notables con el formato de
tipo sandwich, donde las cantidades de gluten recuperadas se encontraron dentro de un intervalo
estrecho del 95 % al 105 % en comparacion con la concentracion tedrica. En contraste, el ELISA
indirecto mostrd una variabilidad mdas amplia, con resultados de recuperacién que oscilaron
entreel 76 % y el 92 %.

5.4.6 Andlisis de muestras de alimentos con los sistemas de ELISA desarrollados.

La metodologia empleada en este estudio tuvo como objetivo determinar la especificidad y
sensibilidad de los ensayos ELISA para la deteccion de gluten extraido de productos alimentarios,

lo que representa el objetivo final de esta tesis doctoral.

Las muestras se clasificaron en cuatro categorias diferentes: A) productos que declararon
contener gluten en el etiquetado (9 muestras); B) productos con etiquetas de precaucién que
indican “puede contener” gluten (6 muestras); C) productos que no declararon gluten o que
no advirtieron especificamente sobre la presencia de gluten (21 muestras); y D) productos con

etiquetas y/o certificacion de “libre de gluten” (14 muestras).

La media de tres determinaciones de cada muestra, realizadas con las técnicas ELISA desarrolladas
(indirecto y sandwich), se interpold en la curva patrdn, y se calculd la concentracién final de gluten
teniendo en cuenta todas las diluciones realizadas. Se consideraron como negativas (sin gluten)
todas las muestras que presentaron valores inferiores al LOD o que se encontraban entre el LOD
y 20 mg/kg de gluten, de acuerdo con la legislacion actual, que establece que para etiquetar
un producto como “sin gluten” debe contener menos de 20 mg/kg de este componente (Diario
Oficial de la Unidn Europea, 2014). Se consideraron positivos aquellos productos que presentaban

mas de 20 mg/kg determinados con la metodologia propuesta.

Las muestras de alimentos también se analizaron utilizando la técnica estandar para la deteccidn
de gluten en alimentos incluida en el Codex Alimentarius, el ELISA sandwich directo basado en el

anticuerpo monoclonal R5.

Los resultados se agrupan en la Tabla 4.3.2 para el indirecto y en la Tabla 4.4.2 para el sandwich.
Los tres métodos mencionados mostraron una buena concordancia entre ellos, que permitio la
clasificacion de las muestras de alimentos estudiadas siguiendo las directrices de la legislacion
europea. De los 50 productos analizados, los resultados de 47 concuerdan en ambos formatos
de ELISA (indirecto y sandwich) y con la técnica basada en R5. Sin embargo, tres productos a
base de avena fueron considerados positivos con el ELISA R5 (resultando en mas de 20 mg/kg
de gluten), pero no se observo reactividad en ninguno de los ELISAs desarrollados con los Fab
recombinantes, a pesar de que ambos formatos de ELISA presentan una capacidad fiable para

discriminar productos sin gluten segun la legislacién en vigor.
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La completa ausencia de reactividad cruzada con la avena es una caracteristica destacable de los
dos formatos ELISA (indirecto y sdndwich) desarrollados en este trabajo. Otras investigaciones
han demostrado que algunas variedades especificas de avena muestran reactividad cruzada
cuando se analizan con otros anticuerpos de deteccién como el R5, revelando niveles aparentes
de gluten de hasta 100 mg/kg en ciertas avenas (Benoit et al., 2017). La reaccién cruzada del
anticuerpo monoclonal R5 se debe a la sustancial similitud entre ciertos péptidos encontrados
en la avenina y en la gliadina (Hardy et al., 2015). La ausencia de esta deteccion involuntaria en
productos derivados de la avena etiquetados como sin gluten puede indicar la eficacia de los
Fab-C y Fab8E-4, convirtiéndolos en herramientas valiosas para evaluar el contenido de gluten
en tales productos, especialmente aquellos que contienen variedades de avena que provocan

reactividad cruzada con otros anticuerpos disponibles en el mercado.

La identificacidn del gluten en productos alimenticios sigue siendo un gran desafio en el campo de
la ciencia alimentaria, debido al hecho de que el gluten se define en funcidn de sus propiedades
quimicas, como la solubilidad en etanol. A diferencia de otros alérgenos alimentarios, que suelen
estar representados por una o unas pocas proteinas bien definidas, el gluten abarca una amplia
variedad de moléculas. Estas proteinas comparten ciertas caracteristicas comunes, pero pueden
variar significativamente en sus secuencias de aminoacidos (Biesiekierski, 2017). Esta circunstancia
hace que la busqueda de un método universal de deteccidén de gluten sea excepcionalmente
dificil. Numerosas investigaciones comparativas han revelado disparidades significativas entre
los kits disponibles comercialmente cuando se trata de cuantificar el gluten (Bugyi et al., 2013).
Estas discrepancias se pueden atribuir a variaciones en los epitopos del gluten reconocidos por
cada anticuerpo. Por ejemplo, el anticuerpo R5 identifica predominantemente epitopos que son
mas comunes en el centeno, la cebada o el triticale, en comparacion con el trigo, mientras que
el anticuerpo monoclonal G12 tiene una mayor capacidad de deteccidon de epitopos del trigo
(Lexhaller et al., 2017). Los resultados obtenidos con los Fab desarrollados para la presente tesis
doctoral han demostrado que tienen capacidad de detectar proteinas de gluten tanto de trigo,
como de cebada y de centeno, a diferencia de los monoclonales cldsicos que presentan mas

sensibilidad por unas especies que por otras.

Ademas, otros trabajos también han demostrado que la cuantificacién del gluten se ve influenciada
por las especies y variedades de cereal analizadas, mostrando diferencias significativas al
detectar la misma variedad de trigo con diferentes anticuerpos, como policlonales o R5 y G12
(Schopf & Scherf, 2018). Por lo tanto, aunque el método validado por el Codex Alimentarius (el
ELISA sandwich R5) es ampliamente utilizado, no se puede considerar una forma de cuantificar
absoluta y definitiva del gluten en alimentos. En consecuencia, es necesario considerar métodos
alternativos y complementarios, basados en anticuerpos diferentes, como G12, a-20, el dab-8E o
los desarrollados durante la presente tesis doctoral, para garantizar la seguridad alimentaria de

las personas sensibles al gluten.
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Ademas de la complejidad de la deteccidn derivada de la variabilidad de las proteinas del gluten
y las sondas de deteccidn disponibles, el establecimiento de limites de gluten en alimentos es
igualmente problematica. El limite de 20 mg/kg de gluten se considera seguro por la legislacion
alimentaria mundial, salvo por la australiana y neozelandesa, que consideran un producto sin
gluten cuando este no se puede detectar por el método R5, que ya se ha comentado que presenta
limitaciones. A partir del descubrimiento de que el dafio intestinal en la enfermedad celiaca es
dependiente de la dosis de gluten, se intenté marcar un umbral de consumo seguro (Catassi et
al., 1993). El limite de 20 mg/kg se establecio a partir de un extenso estudio clinico, en el que se
descubrié que los pacientes que consumian menos de 50 mg de gluten al dia no padecian dafos
intestinales, y que esto se traducia en el limite de 20 mg/kg (Cohen et al., 2019). Este estudio
presenta algunas debilidades, ya que, a pesar de que se incluyeron pacientes de los tres grupos
etiopatoldgicos de enfermedades relacionadas con el gluten, no se cubrieron todas las patologias
concretas, ademads de que se centraba en la medicidon de dafo intestinal, aunque se sabe que
existen muchas manifestaciones extraintestinales (Losurdo et al., 2018; Therrien et al., 2020),
y sélo tuvo en cuenta poblacidn de los Estados Unidos. Otros estudios poblacionales en otros
lugares arrojaron datos diferentes. Por ejemplo, un estudio en la regién de Carelia (dividida entre la
Federacion Rusa y la Republica de Finlandia, con poblacién de etnicidad similar, pero con grandes
diferencias econdmicas y sociales) demostré que ademas de la cantidad de gluten consumida
hay otros factores determinantes en la prevalencia y dafio de estas patologias (Kondrashova et
al., 2008). Otras publicaciones, también basadas en estudios poblacionales, critican el umbral
establecido, dado que encontraron que ingestas de tan sélo 1,5 mg de gluten podian causar dafio
intestinal (Chartrand et al., 1997).

Todas estas razones hacen necesario generar un debate profundo sobre la seguridad alimentaria
para las personas sensibles al gluten, revisar los limites umbrales para considerar un producto
sin gluten (idealmente para cada poblacién), redefinir el concepto de gluten mediante la gran
cantidad de informacidn sobre sus efectos que se conoce actualmente, realizar analisis mas
completos de alimentos con sondas mas variadas, y establecer sistemas de control y trazabilidad

a través de toda la cadena de valor, desde los productores primarios hasta el consumidor final.

9.5 MODELIZAQIGN IN SILICO DE LA ESTRUCTURA E
INTERACCION DE ALGUNOS DE LOS FAB SELECCIONADOS Y
SU INTERACCION CON LA GLIADINA

Conocer la forma en la que interaccionan los anticuerpos y sus antigenos correspondientes,
aporta una informacioén valiosa a nivel molecular sobre el proceso de deteccion llevado a cabo en
las metodologias ELISA desarrolladas, lo que permite una mejor caracterizacién de los procesos a
su nivel mas bdsico, y la posibilidad de introducir mejoras. Elucidar la interaccién entre antigenos

y anticuerpos no es una tarea trivial, principalmente porque es necesario conocer las estructuras
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tridimensionales de ambas moléculas, algo complejo en si mismo. Existen varias técnicas fisicas
como la cristalografia de rayos X o la resonancia magnética nuclear, muy utiles para determinar
la estructura de proteinas, pero se trata de técnicas complejas que necesitan disponer de
grandes cantidades de las proteinas con elevada pureza (Canduri & de Azevedo, 2008). Esta tarea
se ha facilitado enormemente, gracias a la mejora continua de los sistemas de prediccion de
estructura tridimensional de proteinas a partir de su secuencia de aminoacidos, especialmente
desde la implementacién de predictores mediados por inteligencia artificial, que han permitido

aproximarse a este problema con una rapidez y precisidon nunca vistas hasta ahora.

5.5.] Modelizacion de la estructura e interaccion del FabSE-4

Se realizaron predicciones in silico de la estructura del Fab8E-4, y de la interaccién anticuerpo-

antigeno para caracterizar mejor el fragmento de anticuerpo obtenido.

A partir de los resultados de secuenciacidn de Fab8E-4, se generd una prediccidn de la estructura
tridimensional de la molécula completa utilizando AlphaFold2, un programa de inteligencia
artificial que realiza predicciones de estructura de proteinas con alta precisiéon (Jumper et al.,
2021). Se generaron cinco modelos diferentes, y cada modelo se reciclé tres veces. Los modelos
se clasificaron segun la puntuacion pLDDT (una estimacién de confianza por residuo en una escala
de 0 a 100). El quinto modelo (Figuras 4.1.5A y 4.1.5B) se selecciond como el mas fiable, con
una puntuacién pLDDT general de 82,3, que se considerd una buena predicciéon (Monzon et al.,
2022). Ademas, hay que tener en cuenta que el drea peor resuelta fue la cola de histidinas unida
al dominio CH1, que disminuyd la puntuacién general, mientras que los dominios del Fab8E- 4 se

resolvieron bastante bien, con una puntuacion pLDDT > 85.

Ademas del modelo de la molécula completa, se generd un segundo modelo del Fab, centrado
en el Fv (fragmento variable del anticuerpo, compuesto por los dominios VLy VH), que contiene
la principal superficie de interaccién antigeno- anticuerpo. Este modelo se calculd utilizando la
herramienta AbodyBuilder (Leem et al., 2016) incluida en el servidor sAbPred (Figura 4.1.5C).
Esta herramienta bioinformatica abarca hasta siete algoritmos diferentes para determinar la
estructura mas probable del anticuerpo, como la identificacion de los mejores modelos para los
dominios VH y VL, la prediccién de la orientacién VH-VL o el modelado de los bucles de los CDR y
sus residuos laterales. Las estructuras (extraidas de la base de datos RCSB PDB) que se eligieron
como referencia fueron 6ghg (VH) y 6co3 (VL), ya que mostraron la mayor identidad de secuencia
para cada cadena (86.2 % de identidad de secuencia para VH y 93.4 % para VL). La orientacion
VH-VL se predijo utilizando los dngulos calculados a partir de la estructura de referencia 2uzi.
Una vez obtenido el modelo 3D del Fab8E-4, se procedié a la prediccion de epitopos y paratopos
para investigar la superficie de interaccidon antigeno-anticuerpo. Para identificar los principales
aminodcidos involucrados en la regidn de unidn, se requiere conocimiento de la estructura 3D

tanto del antigeno como del Fv del Fab. Sin embargo, no se disponia de estructuras generadas por
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técnicas fisicas de las diferentes proteinas del gluten en las bases de datos como Uniprot o RCSB
PDB (que solo incluyen estructuras de algunos péptidos lineales presentados por el Complejo
Mayor de Histocompatibilidad (CMH) que no eran utiles para el presente trabajo). A pesar de la
falta de datos experimentales sobre las estructuras del gluten, recientemente se han resuelto las
estructuras de algunas gliadinas y otras proteinas relacionadas con el gluten utilizando el sistema
de inteligencia artificial AlphaFold2 y se han cargado a la base de datos Uniprot. Por lo tanto, en
este estudio se realizaron predicciones de epitopos con un algoritmo de docking modificado,
denominado Epipred (Krawczyk et al., 2014). En cambio, para predecir los paratopos se utilizo
el programa Antibody-ipatch (Krawczyk et al., 2013). En ambos casos, (prediccion de epitopos
y paratopos) se tomd como base la estructura 3D del anticuerpo generada por AbodyBuilder y
la estructura 3D del antigeno de la a/B-gliadina de trigo y la y-hordeina de cebada resueltas por
AlphaFold2 (entradas P18573 y P17990 de Uniprot). Hasta que la estructura de las gliadinas no
se resuelva completamente mediante cristalografia de rayos X o criomicroscopia, consideramos
que este enfoque es la aproximacion mas adecuada para la identificacion de epitopos y paratopos
del Fab8E-4.

Los modelos predictivos de epitopos representados en las Figuras 4.1.6A y 4.1.6B muestran
que los epitopos conformacionales se encuentran principalmente en una a-hélice en la regién
C-terminal de ambos antigenos (a/B- gliadina y y-hordeina). Dentro de las gliadinas estudiadas,
la zona principal de interaccion del dAb-8E y el Fab8E-4 se encuentra después de una de las
zonas mas patogénicas relacionadas con la enfermedad celiaca, el péptido inmunogénico 33-mer
(Shan et al., 2002). Ademas, esta regidn presenta repeticiones de glutaminas mas dispersas y mas
cortas que las encontradas en la mitad N-terminal. En este sentido, el Fab8E-4 y su fragmento de
anticuerpo parental, el dAb-8E, constituyen una nueva alternativa paraladeterminacién del gluten,
proporcionando contactos con la region C-terminal de los antigenos, lo que podria complementar
a los anticuerpos disponibles en el mercado, que generalmente se unen a la region N-terminal.
Esto abre la posibilidad de nuevos desarrollos de ELISA de tipo sandwich o competitivos con
anticuerpos que se unen a diferentes epitopos. La gliadina también presenta un epitopo muy
largo en las posiciones 179 a 190, incluye 5 glutaminas. Este epitopo de 11 aminodcidos se
encuentra en diferentes especies, variedades y cruces del género Triticum, haciendo al Fab8E-4
especialmente reactivo al trigo y sus derivados, como le ocurre al monoclonal G12 v, a diferencia

del R5, que se une mas fuertemente a epitopos del centeno (Lexhaller et al., 2017).

Como se observa en los modelos de los pardtopos mostrados en la Figuras 4.1.6C y 4.1.6D,
independientemente de la prolamina utilizada en el andlisis, la interaccién principal antigeno-
anticuerpo se mantuvo en la cadena pesada del Fab8E-4, que se deriva directamente del dAb-8E.
Los residuos mds propensos a estar en contacto con el antigeno se encontrarian en el HCDR2 y las
secuencias adyacentes (Figura 4.1.6C). Sin embargo, la reformulacion del dAb- 8E agregé nuevos

contactos fuertes con el antigeno a través de varios residuos de la cadena ligera (A56, Y38 y A114).
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Ademas, el puente disulfuro entre los dominios constante y variable fijé la estructura, reduciendo
la libertad conformacional de la proteina (Torres & Casadevall, 2008), lo que presumiblemente

podria haber mejorado las caracteristicas del anticuerpo.

5.5.2 Modelizacion de la estructura e interaccion del Fab-C

Para estudiar la interaccién molecular entre el Fab-C y la gliadina, se consideré que un enfoque
in-silico era el método mds adecuado, debido a que, al igual que con el Fab8E-4, no hay datos
experimentales disponibles de estructuras de alta resolucidn (obtenidas por cristalografia de
rayos X o criomicroscopia) ni para el antigeno (gliadina) ni para el anticuerpo (Fab-C).

El primer paso para modelar la interaccion fue obtener las estructuras de los antigenos. Se empled
el sistema de prediccidn de estructura de proteinas, AlphaFold2 porque es el que presenta una
mejor precisidn para obtener la estructura tridimensional de proteinas de cadena unica, como la
gliadina (David et al., 2022). Como ya se ha comentado, recientemente se resolvio la estructura
de la a/B-gliadina de trigo, que tiene 307 aminoacidos y un peso molecular de 35 kDa (Uniprot ID:
P18573 o GDA9_WHEAT), utilizando Alpha-Fold2. Estas proteinas se consideran intrinsecamente
desordenadas (Markgren et al., 2020) y el enfoque in silico es, hasta la fecha, la mejor solucién

para conocer su estructura.

La caracterizacidon de la estructura del Fab enfrentd varios desafios. Un primer intento de resolver
la estructura utilizando el programa AlphaFold2 mostré muchas inconsistencias, lo cual podria
deberse a que el Fab es una proteina multicadena. Por ello, se utilizaron herramientas alternativas
basadas en sistemas de aprendizaje profundo entrenadas con estructuras de anticuerpos, como
IgFold (Ruffolo & Gray, 2022) y AbodyBuilder2 (Abanades et al., 2023). Para comparar ambos
resultados, las estructuras se superpusieron con una herramienta de alineacion de ChimeraX
(Pettersen et al., 2021) llamada Matchmaker, visualizando una discrepancia moderada entre los
modelos con respecto a la distribucidon espacial del HCDR3 (Figura 4.2.4A). En un intento por
verificar qué modelo podria estar mas cercano a una estructura experimental real, se realizaron
bldsquedas en la base de datos SabDab (Schneider et al., 2021) de moléculas que contuvieran
un HCDR3 con una longitud (de 20 a 23 aminoacidos) y secuencias de aminoacidos similares al
Fab-C, pero no se encontraron. Por lo tanto, ambos modelos se consideraron inicialmente validos

para continuar trabajando con ellos.

Para identificar los epitopos reconocidos por el Fab-C, se evaluaron las zonas de la molécula de
gliadina con mayor probabilidad de establecer contactos con el Fab. Se utilizd la herramienta
EpiPred para la identificacién de contactos entre cada uno de los modelos del Fab-Cy el antigeno,
obteniendo los mismos resultados, independientemente del modelo de Fab-C utilizado. Los
contactos que tienen mas probabilidades de ocurrir estan ubicados en el extremo C- terminal,
con tres “zonas calientes” de varios aminoacidos que probablemente formen parte del epitopo:
153 a 163; 200 a 207 y 253 a 261 (Figura 4.2.4B).
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Una vez obtenidos los modelos estructurales adecuados (a partir de una base de datos para el
antigeno y generados de novo para el Fab) e identificados los epitopos mas probables, se calculd
un modelo de interaccidn mediante acoplamiento utilizando la herramienta HADDOCK 2.4 (Van
Zundert et al., 2016), ajustando las zonas de contacto entre los CDRs de ambos modelos de Fab y los
epitopos predichos en el antigeno. Se calcularon varios modelos de acoplamiento y los mejores se
identificaron por sus puntuaciones de calidad: para el modelo IgFold (RMSD = 0,6 + 0,3 A; Z-score =
-1,2) y para el modelo Abodybuilder2 (RMSD = 5,8 + 0,5 A; Z-score = -2) (Kufareva & Abagyan, 2011).

Basandose en estas puntuaciones, la interaccién antigeno-Fab se modela mejor utilizando el
modelo de Fab de IgFold. Gracias a este modelo de alta calidad, se identificaron varios puntos
de interaccion probables entre el antigeno y el anticuerpo. Como era de esperar, los principales
paratopos se encuentran en la cadena pesada. El HCDR1 (Figura 4.2.4C) interactua con residuos
de prolina y glutamina (posicion 250-251). Este patron PQ se ha identificado en varios péptidos
relacionados con la toxicidad celiaca (Mordn et al., 2008). EIl HCDR2 (Figura 4.2.4D) interactua
principalmente con glutaminas en varias posiciones dentro de a-hélices (posiciones 203, 207,
251y 254). Esto podria significar una fortaleza de este Fab, ya que las proteinas relacionadas con
el gluten son muy ricas en este aminoacido. La anormal longitud del HCDR3 (Figura 4.2.4E) le
permite tener un doble contacto con el antigeno. El lado proximal del bucle de HCDR3 (posiciones
109-114) podria interactuar con las posiciones 153-157 del antigeno (con un par de glutaminas) y
el lado distal (posiciones 105-109) con los residuos asparagina 257, leucina 258 y glutamina 261
en una hélice paralela con respecto a la anterior. Aunque la contribucion de la cadena ligera a
la interaccion parece ser mucho mas débil, existe un posible contacto entre el LCDR3 y la glicina
159 y arginina 160 (Figura 4.2.4F), que probablemente participe en la estabilidad general de
la unién. Aunque estos resultados son simulaciones, gracias a la calidad del procedimiento de
acoplamiento (docking), se puede concluir que el Fab-C es un buen candidato para la unién al
dominio C-terminal de la gliadina, algo inusual en comparacidn con otros anticuerpos de deteccién
de gluten, como el R5 o0 el G12 (Rockendorf et al., 2017), que se unen en la region N-terminal. Esto
podria ser util para el desarrollo de inmunoensayos, ya que es muy probable que el Fab-C y otros
anticuerpos disponibles podrian combinarse en un inmunoensayo con caracteristicas mejoradas
debido a una deteccién de multiples epitopos, pudiéndose utilizar los Fab reactivos frente al
extremo C-terminal desarrollados en la presente tesis doctoral, como anticuerpos de captura, y
alguno de los anticuerpos comerciales que se unen al extremo N- terminal, como el R5 0 el G12,

como elementos de deteccion en un ELISA sandwich, o viceversa.

Los anticuerpos obtenidos en este trabajo que muestran mejores caracteristicas para la deteccidn
de gluten (Fab-C y Fab8E-4) se unen (segun sus modelos in silico) al extremo C-terminal de la
gliadina, pero en posiciones distintas. El Fab- C, al presentar un HCDR3 mucho mas largo que
el Fab8E-4, interacciona con mas aminodacidos y estas diferencias hacen que no sélo sean

compatibles en un ELISA sandwich, sino sinérgicos.
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3.6 CARACTI-;RIZACION DE LOS REPERTORIOS Y PROCESOS DE
SELECCION DE FAB MEDIANTE TECNICAS DE SECUENCIACION
MASIVA

La secuenciacion por el método automatico de Sanger permitié conocer las secuencias de los Fab
seleccionados a partir de los repertorios generados, iniciando su caracterizacion. Sin embargo,
era conveniente llevar a cabo un analisis mas profundo del proceso de seleccién, que ayudara
también a conocer qué caracteristicas de la respuesta inmune celiaca se habian trasladado al
repertorio inmune. Todo esto fue posible gracias a la aparicidn en el mercado de los dispositivos
de secuenciacién MinlON de Oxford Nanopore©, que permitieron llevar a cabo experimentos de

secuenciacion masiva, a un coste razonable, en nuestro propio laboratorio.

5.6.] Analisis primario

A partir del sistema de secuenciacién Nanopore se recopilaron 4,68 millones de lecturas en formato
FASTS5 y se transformaron en archivos FASTQ demultiplexados y agrupados por un cédigo de barras
para diferenciar las secuencias de cada repertorio y ronda de seleccion. Se recopilaron un promedio
de 0,5 millones de secuencias por cada cddigo de barras, con una gama de longitudes desde 120
hasta 12.400 bases, algo habitual con esta técnica (Wang et al., 2021). Este amplio espectro de
lecturas hacia necesario implementar un proceso de filtrado. Se evalud la calidad de las secuencias
mostrando una distribucién relativamente uniforme en todas las lecturas (Figura 4.5.2A). El
andlisis de la distribucidn de las puntuaciones de calidad por secuencia (Figura 4.5.2B) reveld que
la mayoria de las secuencias exhibian un Phred score de 18 (que equivale a una probabilidad del
1,5 % de obtener una base incorrecta), lo que demuestra una mejora con respecto a estudios similares
anteriores, donde la mayoria de secuencias presentaban un Phred score entre 10 y 15 (Lowden &
Henry, 2018). La distribucion promedio del contenido de nucledtidos mostré un enriquecimiento
de timina y adenina en el rango de 4-5 kb. Es importante destacar que este sesgo en la composicion
de nucledtidos no afecté a los segmentos codificantes de los anticuerpos (Figura 4.5.2C). Ademas,
la distribucidn de la longitud de las secuencias reveld el predominio de dos poblaciones. La poblacién
mayor, que abarcaba desde 4,5 hasta 5,5 kb, correspondia al plasmido linealizado. Por otro lado, la
poblacidn mas pequefia, centrada en 4 kb, podria estar formada por plasmidos truncados, como
resultado de puntos de restriccion no previstos. Es importante destacar que, a pesar de la presencia de
cortes no deseados, la identificacion de las secuencias codificantes de anticuerpos no se vio afectada
(se identificaban como cadenas de anticuerpos al alinearlas contra la base de datos de referencia) y, por
lo tanto, se incluyeron, mientras que otras secuencias de diferentes longitudes se consideraron ruido
o valores atipicos (Figura 4.5.2D). Ademas, se realizé un filtrado de secuencias en funcién de la calidad
de los datos previamente representados, obteniendo una coleccién de archivos FASTQ depurados
gue contenian secuencias de 4-6 kb de longitud y Phred score mayor de 15, cerca de medio millén

de secuencias. Estas secuencias se consideraron como el material de partida del andlisis secundario.
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5.6.2 Andlisis secundario e interpretacion bioldgica de los resultados

Después de completar el analisis primario y obtener un conjunto de secuencias de alta calidad
y longitud adecuada, el analisis posterior se centréd en la composicién de anticuerpos de los

repertorios generados.

Como primera aproximacion, todas las secuencias resultantes del andlisis primario se alinearon,
sin un filtro de calidad, con las lineas germinales V(D)J utilizando IMGT/HighV-Quest. Los datos
del repertorio inmune se analizaron para ambas cadenas y los del repertorio semiinmune para la
cadena ligera (debido a que todas las cadenas pesadas derivaron del mismo dAb de la subfamilia

VH3-23, por lo que el andlisis del dominio V de la cadena pesada no fue significativo).

Los resultados obtenidos permitieron concluir que se capturaron 31 subfamilias VH de las 50
documentadas, y de las 40 subfamilias Vk encontradas en el ser humano se capturaron 16 en
el repertorio inmune y 22 en el semiinmune (Barbas et al., 2001). No fue posible incluir todas
las cadenas porque las que son muy minoritarias no se amplificaron con las condiciones de PCR
empleadas, y el objetivo principal era incluir cadenas de anticuerpos implicados en la respuesta
inmune que ocurre en la patologia celiaca. Estudios sobre la construccidon de repertorios para
phage display han demostrado que muchas subfamilias minoritarias que se incluian en los
repertorios no aportaban utilidad real, por lo que es mejor centrarse en la amplificaciéon de

subfamilias que se sabe que son reactivas (Teixeira et al., 2022).

A continuacion, se discuten los resultados obtenidos mediante el analisis secundario. En primer
lugar, se analizan las regiones variables de las cadenas pesadas y ligeras de los anticuerpos de los

repertorios secuenciados. En segundo lugar, se realiza el analisis de las regiones constantes.

Con respecto al analisis de la evolucién de las regiones variables de las cadenas pesadas del
repertorio inmune, la presencia de las 31 subfamilias originales se mantuvo estatica en las rondas
0y 1, luego se observo un ligero aumento de la subfamilia VH3-15 en la segunda ronda, seguido
de una amplificacién vertiginosa que condujo al dominio de esta subfamilia en las rondas tres y
cuatro. Para probar esta hipoétesis, se realizaron comparaciones por pares de las composiciones
de cadenas pesadas entre diferentes rondas utilizando IMGT/StatClonotype. Como resumen del
proceso de panning, se compard la ronda 0 con la ronda 4 para observar cualquier cambio en la
distribucion de genes V. Se encontré un aumento significativo en la subfamilia VH3-15, que pasé de
ser un componente minoritario a uno dominante. Este aumento fue estadisticamente significativo
para todos los p-valores. Ademas, hubo una disminucién estadisticamente significativa en la
presencia de 15 subfamilias. Sin embargo, no hubo una diferencia notable en las proporciones de
las subfamilias restantes (Figura 4.5.3). Cabe destacar que este evento coincidié con un aumento
en la exigencia de la seleccién, mediante la incorporacién de pasos de lavado adicionales. Después
de la expansidn observada en la tercera ronda, las variantes VH3-15 superaron en abundancia a

otras variantes, hasta tal punto que la probabilidad de otras selecciones se volvié muy baja.
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También, se investigd si el aumento inicial de la subfamilia VH3-15 era significativo. Esta subfamilia
emergié como dominante en las rondas finales y mostrd la mayor afinidad al antigeno. Esta
comprobacion se llevd a cabo mediante un analisis del cambio en la composicidn de la poblaciéon
entre la ronda 1y la ronda 2, donde se observé un ligero aumento en la mencionada subfamilia
(Figura 4.5.4). La prueba confirmé que VH3-15 fue la subfamilia que experimentd un mayor
aumento, que ademas fue estadisticamente significativo para todos p- valores analizados. Otras
dos subfamilias VH4 presentaron un aumento significativo (sélo para un p-valor) entre las rondas
estudiadas, pero no estuvieron muy representadas en la ultima ronda (Figura 4.5.4). También se
produjeron aumentos significativos en la presencia de Fab VH3-15 en la tercera y cuarta rondas,

pero no entre las rondas Oy 1.

Teniendo en cuenta que la reorganizacion de las cadenas no cambia a lo largo de las rondas
de seleccion, el analisis de asociaciones entre genes se realizd utilizando los datos de la ronda
0 (sin seleccion, ya que en esta ronda se encuentran directamente las cadenas de anticuerpos
amplificadas). Se encontraron (Figura 4.5.5) varias asociaciones significativas de genes, como VH3-
33 con D5-18y JH4, VH4-31 con D5-18 0 D3-22 y JH4, VH3-7 con D6-9 y JH4, y VH3-15, D3-10y JH4.
El uso del gen de unidn JH4 estaba muy extendido, lo que es comun en la especie humana, en la
que los genes JH presentan un uso preferencial (de mas del 40 %) de JH4, frente al resto de genes
JH. Esta situacion se deriva de la reorganizacion génica, en la que estan implicados nonameros
conservados, heptameros y espaciadores de 23 pares de bases con algunas composiciones

determinadas que favorecen la implicacién de JH4 (Shi et al., 2020).

Se realizd un andlisis adicional centrado en las variantes de Fab seleccionadas del repertorio
inmune mediante su alineamiento (VH3-15) con la secuencia germinal (region VH; numero de
acceso IMGT M99406), encontrandose varias discrepancias que pueden constituir mutaciones

biolégicamente significativas en el Fab de mayor afinidad (Tabla 4.5.1).

Otro aspecto investigado es la identificacidn de caracteristicas especificas asociadas a la respuesta
celiaca dentro del repertorio inmune. Es importante destacar que se observé que las variantes
de cadenas seleccionadas (VH3-15) constituian aproximadamente el 3,5 % de las lecturas totales
durante la ronda inicial. Esta prevalencia concuerda otros trabajos de secuenciacion de muestras
biolégicas obtenidas directamente de controles sanos (Bowers et al., 2014). Sin embargo, el
nivel de expresiéon observado fue muy superior al descrito en repertorios naive humanos (Kim
et al., 2017). Estas variantes se seleccionaron durante el proceso hasta dominar totalmente de la
poblacién en la ultima ronda (86.2 %).

La seleccion preferencial de variantes VH3-15-IgA como anticuerpos altamente reactivos frente
a la gliadina también se ha descrito en otros estudios. En cambio, el emparejamiento VH/VL
observado en los pacientes no se mantuvo en el repertorio analizado, ya que este fendmeno se

produce de manera estocastica durante su construccion (Steinsbg et al., 2014).
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Al analizar las variantes seleccionadas, un examen exhaustivo reveld la presencia de mutaciones
somaticas dentro de las regiones VH. Especificamente, se identificaron en promedio 9 + 2 bases
no coincidentes en las variantes VH3- 15 de la ultima ronda de seleccién. Sorprendentemente,
estas discrepancias estaban distribuidas de manera extensa a lo largo de las lecturas, lo que
indica una fuerte probabilidad de que las mutaciones somaticas sean la causa subyacente. Las
tasas de mutacion observadas fueron comparables a las descritas en otros estudios, dénde
se observaron también 9 mutaciones de media en anticuerpos séricos IgA reactivos frente
a gliadina, en cambio otros anticuerpos presentaron 15 mutaciones de media, con respecto a
la linea germinal (Steinsbg et al., 2014). Este hallazgo sugiere que durante la construccion del
repertorio inmune, los genes que codifican las cadenas pesadas capturados y posteriormente
seleccionados, pudieron originarse en células plasmaticas de vida corta que fueron activadas a
través de una respuesta extrafolicular (Ho et al., 1986). Ademas, es importante sefialar que el
hecho de seleccionar pacientes celiacos que aln no habian iniciado una dieta libre de gluten
favorecia la inclusién en el repertorio de genes derivados de células plasmaticas de vida corta. En
ausencia de péptidos desencadenantes de una respuesta relacionada con el gluten, es altamente
probable que estas células plasmaticas de vida corta hubieran sido inhibidas y que los pacientes

no hubieran sido elegibles (Sharma et al., 2020).

Ademas, el desarrollo de las células B en el contexto extrafolicular estd influenciado por las
células T. Algunos investigadores han indicado que las células T presentes en el limite T-B dentro
de los ganglios linfaticos, que presentan un fenotipo distinto de las células T del centro germinal,
desempefian un papel crucial en la iniciacidn de la activacidn de las células B para la generacién de
respuestas de anticuerpos extrafoliculares (Lee et al., 2011). La menor presencia de mutaciones
en los anticuerpos reactivos frente a la gliadina también se encontrd en los autoanticuerpos
frente a la transglutaminasa 2 (tTG2), lo que sugiere que la presencia de antigenos del gluten, o
células T especificamente activadas por el gluten, pueden contribuir potencialmente a las bajas

tasas de mutacion observadas en los anticuerpos IgA especificos (Steinsbg et al., 2014).

En el analisis de la evolucidn de las cadenas ligeras del repertorio inmune (Figura 4.5.6), se
encontraron cuatro cambios estadisticamente significativos para todos los p-valores: un aumento
destacado de Vk1-39, un ligero aumento de Vk1-27 y de Vk1-12, y se observé un descenso de
Vk3-20. Vk1-39 se ha identificado como el gen de cadena ligera mds expresado tanto en este
repertorio como en otros de origen naive (Kim et al., 2017), y estas cadenas también fueron las
mas seleccionadas a través de las diferentes rondas de panning (el aumento mas significativo

dentro de las cadenas ligeras).

Respecto al proceso de reorganizacidn de las cadenas ligeras, se encontraron varias asociaciones
VJ (Figura 4.5.7). El gen Vk mas expresado presentd varias asociaciones con genes Jk 1 a 4,
siendo mas habituales las asociaciones con Jk 1y 2. Aunque hubo varios cambios notables en la

composicidon de las familias de cadenas ligeras a lo largo del proceso de seleccidn del repertorio
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inmune, parece que el papel de la cadena ligera como agente de seleccidn no ha resultado

determinante.

El analisis realizado de los datos obtenidos de la secuenciacién masiva del repertorio semiinmune,
se centré en las cadenas ligeras. En este caso no se observaron cambios significativos a lo largo
del proceso de seleccidn, lo que podria significar que las cadenas ligeras no fueron un factor
determinante en la seleccion (Figura 4.5.8), mientras que las cadenas pesadas si podian haberlo

sido, por lo que se comprobd este hecho.

Un andlisis adicional, que no es frecuente encontrar en estudios similares, implica identificar
cualquier cambio de las clases y subclases de anticuerpos que se haya producido durante
el proceso de seleccidn. Este analisis tiene una especial importancia en la caracterizacién del
repertorio inmune, ya que ayuda a demostrar si se trasladaron caracteristicas de la respuesta
humoral de los pacientes seleccionados al repertorio. Para el repertorio inmune (Figura 4.5.9),
se observé un cambio claro en la subclase de anticuerpos al comparar las primeras y ultimas
rondas de seleccion. Por un lado, en el repertorio original (RO), la gran mayoria de las cadenas
presentaron la subclase 1gG1 (56 %), mientras que un tercio del total de cadenas identificadas
eran IgG2, y las cadenas IgA representaban solo el 10 %. Por otro lado, la composicion cambié por
completo durante la seleccidn, de forma que en la ultima ronda la cadena mas representada fue
IgA2 (36 %, un aumento de 14 veces). Ademas, este cambio se correlaciona con que los Fab mas
reactivos presentaron esta subclase. La composicidn del repertorio inmune antes de la seleccidn
es muy similar, con respecto a las sublclases de IgG, a la que se encuentra en el suero humano,
donde las IgGs representan mas del 80 % de las inmunoglobulinas. Ademas, se mantiene la
proporcion habitual 2:1 en la cantidad de IgG1 e IgG2 (Vidarsson et al., 2014). La proporcién de
anticuerpos IgA en el repertorio también es la habitual en el suero humano fisioldgico, de un 10-
15 % (Loh et al., 2013), pero suele estar aumentada en la patologia celiaca (Caio et al., 2019), y
este hecho no se capturd en el repertorio. Durante el panning se produjo una clara seleccién de
anticuerpos de la subclase IgA2. Esta subclase apenas estd representada en el plasma sanguineo,
salvo en respuestas de tipo celiaco intensas, en las que los anticuerpos de esta subclase (de
habitual expresidn intestinal) aparecen en la circulacién (Volta et al., 2008). Por este motivo,
no es sorprendente que los anticuerpos seleccionados como mas reactivos frente a la gliadina

presentasen la subclase IgA2.

No se observaron cambios significativos al comparar la primera y la dltima ronda de seleccion en
el repertorio semiinmune con respecto a los subisotipos de cadenas pesadas (Figura 4.5.10). La
intencidn era crear un repertorio con una representacion equivalente de las subclases de cadenas
pesadas (25 % cada una). Para lograr este objetivo, se agregaron productos de PCR equimolares
durante la ligacidn. Sin embargo, los datos indican que, durante el proceso, ciertas cadenas se
amplificaron de manera mas efectiva que otras, lo que dio lugar a un ligero desequilibrio (por
ejemplo, un 30 % de 1gG3 frente a un 20 % de 1gG2).



5.6 CARACTERIZACION DE LOS REPERTORIOS Y PROCESOS DE SELECCION DE FAB MEDIANTE TECNICAS DE SECUENCIACION MASIVA

En resumen, el repertorio inmune capturd con éxito y preservo las caracteristicas asociadas a
la enfermedad celiaca que han identificado multiples investigadores. Estas caracteristicas se
utilizaron para generar nuevos Fab de alta afinidad dirigidos frente al gluten. Los Fab resultantes
poseen atributos Unicos, incorporando elementos clave de la respuesta humoral observada en
pacientes celiacos. En consecuencia, sirven como sondas para la deteccion inmunolégica del
gluten en productos alimenticios. Este enfoque innovador ofrece ventajas sobre los métodos
tradicionales basados en anticuerpos monoclonales que dependen de la inmunizacién animal, y

gue son los que actualmente estan disponibles en el mercado.
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Primera. La evolucién dirigida de proteinas ha permitido la mejora del anticuerpo de
dominio Unico dAbS8E para la deteccidn de gluten en alimentos. Para ello, se generé
un repertorio semiinmune de fago-Fab mediante la combinacién de cadenas pesadas
semisintéticas construidas a partir del dAb8E, con cadenas ligeras obtenidas de
linfocitos de sangre periférica de pacientes celiacos. Mediante la tecnologia de
phage display, se aislé de este repertorio el fago-anticuerpo Fab8E-4, con capacidad

de detectar hasta 10 mg/kg de gluten en la técnica de ELISA indirecto desarrollada.

Segunda. En este trabajo se describe, por primera vez, el cribado de un repertorio inmune
de fago-Fab generado integramente a partir de linfocitos de sangre periférica de
pacientes celiacos con una elevada respuesta humoral, para el aislamiento de sondas
de deteccién de gluten en alimentos. Empleando el fago-anticuerpo con mayor afinidad
por la gliadina (fago-Fab-C), se desarrollé un ELISA indirecto con capacidad de detectar
hasta 15 mg/kg de gluten procedente de trigo, cebada y centeno. El fragmento Fab-C
pertenece a una subclase de anticuerpos estrechamente relacionada con la patologia
de la enfermedad celiaca (IgA2), lo que indica que la respuesta humoral presente en la

sangre de los donantes se ha trasladado con éxito al repertorio inmune de Fab.

Tercera. La produccién a escala semiindustrial basada en el vector de expresion pKKtac y
la biofactoria Escherichia coli RV308, ha permitido la produccién soluble de los mejores
candidatos de fago-Fab para la deteccidn de gluten en alimentos.

Cuarta. El ELISA indirecto basado en el anticuerpo recombinante Fab-C presentd una alta
especificidad y sensibilidad, pudiendo detectar hasta 11 mg/kg de gluten en alimentos.
Asimismo, se ha desarrollado un ELISA sandwich indirecto basado en el Fab8E-4 como
anticuerpo de captura y el Fab-C como anticuerpo de deteccidn, que presenté mejores

niveles de sensibilidad y exactitud que el ensayo indirecto.
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Quinta. El andlisis de una amplia variedad de productos comerciales con los dos

inmunoensayos desarrollados, y la confirmacién de los resultados con la técnica de
ELISA sandwich directo basado en el anticuerpo monoclonal R5, puso de manifiesto
la capacidad de los ensayos implementados para discriminar aquellos productos que
superaban el limite de 20 mg/kg de gluten establecido por la legislacion europea. Los
ensayos basados en los anticuerpos recombinantes Fab-C y Fab8E-4 no presentaron

reactividad cruzada con las prolaminas de la avena.

Sexta. Los recientes avances de los sistemas de prediccion del plegamiento de proteinas

basados en inteligencia artificial han permitido la modelizacién in silico de la estructura
tridimensional de los anticuerpos recombinantes Fab8E-4 y Fab-C, asi como el estudio
de sus posibles regiones de interaccion con la gliadina. La interaccion principal de ambos
Fab ocurre entre los CDRs de su cadena pesada y la regidn C-terminal de la gliadina. Esta
es una caracteristica distintiva de las sondas de afinidad generadas en este trabajo con
respecto a otros anticuerpos disponibles frente al gluten que interactian con epitopos
de la regién N-terminal.

Séptima. Se ha desarrollado una metodologia rapida para caracterizar los repertorios de

anticuerpos recombinantes obtenidos y estudiar el proceso de seleccion por afinidad
mediante la secuenciacion por nanoporos. Esta técnica ha permitido comprobar que
se habian transferido al repertorio inmune las caracteristicas tipicas de la respuesta

humoral de la enfermedad celiaca.



243

6. CONCLUSIONS

First. The directed evolution of proteins has resulted in enhancing the ability of the single
domain antibody dAb8E to detect gluten in food. To achieve this goal, a semi-immune
phage-Fab library was created by combining semi-synthetic heavy chains engineered
from dAb8E with light chains derived from the peripheral blood lymphocytes of celiac
patients. Using phage display technology, the Fab8E-4 phage-antibody was isolated
from this library and was able to detect up to 10 mg/kg of gluten in the indirect ELISA

technique developed.

Second. This work describes, for the first time, the screening of an immune phage-
Fab library generated entirely from peripheral blood lymphocytes of celiac patients
with a high humoral response, for the isolation of probes to detect gluten in food.
Using the phage-antibody with the highest affinity for gliadin (phage-Fab-C), an
indirect ELISA was developed with the ability to detect up to 15 mg/kg of gluten
from wheat, barley and rye. The Fab-C fragment belongs to an antibody subclass
closely related to the pathology of celiac disease (IgA2), indicating that the humoral
response present in the blood of the donors has been successfully transferred to the

Fab immune library.

Thrid. Semi-industrial scale production based on the pKKtac expression vector and the
Escherichia coli RV308 biofactory has enabled the soluble production of the best phage-
Fab candidates for gluten detection in food.

Fourth. The indirect ELISA based on the recombinant antibody Fab-C showed high
specificity and sensitivity, being able to detect up to 11 mg/kg of gluten in food.
Moreover, a sandwich ELISA was developed with Fab8E-4 as the capture antibody
and Fab-C as the detection antibody, demonstrating improved levels of sensitivity and
accuracy compared to the indirect assay due to the interaction between two paratope-

epitope pairs.
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Fifth. The analysis of a wide variety of commercial products with the two immunoassays
developed, and the confirmation of the results with the direct sandwich ELISA
technique based on the monoclonal antibody R5, demonstrated the ability of the assays
implemented to discriminate those products that exceeded the 20 mg/kg gluten limit
established by European legislation. The assays based on the recombinant antibodies

Fab-C and Fab8E-4 showed no cross-reactivity with oat prolamins.

Sixth. Recent developments in three-dimensional protein structure prediction systems have
enabled in silico modelling of the recombinant antibodies Fab8E-4 and Fab-C, along with
a study of their potential gliadin-interacting regions. The primary interaction of both
Fabs is between the CDRs of their heavy chains and the C-terminal region of gliadin.
This is a feature that distinguishes the affinity probes generated in this work from other
available gluten antibodies, which interact with epitopes in the N-terminal region of
gliadin.

Seventh. A rapid methodology has been developed to characterise the recombinant
antibody libraries obtained and to study the affinity selection process using nanopore
sequencing. This technique has shown that the characteristic features of the humoral

response in celiac disease have been incorporated into the immune library.
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Teniendo en cuenta los resultados obtenidos en la presente tesis doctoral, se proponen en este
capitulo diferentes lineas de trabajo que podran abordarse para continuar con el desarrollo de los
sistemas de deteccion de gluten descritos, asi como la apertura de nuevas lineas de investigacién

basadas en los repertorios y anticuerpos recombinantes generados.

Una primera aproximacion sera utilizar los anticuerpos recombinantes obtenidos frente al gluten
en inmunoensayos con una base analitica diferente a los ELISA propuestos. En este sentido,
se estd trabajando en el desarrollo de un biosensor enzimatico amperométrico basado en un
electrodo serigrafiado de carbono desechable (SPCE, screen-printed carbon electrode) que
emplea hidroquinona como mediador de la transferencia de electrones y perdxido de hidrégeno
como sustrato (Benedé et al., 2018). Alternativamente, los Fab obtenidos podrian conjugarse a
particulas de oro coloidal para implementar dispositivos inmunocromatograficos de facil uso e

interpretacion por parte del consumidor final (Huang et al., 2016).

El sistema de conjugacidn quimica empleado en este trabajo para biotinilar las moléculas de Fab
consistio en la unién de biotina a los distintos grupos amino libres presentes en los anticuerpos
(residuos de lisina y extremos N-terminales). Este proceso puede provocar cambios relevantes
en el plegamiento del Fab que hagan que se reduzca su afinidad por el antigeno. Por este
motivo, con el fin de mejorar la sensibilidad de los ELISA indirectos y sandwich desarrollados,
se propone realizar una estrategia para la biotinilacidn selectiva de los Fab. Por este motivo, se
propone realizar una reaccién de conjugacién mediada por la enzima BirA (biotin-ligasa) que
dirige el proceso de biotinilacién a la regién especifica denominada dominio aceptor de biotina
(DAB) (Fairhead & Howarth, 2015). Una de las ventajas mas destacables de la tecnologia de
phage display empleada, radica en su gran reproducibilidad debido a que las secuencias
codificantes de los anticuerpos recombinantes estan bien definidas. Al disponer de dichas
secuencias, el DAB se fusionard genéticamente al externo C-terminal de los Fab
(preferiblemente en la cadena ligera) con el objetivo de obtener anticuerpos biotinilados en
una Unica posicion. De esta forma, se podran inmovilizar los Fab de forma orientada en un
soporte tratado con estreptavidina o conjugarse a diferentes sistemas de deteccién sin alterar

los dominios variables del anticuerpo.

247



248

7. TRABAJO FUTURO

Al disponer de las sondas de afinidad en su formato fago-Fab, otra alternativa para mejorar
los Fab desarrollados consistira en recurrir a técnicas de maduracién in vitro de la afinidad.
Para ello, se introducen pequeiias modificaciones en las secuencias de los CDRs (regiones
determinantes de la complementariedad), como por ejemplo a través de la generacidn de
mutaciones aleatorias mediante error-prone PCR. Esta técnica generara un repertorio de
mutantes derivado del Fab original que habra que seleccionar por afinidad frente al antigeno
(Deng et al., 1993). En este sentido, se ha demostrado que un mayor nimero de mutaciones no
tiene por qué resultar en mejores anticuerpos, si no que un menor ndmero, pero en posiciones
concretas puede aumentar la probabilidad de encontrar variantes mejoraras (Root et al., 2021).
En este sentido, gracias a que disponemos de las predicciones de la interaccién Fab-gliadina,
se hace posible la realizacion de mutaciones dirigidas a posiciones relevantes para la unién. De
esta forma, incluyendo modificaciones que se prevea que pueden mejorar la afinidad segln
los modelos predictivos y aplicando sistemas de inteligencia artificial, se ha demostrado que
es posible obtener anticuerpos de mayor afinidad a partir del andlisis de unas pocas variantes
(Hie et al., 2023).

Otra propuesta para mejorar el rendimiento de los inmunoensayos desarrollados consistira en
la transformacion de los fragmentos recombinantes obtenidos en una molécula de anticuerpo
completo. De esta forma, al presentar la molécula dos zonas de interaccién con el antigeno se
espera unamejoraenlos limites de deteccidn del ensayo. En esta aproximacion, se pueden obtener
anticuerpos cuyos extremos Fab sean iguales (dando lugar a una molécula capaz de interaccionar
con dos epitopos iguales) o combinar dos Fab diferentes (como el Fab-C y el Fab8E-4) en una
molécula de anticuerpo bifuncional con capacidad de reconocer dos epitopos diferentes (Wang
et al., 2019). Para llevar a cabo esta estrategia, se clonardn los dominios variables de los Fab en

vectores de expresidn para su produccién soluble en células de mamifero.

Por otra parte, tras la realizacidn de esta tesis doctoral, el grupo de investigacion dispone de dos
repertorios de fago-Fab (semiinmune e inmune) que podrian emplearse para otros fines. Dichos
repertorios han sido cribados en este trabajo para la busqueda de variantes con capacidad de
unidén a gliadina. Sin embargo, es posible que en la respuesta humoral de los donantes celiacos
se generen anticuerpos frente a otros antigenos implicados en la enfermedad celiaca. Por
ejemplo, se ha descubierto que la transglutaminasa (TG) microbiana, una enzima ampliamente
utilizada como aditivo alimentario para mejorar la textura de los alimentos proteicos, provoca
reacciones adversas en pacientes celiacos. Esto es debido a que los autoanticuerpos generados
tipicamente en la enfermedad celiaca contra la TG tisular humana, presenta reaccion cruzada
con la TG microbiana (Aaron & Torsten, 2019). Por tanto, con la finalidad de desarrollar técnicas
de deteccidn de este aditivo en alimentos, se procederd a la busqueda de anticuerpos Fab
dirigidos frente a la TG microbiana mediante una nueva seleccién por afinidad de los repertorios

construidos.
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Cabe mencionar que el desarrollo de esta Tesis Doctoral ha permitido establecer nuevos protocolos
de trabajo, ampliando el know-how del grupo de investigacién en la construccién de repertorios
de anticuerpos. Estos protocolos, han permitido continuar trabajando en la linea de investigacién
basada en el uso de anticuerpos recombinantes para la deteccién de alérgenos alimentarios y se

estan empleando actualmente para la construccion de otros repertorios de scFv.
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DE LOS SUEROS POLICLONALES A LOS ANTICUERPOS
RECOMBINANTES: UNA  REVISION SOBRE LA DETECCION
INMUNOLOGICA DE GLUTEN EN ALIMENTOS

FROM POLYCLONAL SERA TO RECOMBINANT ANTIBODIES: A REVIEW
OF IMMUNOLOGICAL DETECTION OF GLUTEN IN FOODSTUFF

Gluten is the ethanol-soluble protein fraction of cereal endosperms like wheat, rye, and barley. It
is widely used in the food industry because of the physical- chemical properties it gives to dough.
Nevertheless, there are some gluten- related diseases that are presenting increasing prevalences,
e.g., celiac disease, for which a strict gluten-free diet is the best treatment. Due to this situation,
gluten labeling legislation has been developed in several countries around the world. This article
reviews the gluten immune detection systems that have been applied to comply with such
regulations. These systems have followed the development of antibody biotechnology, which
comprise three major methodologies: polyclonal antibodies, monoclonal antibodies (mAbs)
derived from hybridoma cells (some examples are 401.21, R5, G12, and a-20 antibodies), and the
most recent methodology of recombinant antibodies. Initially, the main objective was the
consecution of new high-affinity antibodies, resulting in low detection and quantification limits
that are mainly achieved with the R5 mAb (the gold standard for gluten detection). Increasing
knowledge about the causes of gluten-related diseases has increased the complexity of research
in this field, with current efforts not only focusing on the development of more specific and
sensitive systems for gluten but also the detection of protein motifs related to pathogenicity. New
toolsbased onrecombinantantibodies will provide adequate safety and traceability methodologies

to meet the increasing market demand for gluten-free products.
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Abstract: Gluten is the ethanol-soluble protein fraction of cereal endosperms like wheat, rye, and bar-
ley. It is widely used in the food industry because of the physical-chemical properties it gives to
dough. Nevertheless, there are some gluten-related diseases that are presenting increasing preva-
lences, e.g., celiac disease, for which a strict gluten-free diet is the best treatment. Due to this situation,
gluten labeling legislation has been developed in several countries around the world. This article
reviews the gluten immune detection systems that have been applied to comply with such regula-
tions. These systems have followed the development of antibody biotechnology, which comprise
three major methodologies: polyclonal antibodies, monoclonal antibodies (mAbs) derived from
hybridoma cells (some examples are 401.21, R5, G12, and «-20 antibodies), and the most recent
methodology of recombinant antibodies. Initially, the main objective was the consecution of new
high-affinity antibodies, resulting in low detection and quantification limits that are mainly achieved
with the R5 mAb (the gold standard for gluten detection). Increasing knowledge about the causes
of gluten-related diseases has increased the complexity of research in this field, with current efforts
not only focusing on the development of more specific and sensitive systems for gluten but also the
detection of protein motifs related to pathogenicity. New tools based on recombinant antibodies will
provide adequate safety and traceability methodologies to meet the increasing market demand for
gluten-free products.

Keywords: antibodies; gluten; detection; immunoassays; celiac disease

1. Introduction

Gluten is the general term for the ethanol-soluble proteins present in various cereal
endosperms, including wheat, rye, barley, spelt, and kamut [1]. The definition by Codex
Alimentarius also introduces some physical-chemical concepts: insoluble in water and
0.5 M sodium chloride solution [2]. Currently, this substance is slowly digested and
presents a high permanence in the gut.

In 1924, Osborne introduced a classification method for plant proteins by extraction with
different solvents that is still in use. After applying this classification (Table 1), wheat proteins
are divided by their solubility behavior into the following fractions: globulins (soluble in a
diluted salt solution), albumins (water soluble), gliadins (ethanol soluble), and glutelins
(soluble in diluted acetic acid) [3].

Traditionally, gluten proteins have been separated into two fractions that are either
soluble or insoluble in alcohol. This division, with some modifications, has remained in
use to the present day, with the gluten proteins that are readily soluble in alcohol-water
mixtures (e.g., 60-70% ethanol) being called gliadins and those that are insoluble being
called glutenins. However, it is now know that the two fractions contain proteins that
are structurally related, with the differences in solubility resulting from their presence
as monomers that interact by non-covalent forces (gliadins) or as high molecular mass
polymers stabilized by interchain disulphide bonds. When present as reduced subunits, the
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glutenin proteins are also soluble in alcohol-water mixtures and can therefore be defined
together with gliadins as prolamins [5]. Glutelins are heterogeneous and can be separated
using electrophoresis into over a dozen fractions that as categorized into high molecular
weight (HMW) and low molecular weight (LMW) groups [6]. Glutelin subunits have been
found to correlate with gluten properties that are related to baking quality [5]. Gliadins
are represented as single chain polypeptides, and it is accepted that gliadins are divided,
according to their electrophoretic mobility in Polyacrylamide gel Electrophoresis (PAGE)
at low pH (lactate-PAGE), into four major groups («-, -, y-, and w-gliadins, from fastest
mobility to slowest) [7]. Gluten proteins contain large repeat domains composed of homol-
ogous and repetitive sequences of six-to-eight amino acids rich in proline and glutamine [8].
In addition, when considering the alpha-gliadin structure, their central domain contains the
proline- (P) and glutamine-rich (Q) heptapeptide PQPQPFP and pentapeptide PQQPY. This
domain contains the most characteristic immunogenic fragment, a 33-mer peptide compris-
ing six overlapping epitopes significant for celiac disease pathogenesis [9], although this
peptide is not present in every wheat cultivar [10].

Table 1. Protein fractions from cereal grains [4].

Osborne Fraction Wheat Rye Oats Barley Corn
Globulin Edestin
Albumin Leucosin
Prolamin Gliadin Secalin Avenin Hordein Zein
Gluten
Glutelin Glutenin Secalinin Aveninin Hordeinin Zeinin

Several fragments of gliadins and glutelins are associated with different types of
gluten-related diseases, e.g., « and vy-gliadins in celiac disease [11]; y-, «/p-, w5-,
and w1,2-gliadins, as well as HMW and LMW subunits of glutenin, are involved in wheat
allergies [12].

2. Gluten-Related Diseases

Several diseases related to the exposure to gluten of prone persons that can be classified
with etiology into the three main groups of allergy, autoimmunity, and non-celiac gluten
sensitivity have been described [13].

Gluten-related allergies, also known as wheat allergies, have a prevalence of 0.1% in
the general population [14], and they have developed a well-known two-step pathological
mechanism: the sensitization and effector phases [15]. Within this last phase, the onset
of the main reactions occurs in minutes to hours after gluten exposure driven by an IgE
response. This group includes the following pathologies classified by symptomatology:
(a) a respiratory allergy, also known as baker’s asthma, with bronchial symptoms as severe
clinical presentation [16]; (b) a food allergy with major digestive presentation [17]; (c) wheat-
dependent exercise-induced anaphylaxis (WDEIA), an inflammatory situation triggered by
stress [18]; and (d) contact urticaria, with major dermatologic symptoms [14].

The second group of gluten-related diseases is associated with an autoimmune etiology.
Celiac disease, with a prevalence of 1% in general population, is the most important [14].

Many molecular mechanisms leading to intestinal damage in celiac disease have been
described, although not all have been discovered yet. The ingestion of gluten by sensitized
people results in the partial digestion of gliadin (wheat prolamin), which interacts with
CXCRS3 (chemokine receptor 3) and stimulates the liberation of zonulin [19]. This leads to
an increased intestinal permeability, facilitating the translocation of gliadin peptides from
lumen to lamina propria. Then, the secretion of innate immunity mediators (Interleukins
IL15 and IL8) is triggered, with consequent neutrophil recruitment [20]. The loosen gut
barrier facilitates the engagement of toll-like receptor complex 4-M2-CD14 by trypsin
and alpha-amylase inhibitors, thus releasing pro-inflammatory cytokines [21]. Following
the innate immune-mediated apoptosis of intestinal cells with the subsequent release
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of intracellular tissue transglutaminase, gliadin peptides are partially deamidated [13].
These deaminated peptides are presented by DQ 2/8 (a class II Major Histocompatibility
Complex or HLA cell surface receptor) antigen-presenting cells (APCs) to helper T cells
that trigger the maturation and activation of B-cells producing IgM, IgG, and IgA against
tissue transglutaminase [22] (for this reason, it is considered an autoimmune disease).
Additionally, helper T cells produce pro-inflammatory cytokines like interferon-gamma
and tumoral necrosis factor-alpha (TNF-«) [23]. This immune response, together with
the function of killer T cells, initiates the enteropathy. Damaged enterocytes express the
CD71 transporter to facilitate retrotranscytosis events [24] and further increase intestinal
permeability; this spurs a pro-inflammatory and pro-growth environment, resulting in the
development of hyperplastic crypts and affecting the absorption of nutrients [13].

In addition to celiac disease, gluten ataxia (a neurological disease [25]) and dermatitis
herpetiformis [14] are considered gluten-related autoimmunity diseases.

Non-celiac gluten sensitivity (NCGS, also denominated non-celiac wheat sensitivity
and, sometimes, gluten intolerance) is the third group of gluten-related diseases by etio-
logical classification (non-autoimmune and non-allergic), with a prevalence of up to 7%
in the general population [14]. Pathogenic mechanisms are still uncertain, but it seems
that innate immunity plays a major role [26]. The signs and symptoms are very similar
to other gluten-related diseases, irritable bowel syndrome, and Crohn s disease. DQ2/8
haplotypes and IgG/IgA anti-gliadin antibodies are present only in 50% of cases. Intestinal
damage in this disease is lower than that observed in celiac disease [27].

There has been an intense research into the pharmacological treatment of these dis-
eases, (especially celiac disease) including gluten neutralization agents, disruptors of
mucosal transportation or antigen processing enzymes, modifications of the microbiome,
immunomodulators, and anti-inflammatory drugs [28]. Notwithstanding, a gluten-free diet
is the most recommended and has long been considered the only effective treatment [29].
When gluten consumption is eliminated, the exacerbated immune response is inhibited,
leading to the partial (if not complete) healing of the duodenal mucosa along with the
resolution of symptoms and signs of malabsorption [30].

3. Gluten Content Labeling Legislation in Different Countries

In contrast to other allergens, and following the recommendations included in Codex
Standard 118-1979 [2], there is well-developed legislation about gluten presence in food in
several countries.

In Europe, the Commission Implementing Regulation (EU) No. 828/2014 of 30 July on
the requirements for the provision of information to consumers on the absence or reduced
presence of gluten in food [31] rules that “The statement ‘gluten-free’ may only be made
where the food as sold to the final consumer contains no more than 20 mg/kg of gluten”
and “The statement ‘very low gluten’ may only be made where the food, consisting of or
containing one or more ingredients made from wheat, rye, barley, oats, or their crossbred
varieties which have been specially processed to reduce the gluten content, contains no
more than 100 mg/kg of gluten in the food as sold to the final consumer”.

The U.S. Food and Drug Administration (FDA) has defined the term “gluten-free” for
voluntary use in foods that are inherently gluten-free, or when they are not composed of
gluten-containing grains—either raw or processed to remove gluten. Any unavoidable
presence of gluten in the food must be less than 20 ppm (mg/kg), Food Allergen Labeling
and Consumer Protection Act (FALCPA) [32].

Health Canada considers that gluten-free foods are those that contain levels of gluten
not exceeding 20 mg/kg as a result of cross-contamination, and they must meet the
health and safety intent of B.24.018 (2012). Regarding oats, on 19 May 20, Health Canada
registered a marketing authorization 15 that permits the use of gluten-free claims for
gluten-free oats [33].

The current legislation in Australia and New Zealand is the strictest. Australia and
New Zealand Food Standard Code, standard 1.2.7, states that “for the food to be labeled as
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gluten-free, the food must not contain: detectable gluten; or oats or their products; or cereals
containing gluten that may have been malted, or their products.” For the “not contain
detectable gluten” statement, the limit was set at 3 ppm (mg/kg) [34].

In Mexico, the executive orders NOM-051-SCFI/SSA1-2010 and NOM-247-SSA1-2008
state that those foods that may produce any kind of allergy and intolerance must be labeled,
and those containing grains and derivates must be labeled with “this product contains
gluten” statement [35,36]. In Argentina, there is specific legislation for celiac disease (celiac
law, passed by the Congress in 2009 (26.588), modified in 2015 (27.196)), claiming this
pathology as “disease of national interest,” regulating not only food security issues but
also social aspects. A gluten limit of 10 ppm (mg/kg) was set by this law for a product
to be labeled as “gluten-free,” including a specific logo. The legislation also applies to
medicines [37].

In Brazil, Federal Law 8543/1992, mandates that all industrialized foods that con-
tain gluten must carry a warning that they contain gluten. It was updated by Federal
Law 10674/2003, determining that all industrialized foods must indicate on their labels
and packaging the phrases “Contains Gluten” or “Does Not Contain Gluten.” Brazilian
legislation follows the 20 ppm (mg/kg) limit included in Codex Alimentarius [38].

In China, Food Law GB/T23779 issued in 2009 by General Administration of Qual-
ity Supervision, Inspection and Quarantine (AQSIQ) “Allergens in prepackaged foods”
includes gluten-containing grains and related products amongst the substances that may
induce allergic reactions. A 2015 standard specifically applicable to the inspection of gluten
allergen ingredients in prepackaged food for export made a clear reference to Codex stan-
dard STAN 118-1979 in order to verify the compliance of gluten-free claims. This regulation
set a maximum limit for a gluten-free claim of 20 mg/kg [39]. However, this regulation
does not apply for import or domestic trade.

By Japanese law, the labeling of allergens is designated as mandatory or recommended
based on the number of cases of actual illness and the degree of seriousness. To standardize
official methods, the Japanese government described the validation protocol criteria in the
2006 official guidelines and stated that any food containing allergen proteins at greater
than 10 ppm (mg/kg) must be labeled under the current law [40].

4. Methods for Gluten Detection in Food Samples

In recent years, some issues like ongoing legislation, growing general public aware-
ness in food security, and the commercialization of new products focused on a particular
population segment (like gluten-free products for celiac patients) has encouraged food in-
dustry and research groups to develop more accurate and applicable methods for detecting
the traceability of potentially harmful components like gluten.

Nowadays, the gluten detection methods that are widely used in food industry can be
classified in two main groups, depending on their target biomolecules: proteins or DNA.

Methods based on protein detection can be divided into immunological and non-
immunological techniques.

Immunological techniques are based on the high affinity interaction of antibodies and
antigens, which has led to the development of different vastly used applications, including:

e  ELISA [41]: this is a quick, economic, versatile and robust method. ELISA presents
a high sensitivity (in the low ppm range) and optical detection. However, there is a
possibility for some false negatives, due to protein denaturalization, and there is some
risk of false positives due to cross-reactions with similar but non-target proteins.

e Immunochromatographic assays [42]: these have a visual and simple result interpreta-
tion, and they are very simple to use by final operator. Their main weakness is that
they cannot quantify.

e  Western Blot [43]: this is a highly specific and sensitive method (low ppm), with ad-
ditional strengths, like confirmatory values (molecular weights) and highly efficient
insoluble protein detection. Nevertheless, it is a time-consuming method that must be
performed by qualified personnel.
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Non-immunological methods are also based on the detection of proteins, but using a
mechanism that is completely different to immunological detection. This group encompasses:

e  Chromatography methods [44]: these are based on the separation and detection of
peptides with a very high sensitivity. The main drawback is that they require complex
and expensive instrumentation.

e  Mass spectrometry [45]: this is a quick, reproducible, and very precise method of
analysis that allows for species detection. However, it is not a quantitative method,
and it requires complex and expensive instrumentation.

The other main group of detection methods for gluten is based on the amplification
and detection of DNA by the PCR. This technique is highly sensitive (5-50 pg of DNA)
and can lead to species identification (useful for cross-contamination studies). Real time
PCR methods can be also used for the quantitative detection of gluten when using model
mixtures [46,47]. Moreover, PCR methods perform indirect detection (not pathogenic
compounds of gluten—rather the DNA that codifies for it) [48].

5. Immunological-Based Techniques for Gluten Detection in Food Samples

Immunological techniques are some of the most useful tools for gluten detection.
The design of these methods is based in the obtainment of high affinity antibodies or their
fragments, guided against noxious parts of gluten. However, though several immuno-
genic peptides in gluten have been identified, not all have been completely discovered
and characterized.

Antibodies, also called immunoglobulins, are protective proteins produced by the
immune system in response to the presence of a foreign substance, called an antigen.
Most antibodies used as immune reactants are mammalian IgG. They have a four-chain
structure (Figure 1), with two identical heavy chains and two light chains, and they
are organized in three functional fractions (two antigen-binding arms, or Fabs, and the
fragment crystallizable, or Fc, involved in cell effector systems). The light chain is composed
of a constant and a variable region, whilst the heavy chain presents a variable region
and a three-domain constant region [49]. Avian antibodies differ from mammals IgG
molecules because they have an additional (CH4) domain, like human IgE, while lacking
the hinge region that is observed in human IgGs [50]. In addition to these natural structures,
many novel antibody fragment molecules have been developed by genetic engineering
means, adapting these proteins to different uses. Fabs can be produced alone without
attachment to the Fc [51]. Single-chain fragment variable antibodies (ScFvs) are unnatural
structures composed of variable regions of light and heavy chains bonded by a flexible
linker. Camels are mammals capable to produce a different kind of antibody that lack the
light chain (are also known as heavy chain antibodies) and have a heavy chain composed of
a variable single domain region (VHH) and two constant domains. Based on this structure,
a new type of recombinant fragment consisting only of the VHH domain was developed
(Figure 1) [52].

Immunoassays have been widely used since mid-20th century. The used antibod-
ies can be classified in two types: polyclonal antibodies, which are obtained by animal
immunization, and monoclonal antibodies, which can be obtained by hybridoma-based
techniques [53,54] and by a recombinant protein approach.
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Figure 1. Schematic representation of the structure of antibodies and derived molecules: Ig (Immunoglobulins); Fab (Frag-
ment for antigen binding); Fc (Fragment crystallizable); VH (Variable region of Heavy chain); VL (Variable region of
Light chain); CH (Constant regions of Heavy chain); CL (Constant region of Light chain); Dab (single Domain antibody);
ScFV (Single chain Fragment Variable); VHH (Variable domain of Heavy chain of Heavy chain antibody).

6. Polyclonal Antibodies

The first immunoassays were developed thanks to polyclonal antibodies obtained
from immunized animals’ sera. The immunization process is well-known (Figure 2),
and polyclonal antibodies used to be widely applied. As an example, to obtain polyclonal
sera against gluten components in New Zealand white rabbits, emulsified gliadin and
glutelin fragments were injected in Freund’s complete adjuvant in the first shot, followed
by two further shots of the antigen in Freund 's incomplete adjuvant at two and four
weeks later. Good responders (high serum titers) were intradermally given a booster of
gliadin, the animals were bled, and antibodies were purified from antiserum by using
the ammonium sulfate precipitation method [55]. Though a vast majority of polyclonal
antibodies are isolated from mammals (mainly lagomorphs and rodents but also goats
and horses), they have also been obtained in chicken embryos (IgY) (Figure 2). These IgYs
against gluten have been used not only as reactive for immunoassays but also in prospective
therapy for celiac disease intestinal damage [56].

Some examples of commercially available polyclonal antibodies, together with infor-
mation about the way they have been obtained, can be found in Table 2.

Table 2. Some examples of polyclonal antibodies against gluten or its fragments.

Antibody Company Host Isotype Raised against
PAB29118 Abnova Chicken IgY Wheat flour protein extract
MBS617177 MyBioSource Rabbit 1gG Wheat gluten
MBS838918 MyBioSource Rabbit 1gG Wheat gliadin
MBS625849 MyBioSource Chicken IgY Wheat gluten
LS-C66756 LifeSpanBiosciences Rabbit IeG Wheat gluten
LS-C129350 LifeSpanBiosciences Chicken IgY Wheat gluten

LS-C750830 LifeSpanBiosciences Chicken IgY Wheat gluten




ANEXO |

Foods 2021, 10, 66 7 of 22
Table 2. Cont.
Antibody Company Host Isotype Raised against
G8138-01 USBiological Rabbit 1gG Wheat gluten
G8138-02 USBiological Chicken IgY Wheat flour protein extract
AS09 571 Agrisera Chicken IgY Wheat flour protein extract
PA5-97536 Invitrogen Rabbit IgG Wheat gliadin native protein
G9144 Sigma-Aldrich (Merck) Rabbit 1gG Native and heat-treated wheat gliadin

ys J
Animal immunization with target antigen

g

| |

i Yoy

Figure 2. Representation of polyclonal antibodies production.

7. Hybridoma Secreted Monoclonal Antibodies

The research of George Kohler and César Milstein led to the production of monoclonal
antibodies secreted by hybridoma cells (Figure 3). This was considered a groundbreaking
innovation in many fields like therapeutics and diagnosis [53]. This technology has been
also applied to the detection of gluten in foods. The main strength of monoclonal antibod-
ies compared with polyclonal molecules raised in animals is their inter-batch evenness.
Additionally, the gold standard method for gluten traceability in food is nowadays based
on a monoclonal antibody [33].

One of the earliest developments was proposed by Skerrit and Underwood [57].
A protein fractionation from raw white wheat flour was performed for the immunization
of BALB/c mice. Gliadin fractions were prepared by ion-exchange chromatography on
sulfo-ethylcellulose to obtain «f3 and vy gliadin pools. Ethanol-precipitated, reduced
alkylated glutenin for immunizations was prepared via the extraction of flour with sodium
dodecyl sulphate (SDS) and 2-mercapthoethanol. Following the immunization of BALB/c
mice with these gliadin and glutelin fractions, spleens were removed and used for fusion
with SP 2/0 myeloma cells, and hybridoma cells were prepared and selected using well-
established methods [58]. Supernatants from growing cultures were tested for antibodies
to either gliadin or glutenins. Positive hybridomas were expanded and re-cloned by
limiting dilution. Heavy-chain antibody-isotypes were determined, ultimately obtaining
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six positive clones from mice immunized with gliadin (five IgG1 isotypes and one IgM),
and 11 positive clones from mice immunized with glutelin (nine IgM and two IgG3) [57].

& S e
f @) @
1/ = A
-~ . W.— + @ @
= ,.l,— St

Animal

immunization with Spleen B-cells Myeloma cells
target antigen

Fusion and

selection

. ¥
Wit i

i -5
¥ y 7=
Yy
Monoclonal/s i
antibody/ies for Monoclonal antibodies
desired purpose for screening Antibody

producing
hybridoma cells

Figure 3. Schematic representation of common monoclonal antibody production.

A few years later, Skerrit and Hill [59] obtained the monoclonal antibody (IgG1)
401.21, raised against heat-stable w-gliadins, that recognizes the epitopes PQPQPFPQE
and PQQPPFPEE. This monoclonal antibody reacts with w-gliadins and the corresponding
prolamins from rye and barley, as well as with high-molecular-weight glutenin subunits.
A sandwich ELISA using the 401.21 antibody was adopted as Official Method 991.19 by
the Association of Official Analytical Chemists International (AOACI) [33]. Though this
antibody is no longer the basis of the gold-standard, it is currently available in some
kits, e.g., the Aller-Tek™ Gluten ELISA assay (ELISA Technologies Inc.) or Veratox© for
gliadin (Neogen).

Sorell et al. [60] developed a sandwich ELISA for gluten analysis in foods using a
cocktail of monoclonal antibodies. BALB/ ¢ female mice were immunized with wheat, rye,
and oat ethanol extracts. Splenocytes of the immunized animals were fused with P3/X63-
Ag.653 myeloma cells. Selected hybridomas were grown as ascites in pristane-primed
BALB/c mice, and antibodies were purified from ascites by affinity chromatography
in a protein A-Sepharose column. Then, seven monoclonal antibodies were character-
ized (five raised against rye, named R1 to R5, 1 against oats, and one against gliadin,
named 13B4). Most of the obtained antibodies displayed a wide cross-reactivity spectrum
(R3 showed the highest) with gliadins, hordeins, and secalins. Some of them also cross-
reacted with avenins but failed to recognize zeins. Six mAbs were assayed as coating
antibodies in the sandwich ELISA using R3 conjugated to Horseradish Peroxidase (HRP)
as the labeled antibody. The best results were obtaining using 13B4, which allowed for the
selective recognition of gliadins, and R5, which recognized secalins and hordeins. The R5
and 13B4 cocktail, as capture antibodies, and R3-HRP, as detection antibodies, permit-
ted the recognition of gliadins, secalins, and hordeins to the same extent in the range of
3-200 ng/mL, thus improving the results obtained in food samples compared previously
available commercial tests and, in many samples, better than mass spectrometry techniques.

Continuing this work, Valdés et al. [61] developed a novel sandwich ELISA using a
single monoclonal antibody (R5) as both the capture (adsorbed) and detection (conjugated
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to HRP) molecule. A gliadin standard was prepared by ethanol extraction to set up the
system, and an aqueous extraction cocktail containing reducing agents was developed
for testing samples. The R5 ELISA was able to identify gliadins, hordeins, and secalins
with assay sensitivities of 0.78, 0.39, and 0.39 ng/mL, respectively. The detection limit
was 1.5 ng gliadins/mL (1.56 ppm gliadins and 3.2 ppm gluten), which was much lower
than the existing threshold at that time, with good reproducibility (8.7%) and repeatability
(7.7%). These results positioned this system as the best in the field, so it was proposed
by the Working Group on Prolamin Analysis and Toxicity (WGPAT) to be included in
Codex Alimentarius.

The sandwich R5 ELISA [61], together with cocktail extraction [62], was validated [63,64]
and adopted by the AACCI (American Association of Cereal Chemists International)-
approved Method 38-50.01 for gluten detection in corn flour and corn-based products.
It was also ratified by the AOACI as Official Method 2012.01 for gluten detection in rice-
and corn-based products. This method is also considered by Codex Alimentarius as a
type 1 method for the analysis of intact gluten in corn-based matrices. A competitive
R5 ELISA was developed for the determination of partially hydrolyzed gluten and ac-
cepted as AACCI-approved Method 38-55.01 for gluten detection in fermented cereal-based
products [65].

The competitive ELISA method is protected under patent WO2006051145A1, and the
extraction cocktail is protected under patent WO2007104825A1. This ELISA and the cocktail
extraction method have become the most widely used method for the detection of gluten
in food, and they have been commercialized by many companies worldwide.

Even though the R5-based tests are predominant and official, new methods have been
developed in order to fulfill the weaknesses of the established detection methods and
growing market demand.

A new strategy was proposed by Moron et al. [66], because the antibodies that were
available in the market recognized peptides of the gluten fraction but were not specifi-
cally raised against pathogenic peptides. The identification of the gliadin residues 57-89,
which comprise the 33-mer peptide LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF from
«-2 gliadin, showed that the highly antigenic gluten epitopes identified to date are in
proline-rich regions of gliadin [67]. Due to the low molecular weight of the 33-mer peptide,
it required fusion to a carrier protein to enhance the host immune response. Two carrier
molecules were used for this purpose: the recombinant heat shock protein Trypanosoma cruzi
HSP70 and a specific protein fragment derived from T. cruzi HSP70, T-HSP70. The hybrido-
mas H-G12 (from B-lymphocytes of mice inoculated with 33-mer-T-HSP70) and H-A1 (from
the B-lymphocytes of mice immunized with 33-mer-X2-HSP70) were selected according to
the specificity and binding affinity of the antibodies they produced for the 33-mer peptide,
as determined by ELISA. Purified monoclonal antibodies were tested against gliadins
(commercial sample, reference material, and pepsin digestions) and ethanol-extracted
prolamins (from wheat, barley, rye, oat, maize, and rice). Furthermore, a sandwich ELISA
was designed using an A1 mAb as the capture antibody and an HRP-conjugated G12
mAD as the detection antibody, with a limit of detection for wheat, barley, and rye of
<1 ppm. Moreover, a competitive ELISA based on HRP-conjugated G12 was designed for
the detection of the toxic peptide in hydrolyzed food (presenting a limit of detection of
<0.5 ppm of gliadin). The recognition sequences were hexameric (QPQLPY) for G12 and
heptameric (QLPYPQP) for Al epitopes. Though the G12 mAb’s affinity for the 33-mer
was superior to Al, the A1 mAb presented a higher detection capacity for gluten [68].

This work established a valid method concerning accuracy, precision, and repro-
ducibility for the quantification of toxic fractions of gluten that celiac disease patients
cannot tolerate. In addition, a slightly greater sensitivity was obtained compared to other
commercial antibodies like R5. AgraQuant® (Romerlabs) is a sandwich ELISA method
based on the G12 monoclonal antibody approved by the AACCI (Method 38-52.01) [69]
and by the AOAC (Official Method of Analysis (OMA) 2014.03) [70] as a certified “method
for gluten detection in rice flour and other rice-based products”.
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Many studies demonstrated the complexity of celiac disease [67,71-73], thus leading
to a paradigm shift in the field. The generation of mAbs should not only achieve a very
low limit of detection of gluten but also target the determination of disease-inducing
peptides. This was the aim of the work by Mitea et al. [74]; they immunized BALB/c
mice with synthetic peptides corresponding to known T cell stimulatory epitopes that
were coupled to a tetanus toxoid. The target peptides were found in the gliadins glia-x9
(QPFPQPQLPYP), glia-x20 (PFRPQQPYPQP), glia-y1 (PQQSFPQQQRPFIQPSL), LMW Glt-
156 (PPFSQQQQSPFS), and HMW-Glt (PGQGQ(Q/P)GYYPTS(L/Q) QQPQGQQGYYPT-
SPQQ(P/S)). Because many gluten proteins share a high degree of homology, the authors
aimed to prove whether the obtained monoclonal antibodies reacted specifically with only
the peptide used for immunization or they detected the other T cell stimulatory sequences.
They found that the glia-x20-specific antibody also reacted with the glia-«9 and glia-y1
peptides. Moreover, the obtained monoclonal antibodies against glia-«9, glia-«20, Glt-156,
and HMW-GIt reacted with gluten peptides that are naturally formed during digestion in
the gastrointestinal tract, as resulting from the activity of pepsin and trypsin. In addition,
all except the LMW-specific antibodies also detected storage proteins in barley and rye,
whereas the glia-y1 specific antibodies also recognized oat proteins. Finally, compared to
Ridascreen® Gliadin kit (R5-based), the in-house ELISA for the glia-«9 epitope detected
higher gluten concentrations in all analyzed food samples. A competitive ELISA based
on the monoclonal antibody anti-glia-«20, called Gluten-Tec®, was commercialized by
EuroProxima and validated by an interlaboratory study [75], presenting an Limit of Quan-
tification (LOQ) lower than that of the R5 methods (3.6 vs. 5 ppm of gluten, respectively).
Monoclonal antibodies were later obtained against the same and different T cell epitopes
(glia-y1, Glt-156, a variant of HMW-gly, and eight peptides). Five antibodies were selected
(one anti-«1-gliadin, one anti-y1-gliadin, two anti-LMW, and one anti-HMW). This method
is protected under patent WO2006004394A2.

New challenges appeared after the early 2000s-emergence of severe allergies linked to
the ingestion of food products containing even small amounts of hydrolyzed wheat pro-
teins. The main signs and symptoms were found to be WDEIA, anaphylaxis, and urticaria.
Sensitization was often related to exposure through cosmetic products. It was described
that the triggering ingredient of the mentioned cases of food allergies was the hydrolyzed
wheat proteins, where glutamines are converted to glutamic acid by deamidation reactions
occurring at high temperature and low pH conditions during industrial processing. Deam-
ination leads to the appearance of novel IgE epitopes, and it was found that prone patients’
sera presented a higher reactivity to deaminated gluten proteins, especially in &, v, wy, ws,
and LMW [76].

Regarding this new kind of allergenicity, Tranquet et al. used a new immunodominant
neo-epitope (QPEEPFPE derivate of the deamination of QPQQPFPQ) to produce a mAb
raised in mice against a peptide that includes the neoepitope [77]. Then, VH and VL were
cloned into expression plasmids modified to express IgE-heavy chains to produce a recom-
binant chimeric IgE [78]. Expression was performed in mammal cells (HEK293). Sera from
allergic patients and the recombinant antibody were analyzed by ELISA (with deaminated
gluten fractions) and functional basophil assays. It was demonstrated that acid-hydrolyzed
wheat proteins that presented higher deamination levels displayed a stronger IgE binding
ability and a higher basophil activation capacity. Moreover, the recombinant antibody
allowed for basophil degranulation in the presence of deaminated wheat proteins, mim-
icking patients " IgE proprieties. This work is an example of another available antibody
methodology: the transformation of a “classical” mAb to a recombinant one.

Monoclonal antibodies secreted by hybridoma cells have been proven as a very reliable
tool for designing and improving antibody-based gluten detection systems. Some of these
developments have been protected by patents, and they are summarized up in Table 3.
This research for patent protected monoclonal antibodies and tests for gluten detection was
conducted with worldwide.europacenet.com, an international patent database powered
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by the European Patent Office. Nowadays, most commercially available tests for gluten

detection are based on the monoclonal antibodies 401.21, R5, G12, and anti-«20 [33].

Table 3. Several examples of registered patents claiming monoclonal antibodies and antibody-based methods related to

gluten detection.

Patent No. Summarized Patents Applicant
A method for the screening of basic ingredients,
semi-manufactured ingredients, and food products that Academisch Ziekenhuis Leiden
W02006004394A2 are intended to be used in a gluten-free diet, based on (The Netherlands)
antibodies raised against T cell stimulatory peptides.
Competitive ELISA for the detection of gluten hydrolysate Consejo Superior de Investigaciones
WO2006051145A1 based on the R5 monoclonal antibody. Cientificas (Spain)
Method for extracting gluten from processed (by heat) and Conseio Superior de Investigaciones
WO2007104825A1 unprocessed foods based on the use of ionic and non-ionic ) CiEn tificas (Spain) &
detergents as prior step for ELISA tests. P
Monoclonal antibody that is capable of bonding to
WO2014132204A1 deamidated glut-en proteins (related with .cehac-dlsease Institut nat10n-a1 de la recherche
pathogenesis) and has no cross-reaction with agronomique (France)
non-deamidated gluten proteins.
Isolated monoclonal antibodies and fragments that bind to University of Chicago (USA) and
WO2015164615A1 11 peptides that can be found in gluten proteins. University of Oslo (Norway)
Antibodies, fragments, or polypeptides in the detection of
WO2018071718A1 gliadin: heavy chain an.d light chain variable sequences, Nima Labs Inc. (USA)
and associated sequences of
complementarity-determining regions (CDRs).
WO2019154559A1 Immunoassay methods for the q}lantlﬁcatlon of the total R-Biopharm AG. (Germany)
gluten content of grains in food samples.
FS2392412A1 Solutions for the extractlon.alfld solubilization of gluten, Biomedal S.L (Spain)
composed of arginine and ethanol.
Hybridoma C.ell hf‘e ATCC H3979.8 that produ?es . Commonwealth Scientific and Industrial
GB2207921A monoclonal antibodies directed against omega gliadin L . .
. HI Research Organization (United Kingdom)
protein of wheat and related proteins in rye and barley.
Anti-gliadin monoclonal antibody and the hybridoma cell Quingdao Biomade Technology
CN1016988324 line obtained from it. Company Ltd. (China)
Colloidal gold immunochromatography test strip for the .
CN107860918A gluten allergen in food and the preparation method of Biofront Technology Company Ltd.

colloidal gold immunochromatography test strip.

(China)

8. A New Era: Directed Evolution of Recombinant Antibodies

Though the introduction of hybridoma technology led to a great leap forward for
the development of antibodies in many fields and forever changed therapeutics and
diagnostics, there are still some weaknesses mainly related to the use of animal antibodies
for human applications to be solved [79]. In the development of gluten-detection methods,
the reliable generation and production of high-affinity antibodies had been achieved thanks
to hybridoma technology, and detection limits have been lowered enough to make these
antibodies widely used. However, antibodies raised in animals have not presented direct
correlation to the human response in many cases (e.g., the humoral response is quite
different in a pathological situation, like celiac disease, compared to that produced during
animal immunization). Thus, new needs separate from detecting gluten in food samples,
like the detection of potentially disease-inductor protein motifs, have appeared. Bio-ethic
issues of animal use and sacrifice are also important, and the development of alternatives
to the use of animal experimentation is still required [80].
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In this context, the concept of “directed molecular evolution,” implies making anti-
bodies tailored to, and uniquely suited for, human purposes [81,82]. This concept and its
applications rely on the development of genetic engineering and heterologous protein ex-
pression. Nevertheless, the molecular evolution of antibodies happens in nature, including
human beings, where billions of different antibodies can be produced with three unlinked
loci containing the immunoglobulin gene segment [83]. This powerful machine can be
replicated and guided to obtain a specific application for gluten detection. The natural
machinery of the immune system for making antibodies can be summarized up in five
steps: (a) the rearrangement of variable (V) gene segments [84], (b) the surface display of
an antibody on a B cell, (c) antigen-driven selection, (d) the secretion of soluble antibody
from a plasma cell, and (e) affinity maturation [79].

The directed evolution of antibodies needs to overcome two limiting conditions:
the generation of enough diversity (referred to as building a library of coding genes for
antibody chains), and development of an adequate system for selection and amplification.

Antibody libraries can be classified into four main groups [85]:

e Immune: constructed based on amplifications of variable (V) genes isolated from
immunoglobulin-secreting plasma cells from immunized donors [86].

e Naive: based on amplifications of V genes isolated from immunoglobulin-secreting
plasma cells from non-immunized donors [87].

e  Semi-synthetic: derived from unrearranged V genes from pre-B cells (germline cells)
or a single antibody framework with genetically randomized complementarity deter-
mining regions (CDRs) [88].

e  Synthetic: based on a human antibody framework with randomly integrated CDR
cassettes [89].

Immune libraries are usually constructed by a two-step cloning (heavy and light
chains) assembly PCR method, after mRNA isolation and cDNA preparation from the
desired cell type [85]. Naive, semisynthetic, and synthetic libraries are considered “single-
pot” libraries, which means that they can be used for picking an antibody that binds with
(almost) every antigen that can be presented [90]. The affinity of antibodies developed from
this kind of libraries directly depends on the repertory size RZ (number of different binders
within the library). To achieve an affinity in the micromolar (uM) range, an RZ = 107 is
required, but an RZ value of 10! is necessary for an affinity of the nanomolar (nM) range.
However, immune libraries must be designed and constructed specifically for every single
antigen or group of related antigens, and the resulting antibody affinity is driven by their
immunogenicity (nanomolar scale is possible with a very immunogenic antigen) [91].

The antibody coding genes that conform a library must be cloned in the appropriate
vector to develop an adequate system of selection and amplification [85]. Once a library
is properly constructed (with enough diversity and cloned in a suitable vector), a process
called panning or biopanning (successive rounds of selection and amplification) is per-
formed. For biopanning, it is necessary to express all the antibodies or their fragments
included in a library [92]. It has been established that if there are 1-10 binders in 107 clones
before selection, there should be 1-10 binders in 10 clones after three-to-five rounds of
panning. This process allows for the enrichment of a set of high affinity binders from the
library, pairing genotypes (single-strand phagemids that can be “rescued” with a helper
phage) with phenotypes (phage-expressing antibodies).

Peptides, protein domains, and antibody fragments can be displayed for selection
and amplification in various ways: phage display [93], in vitro RNA display (divided into
ribosome display [94] and cDNA display [95]), and cell surface display [96].

The phage display of antibody fragments libraries is the most widely used method
for the production of recombinant antibodies (Figure 4). The phage display methodology
was designed by Smith et al. [97], who introduced gene coding for the bacterial enzyme
EcoRI into the gene III of a native bacteriophage and achieved the heterologous expression
of EcoRI fused to the phage protein III. Then, a vector called fUSE5 was designed to
improve the introduction of exogenous DNA to the filamentous phages and for protein
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expression [98]. The next step was the development of the affinity selection procedure:
(a) the immobilization of a selector, (b) the addition of input virions (with the displayed
peptides that bind the selector), (c) the washing away unbound virions, (d) the release
of bound virions, and (e) the amplification of the released virions by infecting a proper
bacteria [93].

)
o,

o & — L — EER s €\
cDNA Ab coding

B-cells

LH‘! ! l - Q-

Ab-fragments cloned into

Transform into

:

phage displayed fagemid

bacteria

Panning procedure
1. Interaction of phage display

library and target molecule.

2. Binding of specific phages.
3. Washing unbound phages.
4. Elution of bound phages and

4 infection for amplification.
5. Adition of helper phage.
6. Phage isolation and start of a
" new round of selection.

Figure 4. Construction and performance of a directed evolution process mediated of an immune
library by phage display.

The first application of phage display was the epitope mapping of a given anti-
body [93,99]. There have been huge developments of this system with different applica-
tions, although the methodological basis has not significantly changed since Smith and
collaborators achieved the proof of concept [93].

New vectors have been developed with some common features: a double replica-
tion origin (f1 or similar for protein phage fusion and an Escherichia coli ori), a selection
marker (usually an antibiotic resistance gene), and binder-coding genes (usually pep-
tides, protein domains, or antibody fragments) fused to a phage protein (usually capsid
proteins) [100].

Vectors can be classified to several types according to their design. If the binder is fused
to phage gene I1I, it will be expressed fused to protein III (up to five copies), constituting
a type 3 phagemid. However, if it is fused to gene VIII, it will be expressed fused to
protein VIII (up to 2400 copies), constituting a type 8 phagemid. Types 33 and 88 follow
the same concept, but they have two copies of either gene III or VIII. Types 33 and 88
are also phagemid-based, but the virus particles are only formed in cells carrying the
phagemid genome when they are infected with the helper phage virus [101]. Though pIII
and pVIII-based vectors are the most frequently used, there have been some attemps to
clone binders in the VII and IX genes, which are minor capsid proteins [102].

Due to the variability of culturing cells, new cell-free methods have been developed
with two main variants: ribosome and mRNA (or cDNA) displays (Figure 5). The ribosome
display is performed as follows: a DNA encoding library is in vitro transcripted to a single
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strand mRNA lacking stop codon, then it is in vitro translated to obtain a native protein
attached to a ribosome, and affinity selection is performed. Then, mRNA is released
from the ribosomes and reverse transcripted to single strand DNA that can be replicated
and/or mutated, thus becoming the base of another round of selection [103]. mRNA
display improves the coupling between genotypes and phenotypes. The process starts
with the transcription of a DNA library; then, mRNA is ligated to a DNA linker connected
to puromycin. The in vitro translation of this complex allows for a peptidyl transferase
reaction that results in a covalently linked mRNA-protein complex that has the puromycin-
linker-mRNA. Then, the mRNA is retrotranscribed, and affinity selection is performed.
Finally, high-affinity complexes are eluted, releasing only DNA strands by RNA hydrolysis.
This DNA can be mutated and is the starting material for the subsequent round [94]. A cell-
surface display (Figure 5) allows peptides and proteins to be displayed on the surface of
cells by fusing them with anchoring motifs [96] instead of using bacteriophages. Protein
expression improves by using more complex organisms like Gram-negative bacteria [104],
Gram-positive bacteria [105], yeasts [106], and mammalian cells [107].

Antibody directed evolution
methods

Phage display
YLLILILIIIIIIIIALY
TONENUNNRNRRNNNNN

Phage displayed Fab

RNA display
Ribosome display mRNA display

Fab

Puromycin

isolated ribosome linker isolated ribosome

Cell surface display
Y

X P
Eucaryotic cell with
'f ‘_ surface displayed
A

antibodies

Figure 5. Schematic representation of antibody-directed evolution methods.

Directed-evolution methods have become groundbreaking technologies for antibody
development at a similar level to hybridoma-derived monoclonal antibodies. In the field
of gluten-related diseases, they have been applied with two main objectives. Most of the
published works have been focused on using a phage display as a tool for celiac disease
molecular characterization. The other significant approach is to apply recombinant antibod-
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ies to develop gluten-detection systems, because hybridoma antibodies were previously
used. In the context of the molecular characterization of celiac disease, phage display
technology has mainly been used to develop high-affinity antibodies against human tissue
transglutaminase, an autoantigen with a major role in celiac disease [108].

An early strategy by Sblattero et al. [109] was to study the immune response against
tissue transglutaminase by building an immune library from the peripheral blood lym-
phocytes (PBLs) of a patient with celiac disease and performing a selection against four
related antigens (x-gliadin, 3-lactoglobulin, human tissue transglutaminase, and guinea
pig transglutaminase). Some polyreactive and monoreactive antibodies were obtained
against the first two antigens but not to transglutaminase. VH4 was the main family of the
anti-a-gliadin selected antibodies. Following this approach, Mazari et al. [110] produced
and analyzed six immune ScFv libraries from peripheral and intestinal lymphocytes (IBLs)
collected from three celiac patients, and they concluded that intestine-derived antibod-
ies from all selected patients recognized human transglutaminase (with a bias toward
the use of the VH5 family), whereas peripheral blood-derived antibodies recognized o-
gliadin. Following this research, Sblattero et al. [111] built up an ScFv library based on
the amplification of the two VH5 family genes from intestinal lymphocytes, resulting in
a rapid characterization of the anti-transglutaminase response that could be applied in
asymptomatic patients whose serum antibodies may be undetectable.

Phage display has been revealed as a very reliable method for celiac immunity charac-
terization. Not et al. [112] generated an immune library by amplifying the VH5-51 gene
from bowel biopsy specimens of 22 relatives of celiac patients and analyzing its interaction
with human transglutaminase. They found that genetically predisposed individuals to
celiac disease produce VH5 anti-transglutaminase intestinal antibodies (anti-TG2) in the
absence of serum anti-TG2 antibodies.

Another use of phage display libraries for the characterization of celiac disease was
the work of Hoydal et al. [113], who investigated the antigen presentation process during
mucosal immune response. They applied a large naive human ScFv library for the isolation
of specific binders against the complex HLA-DQ2.5:DQ2.5-gliadin-«1a. Then, the obtained
antibodies were applied to cells from intestinal biopsies from patients with celiac disease,
which allowed for the identification of plasma cells as the most abundant gluten peptide-
MHC-expressing cells in inflamed intestinal tissues from celiac patients.

Rhyner et al. [114] reported the construction of three unique isotype ScFv libraries
(IgA, IgG, and IgM) from a celiac patient and a healthy control individual, and they
demonstrated that all libraries from the celiac patient, but none from the control donor,
were selectively enriched in gliadin-binding phage clones after four rounds of biopanning.
This method not only resulted in a suitable approach to obtain high-affinity antibodies
against gliadin but also allowed for the isotype-specific characterization of the immune
responses occurring in a pathological condition.

Phage display technology can be also used as a scanning method to study biological
interactions when conducted with peptides libraries. An example of this concept in celiac
disease was developed by Chen et al. [115]; a random peptide phage display library was
enriched in gliadin-binding peptide-phages by several panning cycles against immobilized
gliadin proteins. Several peptide-expressing phage clones were able to inhibit the interac-
tion between gliadin and anti-gliadin antibodies. Moreover, the 12-mer peptides encoded
by selected clones were synthetized in vitro and analyzed in competition experiments that
revealed the binding of different peptides to different sites of the gliadin. The authors
suggested the potential use of these peptides to detoxify gluten.

All mentioned works (summarized up in Table 4) are examples of the potential of
phage display as a tool for celiac disease molecular characterization. Increased understand-
ing of celiac disease has led to better diagnosis and prevention measures, like those derived
from the discovery of the major role of tissue transglutaminase and toxic components
of gluten.
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Table 4. Several examples of phage display technology applied to celiac disease research.
. . Isotype VH . .
Type of Library Antibody Format Family Genels Selection Driven by References
Immune Single-chain e a-gliadin
(peripheral blood lymphocytes (PBLs) fragment variable V%{ 4 human transglutaminase [109]
from celiac patients) antibody (ScFv) Other antigens
[mmune Human transglutaminase
(PBLs and intestinal lymphocytes (IBLs) ScFv VH5 ocoli ag din [110]
from celiac patients) &
Immune . ;
(IBLs from celiac patients) ScFv VH5 Human transglutaminase [111]
Immune .
(IBLs from celiac patient relatives) ScFv VH51-1 Human transglutaminase [112]
Naive ScFv NA Gliadin HLA-presenting peptides [113]
Immune ScFv IgA, IgG, and IgM Gliadin [114]
Random peptides Random peptides NA Gliadin HLA-presenting cells [115]

Though most of the published phage-display applications related to gluten have been
focused on studying celiac disease antibody response, there is a growing interest in the
development of recombinant antibodies for the detection of gluten in foodstuffs as a final
application (Table 5).

Table 5. Several examples of directed evolution methods for the obtention of antibodies for detection of gluten in foods.

Gluten Detection

Technology Used  Type of Library Antibody Format Selection Driven by Method References
Phage display Immune VHH Gliadin Capture ELISA [116]
Phage display Naive single-domain antibody (dAb)  Consensus gluten peptide Phage ELISA [117]
DNA display Naive VHH Gliadin cDNA display mediated [118]

immuno-PCR (cD-IPCR)

Doria et al. [116] developed a system for gluten detection in food samples based on
VHH antibodies. A VHH phage display library was constructed from PBLs isolated from
gliadin-immunized llamas, and the selection of gliadin-binding VHH was performed under
denaturing conditions. The selected VHH allowed for the development of a capture ELISA
system (using gliadin-binding VHH as capture and anti-gliadin mouse-derived monoclonal
antibody for detection) able to detect gliadin in samples that tested negative with other
ELISA kits. However, the method was only applicable to wheat gluten detection, as the
selected VHH did not react to barley or rye prolamins.

Garcia-Garcia et al. [117] designed and developed a phage-ELISA method for gluten
analysis in foodstuffs based on single-domain antibody (or dAb) fragments using a semi-
synthetic library developed by Christ et al. [119]. The library was enriched in high-affinity
dAbs by successive rounds of selection against the consensus peptide CPFPQQQPFPQQPE-
POQOQOPFQQQPFQQPFQQQPQQQP [120] that includes epitopes that can be found re-
peatedly in gluten proteins. A phage ELISA method was used to screen 50 commercially
available food products, with a limit of detection of 20 ppm of gluten. The method was
able to ascertain compliance with the labelling of gluten-free products. Moreover, this work
completed an animal-free antibody developing process applicable to the detection of gluten
in foods.

Phage display is not the only directed evolution technique that has been applied in
gluten research. Jayathilake et al. [118] demonstrated the application of a cell-free display
method in this field. A VHH cDNA library was developed from alpaca lymphocytes to pair
genotypes (cDNA) and phenotypes (VHH) thanks to a puromycin linker. Several rounds of
selection were performed against immobilized gliadin to obtain three high-affinity binders
that were used as the basis of a novel gluten detection technique called cDNA display
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mediated immuno-PCR (cD-IPCR) [121]. The ¢cD-IPCR method was able to detect very low
gliadin concentrations (0.001-10 pg/mL) in food. This method can be improved with the
objective of obtaining effective binders for toxic and complex proteins, which is difficult to
achieve using conventional methods.

VHH-, dAb- and cD-IPCR-based methodologies have become pioneers for a new
generation of gluten traceability systems.

9. Final Remarks

Nowadays, the detection and traceability of allergens and related substances (like
gluten) has become one of the hottest topics in the food and drink industry due to the
following issues: (a) consumer demand for accessible, clear, and accurate label information;
(b) growing health and nutrition social concerns; (c) an increasing prevalence of food-
related diseases (as a result of better diagnosis and knowledge on their pathogenesis);
and (d) the consumption of new foods and ingredients derived from a competitive and
globalized market.

This situation is a continuous challenge for food science that has demanded the design
and development of new gluten traceability systems that can work with changing and
stricter regulated limits of detection and quantification. New developments will be focused
not only on lowering gluten detection limits but also on identifying those components that
are able to trigger gluten-related diseases.

Improving the immunodetection of gluten in foods depends on the obtention of
better antibodies. Chronologically, the strategies used for developing these antibodies
can be summarized as follows: (1) polyclonal antibodies raised by animal immunization
comprised the first method that is still currently in use, with two main variants: mammal-
derived IgG and chicken-derived IgY; (2) monoclonal antibodies like 401.21 and R5 were
produced from hybridomas raised against different cereal protein extracts; (3) monoclonal
antibodies like G12, produced from hybridomas, were raised against recombinant proteins
that were implied in celiac pathogenesis; and (4) recombinant antibodies were obtained
by directed molecular evolution with phage or cDNA display technology. Each of the
technologies outlined in this review (polyclonal, monoclonal, and recombinant antibodies)
has advantages and disadvantages (Table 6). The selection of the appropriate methodology
will depend on the intended use and resources available.

Table 6. Comparison of technologies available for production of antibodies for gluten detection in foods.

Market Available Validated Tests for A Clllirclzlxct?;ns Need Animal
Technolo Test for Gluten Gluten Detection Del:"/l;lo ments Inter-Batch  Experimentation Technical
8Y Detection Based on Based on These with ¥hese Evenness for Its Readiness
These Technologies Antibodies o Development
Antibodies
Polyclonal antibodies Yes Yes Yes Variable Yes Mature
Monoclonal antibodies Yes Yes Yes Yes Yes Mature
Recombinant antibodies Not yet Not yet Yes Yes Not all Recent

Future perspectives for this field include the discovery of new antibodies, with an
increasing affinity for disease triggering gluten peptides. For such a purpose, it is nec-
essary to continue to unveil the molecular mechanisms of gluten-related pathologies,
like celiac disease (the most widely studied) and others, particularly non-celiac gluten
disease, that present the highest prevalence.

An integrative strategy is currently being applied. Building antibody libraries from
gluten-sensitive patients should allow for the study of immune response against gluten
and the production of recombinant antibodies with the same “behavior” as those found
in patients, thus making it possible to detect those protein motifs that are dangerous for
prone people in foods.
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Additionally, there has been intense research into new devices that unify gluten
extraction and antibody-mediated detection, as well as the development of easier and
faster analysis methodologies that can move from laboratory applications to consumer-
friendly devices to be used in homes or restaurants.

Preventing gluten-derived food risks requires of a multi-disciplinary approach that
implies basic and clinical research, biotechnological and engineering developments, and a
farm-to-table philosophy; these goals will only be reachable with the help from all value-
chain members, from raw material producers to final consumers.
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