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A. RESUMEN

La tuberculosis es una enfermedad infecciosa causada por Mycobacterium tuberculosis, en
la cual la respuesta inmunologica del hospedero desempefia un papel fundamental en el
control y/o desarrollo de la enfermedad. La funcion protectora que se le ha adjudicado a los
linfocitos T inicia con el reconocimiento de péptidos micobacterianos desplegados con
proteinas del complejo principal de histocompatibilidad, expuestos en la superficie de las
células infectadas. Dentro del arsenal de antigenos micobacterianos, se destaca el Ag85B que
gracias a su naturaleza secretora e inmunodominante, es considerado un blanco atractivo para
el disefio de vacunas. A lo largo de su secuencia proteica, se han identificado epitopes
interaccionando especificamente con la proteina HLA-A*0201, con la cual forma complejos
proteicos que son reconocidos por linfocitos TCDS8 de raton y de humano infectados con M.
tuberculosis. El reconocimiento de estos complejos por parte del receptor de las células T
(TCR) es altamente especifico, puesto que reconoce la interaccion péptido-proteina HLA,
cualidad que ha llevado al desarrollo de anticuerpos que emulan este reconocimiento
conocidos como anticuerpos tipo TCR. En el presente trabajo, se desarroll6 una estrategia de
seleccion e identificacion de anticuerpos de un solo dominio, dirigidos contra el complejo
proteico formado por el péptido de Ag85Bp199-207 y la proteina HLA-A*0201, a partir de una
biblioteca de anticuerpos de un solo dominio de origen humano. Para lograr este objetivo, se
realizaron tres rondas de selecciéon mediante la metodologia de despliegue en fago, usando al
complejo proteico como molécula blanco, lo cual permiti6 la identificacién de un anticuerpo
de un solo dominio humano, nombrado 2C, que al estar desplegado en una particula fagica y
también como secuencia proteica independiente reconocié al complejo proteico

recombinante Ag85Bp/HLA-A*0201 en un inmunoensayo y sobre una superficie celular.



B. ABSTRACT

Tuberculosis is an infectious disease caused by Mycobacterium tuberculosis, where the host's
immune response plays a fundamental role in controlling and developing the disease. The
protective function assigned to T lymphocytes begins with recognizing mycobacterial
peptides displayed with proteins belonging to the major histocompatibility complex, exposed
on the surface of infected cells. Within the arsenal of mycobacterial antigens, Ag85B stands
out, which, thanks to its secretory and immunodominant nature, is considered an attractive
target for vaccine design. Throughout its protein sequence, epitopes have been identified that
are displayed specifically by the HLA-A*0201 protein, forming a protein complex
recognized by mouse and human TCDS8 lymphocytes infected with M. tuberculosis. The
recognition of these complexes by the T cell receptor (TCR) is highly specific since it
recognizes the peptide-HLA protein interaction, a quality that has led to the development of
antibodies that emulate this recognition, known as antibodies TCR-like. In the present work,
a strategy for selecting and identifying single-domain antibodies, directed against the protein
complex formed by the Ag85Bpi99.207 peptide and the HLA-A*0201 protein, was made using
a library of human single-domain antibodies. To achieve this objective, three rounds of
selection were carried out, using the phage display methodology, using the protein complex
as a target molecule, which allowed the identification of a human single domain antibody,
named 2C, which, when displayed in a phage particle and also as an independent protein
sequence, recognized the protein complex Ag85Bp / HLA-A * 0201 in an immunoassay and

on a cell surface.



C. ABREVIATURAS:

ADN: Acido desoxirribonucleico

BCG: Mycobacterium bovis bacillus Calmette-Guérin

BSA: Albumina sérica bovina

CAR-T: Chimeric Antigen Receptor- T cells.

HLA-A: Human Leukocyte Antigen

HRP: Peroxidasa de rabano

IFN-y: interferéon gamma

IgG: Inmunoglobulina G

IL-10: Interleucina 10

IPTG: Isopropil 3-D- tiogalactopiranosido

Mtb: Mycobacterium tuberculosis

MDRTB: Tuberculosis multidrogorresistente

OPD: O-Phenylenediamine dihydrochloride

PBS-T0.05: solucién amortiguadora con Tween 20 al 0.05%
PBS-TBSA: solucién amortiguadora con Tween20 al 0.05%- BSA 2%
PBS: solucion amortiguadora o amortiguador de fosfato de sodio
PEG: Polyetiological

PFA: Paraformaldehido

PRRs: Pattern Recognition Receptors.

PAMPs: Pathogen associated molecular patterns.

SDS PAGE: Electroforesis en gel de poliacrilamida con dodecilsulfato de sodio
TCD4: Linfocitos T CD4+

TCD8: Linfocitos T CD8+

TMB:3,3°,5,5 -tetramethylbenzidine

TCR: T cells receptor

TLR: Toll like Receptor

UFC;: Unidades formadoras de colonias

VIH: Virus Inmunodeficiencia Humana

VHH: Variable domain heavy chain

V-NAR: Variable domain new antigen receptor.



D. INTRODUCCION

Mycobacterium tuberculosis (Mtb) es el agente causal de Tuberculosis, enfermedad cronica
que afecta principalmente los pulmones, su transmision ocurre mediante inhalacion de gotas
de fliigge que contienen a los bacilos. Se calcula que un cuarto de la poblacion mundial tiene
tuberculosis latente y aproximadamente el 10% de estas personas infectadas desarrollaran la
enfermedad por reactivacion de la bacteria en edad avanzada o en condiciones de
inmunosupresion (Manangan y col, 2001). La dindmica pos-infeccion, depende de factores
propios de la micobacteria y de la respuesta inmune del hospedero, donde la poblacion de
linfocitos T desempefia un importante papel en la proteccion contra la enfermedad. La
activacion de los diferentes mecanismos efectores de esta poblacion celular, depende de su
receptor de superficie, conocido como TCR (del inglés T-Cell Receptor) el cual reconoce
complejos formados entre péptidos de origen micobacteriano y proteinas del complejo
principal de histocompatibilidad desplegados en la superficie de células previamente
infectadas.

Dentro del arsenal antigénico micobacteriano, los antigenos de secrecion se caracterizan por
inducir una fuerte respuesta inmunologica, donde la proteina Ag85B es uno de los mas
abundantes en fase aguda de infeccion y gracias a su inmunodominancia, es uno de los
antigenos mas estudiados por su potencial a candidato vacunal(Kwon y col, 2018). A lo largo
de su secuencia proteica, se han identificado péptidos especificos reconocidos por los
linfocitos TCD8, presentados de manera especifica con la proteina HLA-A*0201(Geluk y
col, 2000).

Esta cualidad de interaccion entre péptido-HLA-I, fue utilizada para construir complejos
recombinantes, permitiendo la identificacion de linfocitos TCD8-pépido especificos en
pacientes con tuberculosis activa (Axelsson R. y col, 2013). Tal identificacion, incentivé al
desarrollo de moléculas que simulardn el reconocimiento del receptor de linfocitos T
conocidas como anticuerpos tipo TCR. Esta estrategia ha sido ampliamente explorada en
enfermedades como el cancer, donde se busca su aplicacion como herramientas de
identificacion y eliminacion especifica del tejido afectado (Heydahl L. y col, 2019).

Una de las estrategias mas utilizadas para su desarrollo, es la técnica de despliegue en fago,

la cual, mediante rondas de exposicion entre la molécula blanco y las bibliotecas de



anticuerpos desplegados en la superficie de una particula fagica, permite su seleccion de
manera especifica. Uno de los formatos mas utilizados para la construccion de estas
bibliotecas, son los fragmentos de anticuerpo de un solo dominio, los cuales han mostrado
ciertas ventajas con respecto a anticuerpos completos, como el reconocimiento de epitopes
de dificil acceso, menor respuesta inmunologica inespecifica (ausencia de fraccion
cristalizable), bajos costos en produccion y la opcion de obtener moléculas de
reconocimiento cien por ciento humanas. Gracias a sus cualidades como mayor solubilidad,
alta estabilidad estructural, este formato ha sido uno de los mas explorados actualmente para
el desarrollo de herramientas a fin de contrarrestar la pandemia causada por SARS-CoV-2

(Huo y col., 2020) ( Li W. y col., 2020).

En el presente trabajo, se describe la seleccion y evaluacion de un anticuerpo de un solo
dominio humano, que tiene la capacidad de reconocer un péptido de Ag85B, desplegado con
la proteinas HLA-A*0201, en formato recombinante y también en superficie celular. La
obtencion de este anticuerpo, no sélo representa una herramienta con el potencial para
identificar células infectadas con la micobacteria, sino también la estandarizacion de una
metodologia que podria ser aplicada para seleccionar y evaluar anticuerpos con el mismo
formato y naturaleza, dirigidos contra otros epitopes inmunogénicos pertenecientes a

antigenos tanto de Mtb como de otros microorganismos.

D.1 Datos epidemiolégicos de Tuberculosis

En 2019, 10 millones de personas desarrollaron la enfermedad, causando 1.2 millones de
muertes (Reporte mundial de tuberculosis, 2020). En los individuos con tuberculosis latente
coinfectados con el Virus de Inmunodeficiencia Humana (VIH), se aumenta en un 10% la
probabilidad de desarrollar tuberculosis activa, siendo la causa principal de muerte en estos
pacientes con 208,000 muertes reportadas en 2019. En México, la incidencia estimada y tasa
de muerte por cada 100,000 habitantes reportada en el 2019, se encontro en el rango de 10-
99 casos, y 1 a 4.9 por afio respectivamente, segiin el reporte mundial de tuberculosis 2020
(8). A nivel nacional, 31,724 nuevos casos de tuberculosis respiratoria, fueron reportados por
la Direccion general de epidemiologia en el afio 2020 (Direccion general de epidemiologia,

2020). Estas cifras, muestran que no se ha logrado el control de la enfermedad a pesar de



contar con una vacuna y tratamiento establecidos. La protecciéon de la vacuna Bacillus
Calmette-Guérin (BCG), en recién nacidos e infantes contra tuberculosis meningea y miliar,
tiene una eficacia del 70% (Colditz y col., 1995), y en adultos, la proteccion contra
tuberculosis pulmonar estd en el rango de 0 a 80% (Brewer T., 2000). A este panorama, se
suma la presencia de cepas resistentes a Rifampicina, con 465,000 casos en el 2019, de los
cuales, 78% también son resistentes a Isoniacida, catalogdndose como tuberculosis
multirresistente.

En cuanto a su diagnostico, la baciloscopia sigue siendo utilizada, ain con una sensibilidad
de alrededor del 50%, y en donde el cultivo micobacteriano que tarda aproximadamente 12
semanas. La prueba rdpida Xpert MTB/RIF, que permite detectar tuberculosis y resistencia
a rifampicina, la cual fue aprobada por la Organizacion Mundial de Salud (OMS), desde el
2010, sin embargo, no todos los centros de atencion médica tiene acceso a esta. Desde la
declaracion por parte de la OMS de la pandemia causada por el virus SARS CoV-2 a inicios
del ano 2020, la identificaciéon y manejo de pacientes con tuberculosis, se vio afectada
negativamente. Segln el reporte mundial de tuberculosis 2020, el nimero de casos detectados
y tratados, disminuy6 en el primer semestre del afio, en comparacion con el mismo periodo
del 2019, ademas, el incremento en desempleo, hacinamiento y mal nutricion, resultado del
impacto econdmico causado por la pandemia, podria incrementar el nimero de casos con
tuberculosis en el periodo comprendido entre los afios 2020 a 2025. Organismos
internacionales como la OMS y la Organizacion de las Naciones Unidas, se han planteado
estrategias para lograr la reduccion de la incidencia de tuberculosis, meta que se plantea
alcanzar para el 2035. En este sentido, la busqueda y desarrollo de nuevas alternativas, que
permitan estudiar mas a fondo la enfermedad, diagnosticar y explorar opciones a nuevos

tratamientos, van de la mano con la meta planteada.

D.2 Respuestas inmunoldgica en tuberculosis

Mtb agente causal de tuberculosis, es un patdogeno intracelular que ingresa por el tracto
respiratorio superior mediante inhalacion, una vez que el bacilo alcanza las vias respiratorias
inferiores, los macrofagos alveolares, las células dendriticas y los neutréfilos, células de la
respuesta inmune innata, responden reconociendo y fagocitando al microorganismo. Esta

respuesta desempena una funcién importante en el control inicial de la infeccion, y a través



de la presentacion de antigenos hacia células de la respuesta adaptativa, constituye el enlace
entre las dos respuestas.

La interaccion inicial entre la micobacteria y las células del sistema inmune innato, se
presenta mediante receptores de las células del hospedero ubicados en la superficie celular y
el citoplasma, mas conocidos por sus siglas en ingles PRRs (pattern recognition receptors),
que reconocen patrones moleculares asociados a patdgenos, mas conocidos por sus siglas en
inglés PAMPs (Pathogen associated molecular patterns) (Court N. y col, 2010). Una vez las
células del sistema inmune reconocen al microrganismo, se da inicio a la activacion y
desarrollo de mecanismos antimicobacterianos, como la formacion del fago-lisosoma
conteniendo al microrganismo y la produccién de Oxido nitrico (Flesch IE y col, 1991)
(MacMicking JD y col., 1997).

Durante la fase temprana de infeccion, tanto los macrofagos alveolares como las células
epiteliales de pulmon, secretan quimiocinas que inducen el reclutamiento de fagocitos al sitio
de infeccion, con el de fin potenciar la respuesta inmune del hospedero (Lin Y. y col., 1998)
(Nouailles G. y col., 2014). El movimiento de macrdéfagos alveolares a través del epitelio
alveolar, hacia el tejido pulmonar, induce el reclutamiento celular dando inicio a la formacién
del granuloma, estructura definida como agregado celular que se forma en respuesta a un
estimulo persistente de naturaleza infecciosa o no (Ramakrishnan L. 2012). Esta estructura
caracteristica de la tuberculosis, esta relacionada con la contencion fisica de la infeccion, sin
embargo, algunos estudios han identificado una relacion directa entre la presencia de factores
de virulencia micobacterianos y la formacioén de los mismos. En el trabajo de Volkman, H.
E y colaboradores en 2004, compararon el efecto sobre el granuloma, al infectar con
Mycobacterium marinum con y sin RD1 (Region of differences I). A diferencia de lo
esperado, la formacion de los granulomas fue mas lenta y en menor numero al infectar con
la micobacteria atenuada. Lo que les llevo a sugerir que la presencia de RD1 va de la mano
con su formacion adecuada(Volkman H. y col., 2004). Otro grupo, evaluo el efecto de la
reinfeccion con Mtb en granulomas ya establecidos, encontrando, que las micobacterias
pertenecientes a la segunda oleada de infeccidn, mostraron predileccion y un mayor
crecimiento en los macréfagos que formaban parte del granuloma, sugiriendo que esta
estructura incluso completamente formada, ofrece un microambiente idoneo para flujo y

crecimiento micobacteriano (Cosma C. y col, 2008).



El granuloma, estd compuesto por macréfagos infectados, células dendriticas, células
epitelioides, células gigantes multinucleadas, macrofagos espumosos y neutrofilos, rodeado
por una capa de linfocitos T. (Figura 1)(Ndlovu H. y col., 2016). La fusiéon de membranas
plasmaticas de macrofagos, da lugar a la formacion de células gigantes multinucleadas,
macrofagos espumosos y macrofagos epitelioides (Puissegur M. y col., 2007). Los linfocitos
T y B son los tltimos en llegar a las zona de infeccién y forman la capa celular externa,
brindando estabilidad estructural permitiendo la restricciéon micobacteriana, sin embargo,
cuando algunas células infectadas ubicadas en el centro del granuloma mueren por necrosis,
se forma un espacio hipdxico con alta concentracion de lipidos, conocido como granuloma
caseoso, el cual puede ganar inestabilidad y dar lugar a la destruccion de la organizacion
celular, permitiendo la liberacion de la micobacteria(Ndlovu H. y col, 2016). En cuanto a
citocinas, TNF-a e IFN-y estdn relacionados con la formaciéon y mantenimiento del

granuloma (Clay H. y col., 2008) (Cooper A. y col., 1993).
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Figura 1: Esquema de la estructura del
granuloma en infeccion con Mtb. Tomada de

(Ndlovu H. y col., 2016)
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Por otro lado, las células dendriticas que han fagocitado a la micobacteria, sus productos y
restos de células previamente infectadas, migran hacia nddulos linféticos locales, para iniciar
la presentacion antigénica a linfocitos T, actuando como un enlace entre respuesta inmune
innata y adaptativa (Wolf A. y col., 2007). Esta presentacion inicial, da lugar a la formacion,
proliferacion y activacion de linfocitos TCD4 y TCDS8 antigeno especificos, donde los
LTCD4 representan las principales células efectoras, mediante la produccion de citocinas
como [FN-y y TNF-a, e induccion de la activacion de funciones antimicobacterianas en
fagocitos mononucleares como la produccién de 6xido nitrico y la fusion fagolisosomal

(Scanga C. y col., 2000). La activacion de células dendriticas y macrofagos mediante la union



CD40-CDA40L y la induccion de citotoxicidad en células infectadas por expresion de FAS
ligando, también son mecanismos de induccion de los LTCD4. Los linfocitos TCD8, también
producen IFN-y y TNF-a y se caracterizan por inducir la muerte de las células infectadas y
de la micobacteria directamente, mediante degranulacion de moléculas citotoxicas como
perforinas y proteasas, se ha descrito que su principal papel estd en la fase cronica
(Prezzemolo T. y col., 2014). Estas células también inducen apoptosis de células infectadas
mediante FAS y TNF-R (receptor de muerte celular). La presencia de linfocitos TCD8-
antigeno especificos, esta relacionada con la carga micobacteriana, por esta razoén algunos
trabajos de investigacion los proponen como posibles indicadores de la respuesta ante el

tratamiento.

D.2.1Presentacion antigénica

La activacion de linfocitos TCD4 y TCDS, requiere la presentacion antigénica por parte de
células infectadas, para tal fin un complejo proceso que abarca, la internalizacion
micobacteriana, trafico intracelular, cortes proteoliticos, interacciones bioquimicas y
exposicion en superficie del epitope antigénico seleccionado son necesarios. Dada la
naturaleza de la infeccion, se esperaria que las células del sistema inmune que fagocitaron a
la micobacteria presenten péptidos a los linfocitos TCD4, en el contexto de la moléculas de
presentacion antigénica clase II (Prezzemolo T. y col., 2014), sin embargo, en la infeccion
con Mtb, se han identificado linfocitos TCD8 antigeno especificos. Ademas, algunos
mecanismos han sido propuestos para explicar el efecto negativo que ejerce la micobacteria
en la presentacion antigénica:

- Presentacion retrasada hacia la respuesta inmune adaptativa: los antigenos de

secrecion son altamente expresados en fase temprana de la infeccidn, sin embargo, la
respuesta de los linfocitos T, es detectada a partir del dia 12, esto ha sido adjudicado
al tiempo prolongado que tardan las células dendriticas infectadas en llegar hasta los
nddulos linfaticos (Wolf A. y col., 2008). La relacion entre expresion antigénica y el
tiempo de respuesta de los linfocitos T, ha sido catalogado como un mecanismo de
evasion a la respuesta adaptativa, permitiendo el tiempo necesario para proliferacion

y establecimiento inicial de una infeccion persistente (Baena A. y col., 2009).



- Modificacion en la via de procesamiento antigénica por clase 1I:

Disminucion de la expresion en superficie: esto se ha relacionado directamente con la

infeccion micobacteriana y antigenos especificos. En el trabajo de Pecora y colaboradores,
observaron que las células presentadoras de antigenos pulmonares, pertenecientes a ratones
expuestos a BCG-GFP, mostraron disminucién en la superficie de proteinas de MHC-II, a

diferencia de aquellas células no infectadas(Pecora N. y col., 2009).

La naturaleza de los antigenos presentados: los ensayos in vitro respaldan el papel supresor

sobre la expresion de MHC-II que ejercen algunos antigenos proteicos como la lipoproteina
de 19kDa, al ser un ligando de TLR-2, el cual ejerce una prolongada estimulacién
interviniendo con la sefializacion de IFN-y (Fulton S. y col., 2004). Teniendo en cuenta, que
la micobacteria cuenta con otros antigenos que actian como ligandos para TLR-2,
(lipoproteina de 38kDa, Esat-6 entre otros), este mecanismo podria ser indicativo de un
proceso sinérgico por parte de la micobacteria, enfocado en la disminucion de la expresion

de moléculas necesarias para la presentacion antigénica.

Efecto negativo en el trafico intracelular de proteinas: el ambiente 4cido del compartimento

endolisosomal conocido como MHIIC, donde se lleva a cabo la unidén de los péptidos
micobacterianos con las moléculas de MHC-II, es catalogado como un blanco en el
procesamiento antigénico. Esto fue evaluado en un ensayo in vitro, comparando la expresion
de moléculas MHC-II en células THP-1 expuestas a BCG ureasa negativa y positiva, donde
encontraron una relacion directa, entre la expresion de ureasa, acompanada de un aumento
en la cantidad de amonio, con una disminuida exposicion en superficie de moléculas MHC-
IT ( Sendide K. y col, 2004) En este mismo compartimento, se encuentra, Catepsina S, una
proteasa de cisteinas, implicada en la degradacion de la cadena invariante Li, que permite la
union entre péptidos micobacterianos y las proteinas de MHC-II (Chow A. y col., 2005).

Algunos trabajos han adjudicado un efecto inhibitorio a la IL-10, puesto que se ha
relacionado con la disminucion de la expresion de catepsina S y la exposicion de las
moléculas de MHC-II “inmaduras” (en presencia de proteinas li) en superficie, interfiriendo

con una adecuada presentacion antigénica (Sendide K. y col., 2005).
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Presentacién antigénica por moléculas clase I:

La fuente de péptidos presentados por las proteinas de clase I, es principalmente del
citoplasma celular como consecuencia de infecciones virales y proteinas mal plegadas en el
reticulo endoplasmatico, sin embargo, esta fuente puede ser también a partir de
microrganismos que han entrado a la célula por fagocitosis pero que logran escapar al
citoplasma, donde sus proteinas seran procesadas y su péptidos serdn presentados por
moléculas de presentacion antigénica clase 1. El grupo liderado por Wel N. y col, 2007,
mediante inmunofluorescencia y microscopia electronica, demostré la presencia de Mtb en
citoplasma, evidenciando mayor duplicacién en comparacién con aquellas presentes en
fagolisosomas (Wel N. y col., 2007). Mediante microscopia confocal y citometria de flujo,
Sreejit y colaboradores, evidenciaron la colocalizacion del complejo proteico Esat-6/CFP-10
en el lumen del reticulo endoplasmatico, interaccionando especificamente con la proteina
B2Microglobulina, lo cual se vio reflejado en el incremento de cadenas alfa de moléculas

MHC-I libres de 32M en superficie de macrofagos THP-1(Sreejit G. y col., 2014).

La internalizacion de cuerpos apoptdticos, provenientes de macrofagos previamente
expuestos a proteinas de Mycobacterium smegmatis, fue propuesta como una condiciéon que

induce presentacion cruzada (Espinosa-Cueto P. y col., 2017).

La presentacion cruzada y los mecanismos para disminuir la presentacion antigénica clase I,
identificados en la infeccion con Mycobacterium tuberculosis, ha incentivado la biisqueda de
antigenos que despierten la respuesta de linfocitos TCD8. Los antigenos de secrecion se
caracterizan por inducir una fuerte respuesta en los linfocitos TCD4 y TCD8, dentro de este
grupo antigénico, el complejo proteico Ag85B se han destacado por desempenar diferentes
funciones en la infeccion micobacteriana, por lo tanto, su seleccion para estudio permitiria
ampliar el campo de aplicacion para el disefio de estrategias vacunales y el desarrollo de

terapias inmunoldgicas que complementen el tratamiento actualmente existente.

D.3 Proteina Ag85B
El Ag85B, pertenece al complejo Ag85, formado por tres proteinas, Ag85A (31kDa), Ag85B
(30kDa) y Ag85C (31.5kDa), codificadas por los genes fbpA, fbpB, y fbpC2 respectivamente.
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El Ag85 es un complejo antigénico altamente conservado en otras especies micobacterianas
y representa la mayor parte de proteinas de secrecion en cultivo (60%), la cual se encuentra
en el cultivo desde el dia tres y representa hasta un 41% durante la fase logaritmica de la
micobacteria (Harth G. y col., 1996) (Babaki M. y col., 2017). Ag85B es una proteina de
secrecion en fase aguda, sin embargo, exhibe disminucion de su RNA mensajero (RNAm),
tres semanas post-infeccion (Rogerson B. y col, 2006). Utilizando PCR en tiempo real,
Wilkinson y colaboradores, midieron la cantidad (RNAm) de Ag85B en monocitos
infectados con Mtb y encontraron un aumento de 54 veces comparado con el RNAm 16S
micobacteriano después de 24 horas de infeccion, proponiendo a Ag85B como indicador de
crecimiento intracelular de la micobacteria(Wilkinson R. y col., 2001).

El complejo Ag85, tiene actividad de micolil-transferasa que cataliza la transferencia de
acido micdlico al arabinogalactan presente en la pared micobacteriana, dando lugar a una
barrera altamente impermeable que brinda proteccion a farmacos y sustancias hidrofilicas;
esta actividad enzimatica también participa en la biosintesis de Trehalosa Dimicolato TDM,
que consiste en la unidn entre una trehalosa y dos grupos de acido micélico (Kuo C. y col.,
2012), siendo el glicolipido mas abundante de la envoltura micobacteriana (Dulberger C. y
col, 2020). Dentro de algunos mecanismo de virulencia, adjudicados a TDM, estd la
resistencia a antibidticos y la formacion de granulomas (Hunter R. y col, 2006). Ademas, su
eliminacion de la pared micobacteriana por extraccion quimica (Indrigo J y col., 2003) o
mediante la eliminacion de expresion de las proteinas Ag85A en la cepa H37Rv,
evidenciaron menor replicacion intracelular y velocidad de crecimiento (Armitige L y col,
2000). La union del complejo Ag85 a fibronectina y elastina se ha relacionado con

adherencia, invasion y diseminacion micobacteriana en células del hospedero (Kou C. y col.,

2013).

Al complejo Ag85, se le ha adjudicado un papel tipo protector dado que contiene proteinas
inmunodominantes que inducen la produccion de IFN-y y IL-2 por linfocitos Th1(Forrellad
M. y col, 2013) (Huygen K., 2014). Por esta razén, ha sido ampliamente explorado su
potencial como candidato vacunal, siendo evaluado en diversos formatos. Como vacuna
micobacteriana recombinante rBCG30, donde BCG contiene un plasmido que codifica a

Ag85B, mostrando disminucion de unidades formadoras de colonia a nivel pulmonar y bazo

12



( Horwitz M. y col., 2000) (Khan A. y col., 2019). Mycobacterium smegmatis, transformada
con un plasmido que codifica epitopes especificos del Ag85B (rMs064), evidencié un
aumento significativo en la produccion de IFN-y e IL-12( Kadir N. y col., 2016).

El Ag85B también se ha evaluado como vacuna de subunidad, en combinacion con otros
antigenos de secrecion, por ejemplo, (Hybrid1-IC31), que contiene Ag85B y Esat-6, esta
vacuna se encuentra actualmente en fase II de evaluacion clinica. Los resultados obtenidos
evidenciaron la inmunogenicidad y la respuesta predominante de los linfocitos TCD4+
especificos para Ag85B, coexpresando INF-y, TNF-a y IL-2, en comparacion con Esat-6
(Mearns H. y col., 2017). En combinacion con proteinas especificas de latencia, como
H56:1C31, (Ag85B-Esat-6-Rv2660), donde la respuesta inducida por el Ag85B en LTCD4
especificos, fue predominante y sostenida en el modelo de evaluacioén, en comparacion con
la respuesta no uniforme hacia lo otros dos antigenos presentes en la vacuna (Suliman S. y
col., 2019). También se ha evaluado el Ag85, utilizando virus como vectores, AERAS-402
es un adenovirus que contiene la secuencias de Ag85A, Ag85B y TB10.4, esta vacuna fue
evaluada en fase clinica II, y se observo la induccion de una fuerte respuesta en los linfocitos
TCD4 y TCD8. A bajas dosis se evidenciaron células T polifuncionales, siendo predominante
para el Ag85A/B (Van Z. y col., 2017).

Las vacunas basadas en DNA, también han sido evaluadas con secuencias génicas del Ag85,
por ejemplo Ag85B-T-bet, donde utilizaron al gen de Ag85B y T-bet como adyuvante,
después de la inmunizacidén se obtuvo una significativa producciéon de INF-y e IL-2,
acompafiada de una disminucion de las citocinas IL-4 e IL-10 (Hu D. y col, 2012). Y
finalmente MTBVAC, la tnica vacuna de una cepa atenuada de Mtb, tiene dos genes
eliminados, phoP que controla aproximadamente el 2% del todo el contenido gendomico y
fadD26 relacionado con la ruptura fagosomal. Esta vacuna también ha sido evaluada en fase
clinica II (ClinicalTrials.gov identifier: NCT02729571) y se le ha adjudicado parte de su eficacia, a

la antigenicidad incrementada por la secrecion del Ag85(Kauffman S. y col., 2014).

Las referencias anteriormente mencionadas, representan algunos trabajos de investigacion en
los ultimos afios, en donde se ha evaluado el potencial del complejo Ag85 como agente
vacunal. El patron de respuesta antigeno-especifica predominante, post-vacunacion de los

linfocitos TCD4 y TCDS, ante las proteinas de Ag85, han incentivado la busqueda de
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epitopes que son reconocidos por el TCR. Su identificacion podria representar un blanco
adicional, que permitiria estudiar més a fondo la interaccidon entre respuesta inmune del
hospedero y la micobacteria, como también el desarrollo de herramientas que ayuden a

contrarrestar el desarrollo de la infeccion.

D.3.1 Péptido Ag85Bp199KLVANNTRL207)

La inmunodominancia de Ag85B llevo a Geluk y colaboradores en el 2000, al desarrollo de
un trabajo, donde, usando el modelo de raton HLA-transgénico, identificaron dos secuencias
de 9 residuos de aminodcidos, presentadas por la proteina HLA-A*0201 mediante la
cuantificacion de linfocitos TCDS8 péptido-especificos, siendo la secuencia (KLVANNTRL)
una de la identificadas (Geluk A. y col., 2000). El grupo de FF Weichold, en el 2007,
analizaron interacciones bioquimicas entre 49 péptidos pertenecientes al antigeno Ag85B y
7 alelos de proteinas pertenecientes al complejo principal de histocompatibilidad clase I. Sus
resultados evidenciaron que la interaccion entre el péptido (KLVANNTRL) y la proteina
HLA-A*0201 es altamente especifica, puesto que el mismo péptido no es plegado con alelos
diferentes. (Weichold F. y col., 2007).

El andlisis comparativo entre secuencias completas de 21 cepas filo-geograficamente
diversas, pertenecientes al complejo de Mtb, realizado por el grupo de Ifiaki y colaboradores
en el 2010, permitié concluir que los epitopes que despiertan respuesta de los linfocitos T
(donde se encuentra la secuencia KLVANNTRL), son altamente conservados en
comparacion con el resto del genoma, su grado de conservacion fue cercano al reportado para
genes esenciales (Comas 1., y col, 2010).

Axelsson y colaboradores en el 2013, midieron la frecuencia de linfocitos TCD8 de 27
pacientes con tuberculosis activa previa al tratamiento, utilizando tetrdmeros recombinantes,
formados entre proteinas del antigeno leucocitario humano maés frecuentes en la poblacion
africana y los péptidos KLVANNTRL de Ag85B y AMASTEGNYV de Esat-6. Esto, permitio
la identificacion de los linfocitos TCD8 péptido-especificos con mayor frecuencia en la
poblacion evaluada, incluso comparada con otras secuencias del mismo antigeno, estos
hallazgos permitieron reafirmar la inmunodominancia de la secuencia KLVANNTRL
(Axelsson R. y col., 2013) Este mismo grupo del Instituto Karolinska, en el 2015, aplicando

una metodologia similar, en una poblacion de Korea del sur donde los alelos HLA-A*02 y
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HLA-A*24 son unos de los mas frecuentes, identificaron linfocitos TCD8 en pacientes con
tuberculosis activa, donde el tetrdmero formado entre HLA-A*0201 y la secuencia
KLVANNTRL de Ag85B, mostr6 la mayor frecuencia a linfocitos TCDS8 péptido-
especificos(Axelsson R. y col., 2015). Siguiendo la misma estrategia, pero ahora realizando
una comparacion antes y después del tratamiento en pacientes sudafricanos diagnosticados
con tuberculosis, se evidencio una disminucion de 0.11% en la frecuencia de linfocitos TCDS8
especificos para los antigenos de secrecion evaluados (Esat-6, Ag85B y TB10.4), en
comparacion con una disminucion de tan solo 0.01% para antigenos de naturaleza no
secretora, ademas, este grupo encontrd que a diferencia de la poblacion total de linfocitos
TCD8, la poblacion identificada con tetrdmeros evidencid un mayor porcentaje de

marcadores de degranulacion post tratamiento(Axelsson R., y col., 2015).

Estos trabajos demostraron que el péptido KLVANNTRL presente en la secuencia del
Ag85B, es expuesto en conjunto con la proteina HLA-A*0201 en la superficie de células
infectadas con Mtb y son reconocidos por linfocitos TCDS. También fue evidenciada una
alta especificidad de interaccion con la proteina HLA-A*0201 y un alto grado de
conservacion. Todas estas caracteristicas, convierten al complejo protéico entre Ag85Bpigo-
207 Y HLA-A*0201, en un blanco ideal para el desarrollo de moléculas para su

reconocimiento.

D.4 Proteinas del complejo principal de histocompatibilidad y Tuberculosis en México
Dada la importancia que tiene la presentacion antigénica en el desarrollo de la enfermedad
causada por Mtb, algunos grupos de investigacion se han enfocado en encontrar o descartar
la relacioén entre proteinas pertenecientes al complejos principal de histocompatibilidad y
predisposicion o proteccion a tuberculosis. Segin estudios de meta-andlisis, la presencia de
HLA-DRB1*04 y HLA-DRB1*08 fueron los mas comunes en pacientes con tuberculosis,
por otro lado HLA-DRB1*03 y HLA-DRB1*07 fueron relacionados con proteccion (Li C. y
col., 2015)( Oliveira C. y col., 2016).

En trabajos experimentales, realizados en diferentes grupos poblacionales en México,
determinaron que los alelos DQA1*0101 (62%), DQB1*0501 (44%), DRB1*1501 (48%)

fueron los mas frecuentes en pacientes con tuberculosis pulmonar en condiciones no
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inmunosuprimidas y DRB1*1101 (46%) fue el mas frecuente en pacientes VIH positivos.
(Tabla 1) (Teran E. y col., 1999). Al norte de México, 50 pacientes con tuberculosis pulmonar
fueron analizados, encontrando una relacion positiva entre tuberculosis y los alelos DR11-16
y DQ7, y una relacién negativa con DR17 y DQS8 (De lo Angeles R. y col., 2008). En una
publicacion mas reciente, Ocana-Guzman y colaboradores a inicios del afo 2021, reportaron
una asociacion entre pacientes con tuberculosis pulmonar-multidrogorresistente de origen
mexicano y HLA-DRB1*04 (35%), y en pacientes farmaco sensibles con HLA-DRB1*08
con (40%) (Ocana G. y col., 2021)

HLA-DRB1*04 fue reportado como uno de las mas frecuentes con 32.17%, en un estudio de
identificacion de frecuencia alélica del antigeno leucocitario humano clase 1 y I, en tres
poblaciones de México (Del Angel P., y col., 2020). HLA-DRB1*04 también fue reportado
en otro estudio realizado en Brasil, donde la poblacién de pacientes con tuberculosis
pulmonar evaluada fue de 316, sin embargo, en este caso, la evaluacion alélica fue mas
especifica y logré identificar a DRB1*04:11:01 con 50%, y a DRB1*04:07:01 con 0% en
pacientes con tuberculosis pulmonar. En este grupo también se identific6 mediante un
analisis in silico que la interaccion entre DRB1*04:07:01 y los péptidos de Esat-6 fue muy
alta en comparacion con el alelo mas frecuente en pacientes con tuberculosis pulmonar.
(Souza de L. y col., 2016). Sin embargo, se han reportado trabajos contrastantes, por ejemplo,
en India, donde a 109 pacientes diagnosticados con tuberculosis, se identifico a DRB1*14
como uno de los alelos més frecuentes en la poblacion de pacientes multidrogorresistentes y
a DRB1*04, como uno de los predominantes en los pacientes farmacosensibles (Sharma S.
y col., 2003).

En cuanto a alelos de HLA clase I y su relacion con tuberculosis en México, se encuentran
muy pocos reportes en la bibliografia. En 34 pacientes mexicanos, el grupo de Soto y
colaboradores identificaron a HLA-B*39 y HLA-B*35 como los alelos més frecuentes en
pacientes con tuberculosis extrapulmonar y pulmonar respectivamente (Soto M. y col.,
2007). HLA-B*35, también identificado fue como uno de los mas frecuentes (52%) de 35
pacientes con tuberculosis en Argentina, en este caso, la diferencia significativa se obtuvo
comparando con dos grupos control: contactos familiares y controles sanos (De Sorrentino
A.y col., 2014. En la publicacion de Del Angel P, en el 2020, evaluaron la distribucion de

alelos y haplotipos en mas de 500 mexicanos, donde a pesar de la alta variabilidad alélica
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identificada en las tres poblaciones evaluadas, los alelos HLA-A*0201 y HLA-B*3501
fueron los mas frecuentes, coincidiendo con reportes de frecuencia alélica a nivel mundial

Neville M. y col., 2017)

Encontrar una asociacion entre el desarrollo de tuberculosis y proteinas pertenecientes al
complejo principal de histocompatibilidad clase I y II resulta controversial, debido a que la
interpretacion va de la mano con la frecuencia alélica predominante de la poblacion evaluada,
prevalencia de tuberculosis y factores de riesgo. Sin embargo, la identificacion de una
tendencia alélica y su interaccion con péptido micobacterianos, podrian brindar un panorama

que permita identificar un aspecto adicional, direccionado hacia el entendimiento del éxito

de Mtb como agente patdgeno en los humanos.

Tabla 1: Proteinas del complejo principal de histocompatibilidad y tuberculosis

Numero de pacientes Alelos més frecuentes
Pais con tuberculosis Referencia
predisposicion proteccion
pulmonar
México 50 DQA1*0101(62%) DQAI1*0501(46.3%) | Teran E. y col., 1999.
De los Angeles y
México 50 DR11-16, DQ7 DR17, DQS8
col., 2008.
Ocafa G. y col.,
México 20 DRB1*04 ¢
2020.
HLA-DRB1*04:11:01 Souza de Lima y col.,
Brasil 316 DRBI1*04:07:01 &
(50%) 2016.
India 109 DRB1*14 (30%) ¢ Sharma y col., 2003.
México 34 HLA-B*39, 35 - Soto y col., 2007.
De Sorrentino y col.,
Argentina 35 HLA-B*35 (52%) - 2014

¢ alelo relacionado con el desarrollo de multidrogorresistencia a tuberculosis.
aalelo ausente en pacientes con tuberculosis pulmonar.

D.5 Anticuerpos tipo TCR

La importancia del perfil peptidico en conjunto con proteinas pertenecientes al complejo
principal de histocompatibilidad, expuestos en superficie celular, durante el cancer y algunos

procesos infecciosos, ha impulsado el desarrollo de moléculas que simulen el reconocimiento
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del receptor de linfocitos T. Tales moléculas de reconocimiento son conocidos como
anticuerpos tipo TCR.

La interacciéon con su molécula blanco (péptido/HLA-I), ha sido dilucidada mediante
cristalografia, mostrando solo algunas diferencias de reconocimiento con el receptor de
linfocitos T, lo cual se le adjudica a la ausencia de moléculas accesorias, (por ejemplo CD8),
sin embargo, en todos los casos se conserva el patron de union entre el anticuerpo CDR3 y
el péptido blanco (Heydahl L. y col., 2019). El tipo de reconocimiento de los anticuerpos
tipo TCR, ha permitido detectar y cuantificar péptidos expuestos en superficie, en conjunto
con proteinas del complejo principal de histocompatibilidad, brindando un panorama mas
completo para una evaluacion especifica del reconocimiento y activacion de los linfocitos T

(Reay P., y col., 2000).

Gracias a que su blanco de reconocimiento (péptido/HLA-I), estd expuesto en las células
cancerigenas o células infectadas, su aplicacion estd enfocada tanto a su identificacion como
en la eliminacion de las mismas. Anticuerpos tipo TCR conjugados con fluorocromos y
toxinas, han permitido evaluar su capacidad para identificar e inducir apoptosis y fagocitosis
mediada por anticuerpos. En plataformas con nanoparticulas y lentivirus también permitido
eliminacion de células de forma especifica (He Q. y col., 2019). Se ha propuesto, su
acoplamiento a superficie de células citotdxicas, especificamente al dominio de sefializacion
intracelular (CD3), conllevando a la activacion de mecanismos efectores de produccion de

citocinas, perforinas y granzimas (Chames P., y col 2000).

Tabla 2: Aplicacion anticuerpos tipo TCR

HLA-I, II Nombre h:eizoc(i(i)éie 1:1(1)1?01?12;: Referencia

Cuantificacion de péptido/HLA-I

I-EX D4 Hibridoma completo Reay P. y col, 2000.

HLA-A0201 El, L1 y | Hibridoma completo Sim A. y col., 2013.

L2
Céncer

HLA-A*0101 G8 Despliegue en | completo Chames P. y col., 2000.

fago
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HLA-A*0201 38 Despliegue en | completo Ahmed, M., y col., 2018.

fago
Evaluacion Inmunoterapéutica
HLA-A0201 A6, C1 Cy | Despliegue en | Fragmento de Bewarder M. y col., 2020.
7 fago reconocimiento

antigénico.(Fab)

HCVM: Citomegalovirus humano, LMP2A: péptido de virus Epstein Bar, Fab: Fragment antibody

Para el desarrollo de anticuerpos tipo TCR, se ha utilizado la técnica de hibridoma que aporta
anticuerpos con maduracion de afinidad in vivo, sin embargo, debido al tipo de
reconocimiento esperado, la probabilidad de seleccionar clonas especificas es muy baja y la
estabilidad reducida de los complejos recombinantes para la inmunizacion, afectan
negativamente su seleccion (Cohen M. y Reiter Y., 2013). Con el fin de sobreponer estas
desventajas, nuevas propuestas metodologicas han permitido la seleccion de anticuerpos sin
necesidad de inmunizacion. Siendo la técnica de despliegue en fago, una de las mas

exploradas (Heydahl L. y col., 2019). (Dahan, R., & Reiter, Y., 2012). (Tabla 2).

La fuente de anticuerpos usando esta metodologia, son bibliotecas o bancos de anticuerpos
recombinantes de diferentes tipos segliin su origen (naive, inmunes, sintéticas), y 100%
humanas. Permite explorar el uso de fragmentos de anticuerpo: region de reconocimiento
antigénico-fragment antibodies (Fabs), fragmentos de anticuerpos de cadena sencilla-Single
Chain Fragment Variable (scFv) y anticuerpos de un solo dominio o més conocidos como
Nanobodies. Esta versatilidad, ha permitido desarrollar nuevas opciones para alternar o
complementar la aplicacion de anticuerpos obtenidos de manera tradicional.

Dentro del grupo de fragmentos de anticuerpos, seleccionados para la construccion de
bibliotecas, se han destacado los anticuerpos de un solo dominio o Nanobodies,

representando el formato mas pequeno de reconocimiento (Wang Y. y col., 2016).

D.6 Anticuerpos de un solo dominio

Su desarrollo y aplicacién, se dio gracias al descubrimiento de Hamers-Casterman y
colaboradores en 1992, quienes identificaron anticuerpos compuestos Unicamente por
cadenas pesadas, presentes en el suero de Camelus dromedarius (Hamers C. y col., 1993).

Este tipo de anticuerpos, también ha sido descrito en algunas especies de tiburdn (nodriza y
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alfombra) y son conocidos como (IgNARs: Immunoglobulin new antigen receptors), (Nuttall
S. y col, 2001). La estructura de estos anticuerpos, consiste en homodimeros de cadenas
pesadas no asociados a cadenas ligeras, ausencia del dominio constante uno y una region
bisagra extensa, unida a un dominio variable de reconocimiento antigénico por cada cadena
(Figura 2). A estos dominios de reconocimiento, se les ha denominado VHH (variable
domain heavy chain) para camélidos y V-NAR (variable domain new antigen receptor) para
tiburones. Debido a su amplio desarrollo, también son conocidos como anticuerpos de un
solo dominio (sdAb: single domain antibodies) o nanobodies, nombre que fue otorgado por
Ablynx, una compafiia que se enfoca en la produccion de este tipo de formato de anticuerpos
https://www.ablynx.com/our-company/overview/. Este formato tienen un peso molecular de
(~15kDa), representando la estructura mas pequefia con capacidad de reconocimiento.
Definicién asignada debido a su reducido tamafo en comparacioén con otros formatos como
scFv de ~ 27kDa y Fabs de ~57kDa)(Wang Y. y col, 2016). Los anticuerpos de un solo
dominio, cuentan con caracteristica estructurales particulares, donde la ausencia de la cadena
ligera y la presencia de algunos residuos de aminoécidos especificos, estan relacionados con
un impacto positivo en su estabilidad y solubilidad (Muyldermans S. 2013). La longitud y
nimero de sus regiones hipervariables, y la presencia de puentes disulfuro adicionales, dan
lugar a una arquitectura alargada, relacionada con el reconocimiento de epitopes de dificil
acceso para otros formatos de reconocimiento o anticuerpos completos (Govaert J. y col.,
2012) (Siontorou C., 2013). Los anticuerpos de un solo dominio, ademas de su capacidad de
reconocimiento, brindan la facilidad de construccion multimérica gracias a su reducido
tamafio (Zhu, X. y col., 2010). Dada su alta especificidad han sido propuestos como
moléculas de estabilizacion estructural (Korotkov K. y col., 2009). Todas estas propiedades
biofisicas y su versatilidad de reconocimiento, los convierte en una herramienta idonea para
investigacion basica y también en moléculas con potencial terapéutico (Ingram J. y col.,

2018) (Bannas P. y col., 2017) (Jov¢evska, 1. y col., 2020)
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Figura 2: Esquema comparativo entre anticuerpos: A: tradicionales, E: de
cadena pesada, B: fragmentos de reconocimiento antigénico, C: fragmentos
variables de una sola cadena, D, F: Anticuerpos de un solo dominio-Nanobody.
Tomada de:Valdez-Cruz N. y col., 2021.

D.6.1 Desarrollo y seleccion de anticuerpos de un solo dominio

Para su obtencion, se ha explorado la inmunizacion de animales y a partir de bibliotecas no
inmunes o sintéticas directamente ( Liu W.y col., 2018). Su seleccion a partir de bibliotecas
inmunes, implica la inmunizacién con el antigeno de interés en animales que generan
naturalmente anticuerpos de cadena pesada (Camélidos-Llamas), seguido por la clonacion
especifica de genes pertenecientes a las regiones variables, seguido por su ensamblaje en
vectores como fagémidos, y finalmente ser seleccionados especificamente a través de
metodologias como despliegue en fago.

La construccion de bibliotecas inmunes, usando anticuerpos de un solo dominio, ofrecen
ventajas como: maduracion de afinidad inmune desarrollada in vivo y mayor grado de
conservacion en las secuencia del dominio de reconocimiento antigénico, en comparacion
con el formato scFv donde se requiere del acoplamiento entre las secuencias de genes de
cadenas variables pesadas y ligeras mediante un péptido adicional. La variabilidad reportada
para este tipo de bibliotecas es ~10%a (partir de 50 ml de sangre)(Muyldermans S., 2013). En
las bibliotecas de anticuerpos naive, la variabilidad minima requerida es ~10° lo que implica

un mayor volumen de sangre, representando una limitante.
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Para solucionar estos problemas, la construccion de bibliotecas sintéticas y semisintéticas ha
sido propuesta. Estas son construidas utilizando menor volumen de sangre y mediante
mutaciones se incrementa la variabilidad de las secuencias determinantes de
complementariedad, conservando los marcos de lectura canonicos de los dominios variables
de cadena pesada. Desarrollando bibliotecas de anticuerpos estables y con alta variabilidad,
que pueden ser dirigidos contra diversos antigenos incluyendo aquellos con los cuales no es
posible realizar una inmunizacion (Goldman E. y col., 2006). Aplicando estrategias
similares, la construccion de bibliotecas de anticuerpos de origen humano desplegadas en
fagos, ha sido posible, permitiendo una seleccion dirigida contra una amplia gama de
antigenos de naturaleza infecciosa y no infecciosa; y gracias a su naturaleza, la aplicacion
como agentes terapéuticos en humanos se ve potenciada ( Li W. y col., 2020). Algunas de
las caracteristicas mas relevantes de las bibliotecas de anticuerpos recombinantes se

encuentran en la siguiente tabla:

Tabla 3:Bibliotecas de fragmentos de anticuerpo:

. Bibliotecas de fragmentos de anticuerpos
Caracteristica
Inmune Naive Semi/Sintéticas
Variabilidad ~108 ~10° ~10"?
Inmunizacion Si No No
Sangre 0.05L >1L <0.01L
Origen humano No No si
Tiempo de construcciéon | prologado corto corto
Tipo de antigenos limitada | No limitada | No limitada

Una de las técnicas mas utilizadas para la seleccion de anticuerpos de un solo dominio, ha
sido el despliegue en fago, la cual fue desarrollada en 1985, a quien a mediados del 2018, se
le fue otorgado el premio nobel en quimica. La técnica de despliegue en fago o més conocida
como “phage display”, consiste en la exposicion de péptidos, proteinas y anticuerpos, en la
superficie de particulas fagicas, incorporando al ADN fordaneo en el genoma del fago
(Barderas R. & Benito E., 2019). El despliegue de anticuerpos en el fago, se realiza mediante
el acomplamiento a proteinas de la cubierta fagica. La proteina III es una de las mas
utilizadas, puesto que permite una plataforma idonea para la interaccion biblioteca-molécula

blanco y optimiza la seleccién de moléculas con mayor afinidad.
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El uso de fagémidos para construir bibliotecas desplegadas en fagos, es uno de los mas
frecuentes, puesto que permite acoplar ADN foraneo de diversos tamafios, mayor eficiencia
en transformacion permitiendo mayor diversidad y suficiente estabilidad para tolerar
multiples ciclos de propagacion (Qi H. y col., 2012). Ademas, tiene estratégicamente
ubicado un codon de paro (TAG ambar), entre la secuencia del ADN fordneo (anticuerpo de
un solo dominio) y la proteina fagica de cubierta (proteina III), permitiendo la expresion
independiente del anticuerpo. Para la expresion del anticuerpo de un solo dominio, se utilizan
cepas bacterianas que si reconocen la secuencia de paro (E. coli HB2151), permitiendo su
obtencion soluble independiente de la proteinas III. Gracias a todas estas cualidades, la
seleccion de anticuerpos de un solo dominio, a partir de bibliotecas, ha representado una
estrategia ideal para el desarrollo de herramientas que cuenten con un amplio campo de

aplicacion.

D.6.2 Aplicacion de anticuerpos de un solo dominio

La técnica de despliegue en fago, inici6 con la exposicion de péptidos en la superficie fagica
(Parmley S. y col., 1988), y posteriormente, fueron los Fabs, dando lugar a una nueva
plataforma de seleccion de anticuerpos (McCafferty J. y col., 1990), donde los anticuerpos
de un solo dominio ha sido ampliamente explorados. Su aplicacion diagnostica y como
herramienta para el seguimiento en cancer mediante su acoplamiento con moléculas como el
Galio, ha permitido la identificacion de tejido tumoral y su evolucion a lo largo del
tratamiento, complementando asi a las técnicas de imagenologia existentes, representando

una alternativa a la biopsia (Keyaerts M. y col., 2016).

Su potencial de tratamiento en cancer, fue evidenciado gracias a la induccion de muerte de
célula cancerigenas in vitro y a la disminucion de tejido tumoral in vivo(Roshan R. y col.,
2021).También se han evaluado como receptores de células T quiméricas, mas conocidas
como CAR-T (Chimeric Antigen Receptor-T cells), donde se optimizan los mecanismos de
eliminacion de células cancerigenas mediante el reconocimiento efectuado por el nanobody
(Zhu L. y col., 2020) (Zhang G., y col., 2014) ( Hajari T., y col., 2019). También se ha
evaluado su aplicacion en enfermedades de origen infeccioso, por ejemplo, los anticuerpos

de un solo dominio 2TCE3 y ITC39, en formato divalente y acoplados a HRP, reconocieron
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especificamente antigenos de secrecion de Toxocara canis, en un inmunoensayo, €
identificaron la infeccion en suero de ratones desde etapas mdas tempranas, en comparacion
con anticuerpos policlonales convencionale (Morales Y. y col., 2019). Siguiendo con el area
de infecciosas, pero con un enfoque terapéutico, la aplicacion via oral del anticuerpo 2R215
dimérico, evidencid mejoria en la presentacion clinica y disminucién de invasion bacteriana
tisular, post-exposicion a enterotoxina de Escherichia coli en un modelo in vivo

(Amcheslavsky A. y col., 2021).

Gracias a sus cualidades, actualmente estd siendo explorado su potencial como anticuerpos
neutralizantes frente al virus causante de la pandemia iniciada en el 2020. Para su desarrollo,
las bibliotecas de nanobodies desplegados en particulas fagicas tipo inmune (camélidos),
sintéticas y de naturaleza humana, han sido utilizadas (Valdez-Cruz N. y col., 2021). La
evaluacion inicial consiste en su capacidad de reconocimiento y neutralizacion in vitro y
algunos trabajos han evaluado su potencial profilactico y de tratamiento en modelos in vivo

(Li W. y col., 2020).

Su aplicacion en el area industrial, fue explorada por el grupo de Chen F. y colaboradores,
donde evaluaron la capacidad para detectar especificamente una proteina alergénica presente
en el cacahuate mediante un inmunoensayo (Chen F. y col., 2019). El primer nanobody
aprobado por la FDA en el 2018 fue el Caplacizumab, el cual impide la union entre el factor
de Von Willebrand y plaquetas, previniendo la formacion de codgulos en microvasculatura

de pacientes que padecen purpura trombocitopénica (Hollifield A. y col.,2020).

Tabla 4: Aplicacion anticuerpos de un solo dominio

Anticuerpo de Multimerizacién/ . Metodologia Potencial .
Un solo Marcat Antigeno . S Referencia
. ye seleccion aplicacion
dominio
Enfermedades infecciosas
2TCE39 2TCE3- Antigenos Despliegue en | Identificacion Morales Y. y
1TC39 dimérico secrecion fago/biblioteca | especifica de | col., 2019.
ITC39-HRP Toxocara canis | inmune ASTC
(ASTC)
2R215 Dimérico y | (Adhesina)factor | Despliegue en | Tratamiento Amcheslavsky
trimérico de colonizacién- | fago profilactico col., 2021.
Escherichia coli.
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(biblioteca
inmune)
vH ab8 vH-fc ab8 RBD-SARS Despliegue en | Neutralizacion Lie W. y col,,
fusion con | CoV-2 fago de infeccion por | 2020.
fraccion (biblioteca de | SARS Cov-2
cristalizable de origen
anticuerpos humano)
humano.
n3130 Monomérico RBD-SARS Despliegue en | Neutralizacion Wu Y. y col,
n3988 CoV-2 fago de infeccion por | 2020.
(biblioteca de | SARS Cov-2
origen
humano)
Nb21 Monoméricoy | RBD-SARS Despliegue en | Neutralizacion Xiang Y. y
Nb20 Homotrimérico | CoV-2 fago de infeccion por | col., 2020.
(biblioteca SARS Cov-2
inmune llama)
Céncer
%8Ga-HER2- Acoplado  a | HER2 Despliegue en | Reemplazar Keyaerts M. y
Nanobody %Galio fago biopsias para | col., 2016.
(biblioteca diagndstico y
inmune) seguimiento post
tratamiento. (fase
D
Nb4 Monomérico Moléculas  de | Despliegue en | Agente Roshan R. y
adhesion de | fago terapéutico. col., 2021.
células (biblioteca
epiteliales. inmune)
VHH-28z VHH-28z- RFCVE* Despliegue en | Receptor de | Hajari y col.,
células T fago células T | 2019.
(biblioteca terapéuticas
inmune)
GPA7-28z GPA7-28z- Péptido de | Despliegue en | Receptor de | Zhang G. y
Células T ¢pl00/HLA-A2 | fago células T | col., 2014.
(biblioteca terapéuticas.
inmune llama)
Industria alimenticia
Nb16 Monomérico Ara h 3%* Despliegue en | Identificaciéon de | Chen F. y col.,
fago alérgeno 2019.
(biblioteca alimenticio
sintética-
VHH)***
Aprobado por FDA &
Caplacizumab | Divalente Factor Von | Biblioteca Prevencion Holliefeld A.
Willebrand inmune en | trombosis en | y col., 2020
llama. purpura
trombocitopénica

*Receptor del Factor de Crecimiento Vascular Endotelial. **Proteina alergénica identificada en cacahuate.
***VHH: dominio variable de anticuerpo de cadena pesada de camello-humanizado. &Food and Drugs

Administration.
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E. JUSTIFICACION
La busqueda y desarrollo de alternativas para contrarrestar la infeccion causada por Mtb, va
de la mano con el objetivo de la OMS de disminuir la epidemia de tuberculosis para el 2035.
Antigenos micobacterianos como el Ag85B, tienen secuencias peptidicas reconocidas por
linfocitos TCDS8, las cuales son presentadas por la proteina HLA-A*0201 en modelo murino
y humano de tuberculosis. Considerando la alta frecuencia de la proteina HLA-A*0201 a
nivel mundial, su interaccion altamente especifica con péptidos inmunodominantes de
Ag85B vy la posibilidad de obtener anticuerpos de manera recombinante sin necesidad de
inmunizacion, hacen que el desarrollo de anticuerpos con capacidad de reconocer el complejo
HLA-A/péptido representen una valiosa herramienta, con potencial diagnostico e

inmunoterapéutico en tuberculosis.

F. HIPOTESIS
“El anticuerpo de un solo dominio, seleccionado a partir de una biblioteca de origen humano,
mediante la técnica de despliegue en fago, identificara a la proteina HLA-A*0201 plegada

con el péptido Ag85Bpi99-207 de Mycobacterium tuberculosis, en la superficie de células T2”

G. OBJETIVO GENERAL
Obtener un anticuerpo de un solo dominio con reconocimiento especifico hacia la proteina

HLA-A*0201 plegada con el péptido Ag85Bpi99.207 de Mycobacterium tuberculosis.

H. OBJETIVOS ESPECIFICOS
1. Identificar clonas especificas dirigidas contra la proteina HLA-A*0201 plegada con

el péptido Ag85Bpi99-207 de Mycobacterium tuberculosis.

2. Obtener los anticuerpos de un solo dominio en forma proteica.

3. Evaluar la especificidad de un anticuerpo de un solo dominio, hacia la proteina HLA-

A*0201 y el péptido Ag85Bypi199-207 de Mycobacterium tuberculosis.

4. Determinar la afinidad de unién del anticuerpo de un solo dominio hacia la proteina

HLA-A*0201 y el péptido Ag85Bp199-207 de Mycobacterium tuberculosis.
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I. DISENO EXPERIMENTAL

HLA-A *0201 plegada con el péptido de Ag85B,49.50; de
Mycobacterium Tuberculosis.

\ 4

Expresion, extraccién y purificacion de
anticuerpos de un solo dominio.

\ 4

Evaluacién del reconocimiento de
anticuerpos de un solo dominio soluble

\ v

. Inmunoensayo J | Superficie Celular |

Seleccion de clonas, que reconozcan especificamente a la proteina ‘

J. MATERIALES Y METODOS

J.1Complejos proteicos recombinante: HLA-A*0201/péptidos de Mycobacterium
tuberculosis

Los péptidos de nueve residuos de aminoécidos, reconocidos por linfocitos TCDS8
presentados en el contexto de la proteina HLA-A*0201, pertenecientes a tres antigenos de
Mtb, Ag85B  (19KLVANNTRL207), Esat-6  (s2AMASTEGNVy),  Acrl(i2o
GILTVSVAV2)(Comas . y col,. 2010), fueron sintetizados por ANASPEC (USA), con una
pureza mayor al 90% y homogeneidad confirmada por cromatografia liquida en fase reversa.
Los complejos recombinantes proteicos biotinilados, Ag85Bpi99207/HLA-A*0201
(Ag85Bp/HLA-A*0201), Esat-6,82.900/HLA-A*0201 (Esat-6p/HLA-A*0201), y Acrlpizo-
128/HLA-A*0201 (Acrlp/HLA-A*0201), fueron desarrollados por el Department of
Infectious Diseases, University Medical Centre Leiden, Leiden, Netherlands, con quienes se
trabajo en colaboracion. El complejo Ag85Bp/HLA-A*0201 fue usado como molécula
blanco en las rondas de seleccion usando la técnica despliegue en fago, y los complejos Esat-
6p/HLA-A*0201 y Acrlp/HLA-A*0201 como controles de especificidad. Todos los

complejos recombinantes fueron recibidos y almacenados en PBS1x a -70°C.
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J.1.2 Evaluacion de los complejos recombinantes

La evaluacién estructural de los tres complejos recombinante biotinilados, se realizd
mediante un inmunoensayo, utilizando el anticuerpo W6/32 (Invitrogen/USA), el cual
reconoce un epitope conformacional sobre la cadena pesada alfa al estar correctamente
plegada con la proteina B2microglobulina (Denkberg G. y col., 2000) (De Lourdes M. y col.,
2006). Para verificar el efecto de una correcta direccion de los complejos biotinilados, se
usaron placas en presencia y ausencia de wuna cubierta de estreptavidina
(ThermoScientific/lUSA). Ambas placas fueron sensibilizadas con 0.5ug de complejos
biotinilados recombinantes en 100ul de PBS1x, toda la noche en agitacion a 4°C, al siguiente
dia, las placas fueron lavadas dos veces con PBS1x e incubadas con el anticuerpo W6/32
(1/2000) en PBSIx Tween 0.05%-Bovin Serum Albumin (BSA) 2% (PBS-TBSA) en
agitacion a temperatura ambiente (T A) durante una hora, después de tres lavados con PBS1x-
Tween20 0.05% (PBS-T0.05), los pozos fueron incubados con el anticuerpo anti-raton 1gG
H+L acoplado a peroxidasa de rdbano (HRP) (1/2000) (invitrogen/ USA), con agitacioén a
TA durante una hora, todos los complejos biotinilados también fueron incubados con
estreptavidina acoplada a peroxidasa (1/4000) (Biosource/China), con agitacion a TA durante
una hora, después de tres lavados con PBS-T0.05. Finalmente la reaccion fue revelada con
TMB (3,3’,5,5 -tetramethylbenzidine)(ThermoScientific/lUSA), usando 25ul de é&cido
sulfurico 0.16M, para detener la reaccion, la absorbancia fue medida a 450 nm usando un

lector de placas (Multiskan Go, Thermo)

J.2 Seleccion de anticuerpos de un solo dominio contra el complejo Ag85Bp/HLA-
A*0201:

J.2.1 Rondas de seleccion usando despliegue en fago:

La biblioteca comercial de anticuerpos de un solo dominio de origen humano(Geneservice,
Cambridge), fue utilizada como fuente. Su repertorio esta construido basado en la region
variable de la cadena pesada (V3-23/D47), y cuenta con diversidad en las tres regiones
determinantes de complementariedad, con  aproximadamente 3x10° secuencias de
anticuerpos. El protocolo de seleccion se realizod segun (Lee CM. y col., 2007) con algunas
modificaciones. En la primera ronda, se llevé a cabo una pre-absorcion con el fin de eliminar

fagos que reaccionaran con estreptavidina. Para esto un total de 5x10'2 particulas fagicas

28



fusionadas con la biblioteca, fueron pre-incubadas con 30ul de perlas magnéticas cubiertas
con estreptavidina M280(Invitrogen/Norway) previamente lavadas, durante 1 hora a 4°C en
agitacion, luego de exponer a un imén durante al menos dos minutos, se retir6 el sobrenadante
el cual fue incubado inmediatamente con 7.5ug del complejo biotinilado Ag85Bp/HLA-
A*0201 en PBS1x-BSA2%, a 4°C en agitacion durante 1 hora, pasado este tiempo, se
adicionaron 200ul de perlas magnéticas cubiertas con estreptavidina y se incubaron durante
15 minutos, a 4°C en agitacion. Después de separar las perlas y eliminar el sobrenadante,
estas se sometieron a 15 lavados con PBS1x tween 0.1% y finalmente ser realiz6 la elucion
con glicina-HCI pH 2.2 durante 15 minutos a TA, la muestra eluida (fagos que reconocieron
al complejo recombinante blanco) fue neutralizada con Tris-HCI pH 9.0. Para la segunda y
tercera ronda de seleccion, se utilizaron 2.5 y 1.25ug de la molécula blanco respectivamente,
y el nimero de lavados previos a la elucion, fueron 15 y 25 para la segunda y tercera ronda.
Los fagos eluidos en cada ronda se usaron para infectar a Escherichia coli (E. coli) TGI en
S5ml de medio de cultivo 2xTY a una DOego 0.4-0.5, incubando en bafio maria a 37°C sin
agitacion durante una hora, posteriormente se centrifugaron a 12300g durante 10 minutos. El
boton celular se resuspendié en 1 ml de medio 2xTY, se sembraron en diluciones 1x10%—
1x10° todo el contenido bacteriano expuesto a particulas fagicas en medio solido TYE
suplementado con 4% glucosa y 100pg/ml de carbenicilina y se incub6 toda la noche a 37°C,
al siguiente dia se cuantificaron las unidades formadoras de colonias (UFC;), estas,
representan el numero de fagos eluidos que reconocieron al complejo biotinilado. Se
recolectd con asa de vidrio todo el crecimiento bacteriano usando 5ml de medio de cultivo

2xTY, a partir del cual se guardaron gliceroles de cada ronda.

J.2.2 Fusion con particulas fagicas.

Las bacterias infectadas seleccionadas de J.2.1 se inocularon a una DOgoo de 0.1 en 200ml de
medio liquido 2xTY, suplementado con 100pg/ml carbenicilina y 4% de glucosa, se incubd
a 37°C, a 250 rpm, cuando la DOsoo llegd a 0.4-0.5, se expuso a 8x10!! particulas del fago
M13, se incub6 en bafio maria a 37°C, sin agitacion durante una hora, se centrifugo la
totalidad del volumen de cultivo a 12300g durante 15 minutos, el boton celular se

resuspendié con 200ml de medio de cultivo liquido 2xTY, suplementado con carbenicilina
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100pg/ml y kanamicina 50pg/ml, en ausencia de glucosa e incubando a 26°C, a 250rpm,

entre 16-20 horas.

J.2.3 Precipitacion de particula fagica con PEG

Una vez se completo el paso (J.2.2), se centrifug6 la totalidad del cultivo a 12300g durante
30 minutos y después de filtrar el sobrenadante por 0.45micras, se adicionaron 50ml de
PEG6000(estéril) como agente precipitante y se incub6 en hielo durante una hora, luego se
repitio el ciclo de centrifugacion y se resuspendio el sedimento en Sml de PBS y 1ml de
PEG6000 incubando en hielo durante 10 minutos, luego se centrifugd bajo las mismas
condiciones y el sedimento fue resuspendido en 2ml PBS y centrifugado nuevamente, el
sobrenadante se filtré por 0.45micras. Para su cuantificacion, 10ul fueron diluidos 100 veces
en PBS1x y se midio la DO2eo (las absorbancias en este paso se deben encontrar entre 0.1-1),
aplicando la formula: Fagos/ml=DO2¢o x(100) x (22.14x10'). Se almacenaron hasta por dos
semanas a 4°C. Estas particulas fagicas fueron expuestas al complejo Ag85Bp/HLA-A*0201

en las siguientes rondas de seleccion.

J.3 Evaluacion de clonas post rondas de seleccion.

J.3.1Seleccion y fusion de clonas con particulas fagicas:

Finalizada la tercera ronda, se evaluaron 94 clonas individuales al azar, seleccionadas con un
palillo de madera estéril, cada clona fue inoculada en 200ul de medio de cultivo 2xTY
suplementado con 4% de glucosa y 100pg/ml de carbenicilina en placas de 96 pozos, se
incubaron toda la noche a 37°C a 200rpm, al siguiente dia se tomaron 5Sul de cada pozo y se
transfirieron a una nueva placa con 200ul de medio 2xTY suplementado con 4% de glucosa
y 100pg/ml de carbenicilina, se incubaron durante 3 horas a 37°C a 250rpm, pasado este
tiempo, a cada pozo se le adicionaron 50ul de medio 2xTY suplementado con 4x10%
particulas fagicas, incubando sin agitacion a 37°C durante una hora, posteriormente la placa
se centrifugd a 7600g por 10 minutos, el sedimento de cada pozo fue resuspendido con 200l
de medio fresco 2xTY suplementado con 100upg/ml de carbenicilina y 100ug/ml de

kanamicina, se incubaron a 26°C a 250rpm durante 16-20 horas. Pasado el tiempo de
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incubacion se centrifugaron a 7600g durante 10 minutos, y el sobrenadante de cada clona fue

usado para su evaluacion en un inmunoensayo.

J.3.2Evaluacion de clonas por inmunoensayo (anticuerpo de un solo dominio-fago)

Placas de ELISA cubiertas con estreptavidina (ThermoScientific/USA), fueron
sensibilizadas con 0.5ug de complejo recombinante biotinilado Ag85B/HLA-A*0201 en
100ul de PBS1x, por pozo, durante toda la noche en agitacion a 4°C, al siguiente dia se
lavaron 2 veces por 5 min con PBS1x con agitacion, posteriormente, a cada pozo se le
adicionaron 50ul del sobrenadante de los fagos de cada clona (J.3.1) con 50ul de PBS1x-
Tween 0.05%-BSA 2% (PBS-TBSA) con agitacién a temperatura ambiente (TA) durante
una hora, luego se lavaron 4 veces con PBS1x-Tween 0.05% (PBS-T0.05) y 1 vez con
PBS1x, 5 minutos c/u, posteriormente de adiciono el anticuerpo anti-M13 acoplado a HRP
(GE Healthcare/USA) a una diluciéon de 1/2500 en PBS1x-BSA2% con agitacion a TA
durante una hora, después de repetir el ciclo de lavados, se adicionaron 100ul de sistema de
revelado, OPD (o-Phenylenediamine dihydrochloride) (Sigma/USA) incubando en oscuridad
por 30 minutos, se detuvo la reaccion con 25ul de acido sulfurico 3M, y la DO fue medida a
492nm usando un lector de placas (Multiskan Go, Thermo). Los sobrenadante perteneciente
a las clonas que reconocieron a la molécula blanco, también fueron evaluadas contra los
complejos Esat-6/HLA-A*0201 y Acrelp/HLA-A*0201, como controles de especificidad de
la misma forma anteriormente descrita. Las clonas que no evidenciaron un reconocimiento
hacia los controles de especificidad, fueron seleccionadas para evaluar su secuencia de

anticuerpo de un solo dominio.

J.4 Secuenciacion de anticuerpos de un solo dominio

La extraccion de ADN del fagémido de las clonas seleccionadas en E. coli cepa TG1, fue
realizada usando GeneJET plasmid Miniprep Kit (ThermoScientific/Lithuania). A partir de
15ml de medio de cultivo 2xTY suplementado con 4% glucosa y 100pg/ml carbenicilina,
previamente inoculado con una UFC de cada clona, este fue incubado toda la noche a 37°C
a 200rpm, al siguiente dia se extrajo el ADN siguiendo las instrucciones de fébrica.
Posteriormente, su integridad fue evaluada mediante un gel de acrilamida 1% y su

cuantificacion usando NanoDrop ONE. Los oligonucleotidos usados para la secuenciacion
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fueron LMB3 (5" CAGGAAACAGCTATGAC 3') y pHEN (5’"CTATGCGGCCCCATTCA
3"), esta fue realizada en el laboratorio de secuenciacidon, ubicado en el Instituto de
Investigaciones Biomédicas (UNAM). Para la traduccion se us6 el software BioEdit 7.2 y

para andlisis de secuenciacion y alineamiento Clustalw y Blast respectivamente.

J.5 Produccion de anticuerpos de un solo dominio solubles
Una vez se seleccionaron las clonas, se indujo su expresion proteica con el fin de obtener

anticuerpos de un solo dominio solubles independientes de la particula fagica.

J.5.1 Transformacion de E. coli cepa HB2151

Para este fin, se transform6 a E. coli cepa HB2151 (cepa no supresora del codon de paro
ambar) mediante la exposicion de la particula fagica perteneciente a cada una de las clonas
seleccionadas, este proceso se realizd segun (Abou E. y col., 2016). E. coli cepa HB2151,
fue sembrada por aislamiento en medio solido M9 e incubada a 37°C durante 36 horas, luego
se inoculd una UFC en 5ml de medio 2xTY a 37°C a 250 rpm durante toda la noche, al
siguiente dia se diluy6 100 veces en Sml de cultivo 2xTY incubando a 37°C-250rpm cuando
llegd a una DOegoo de 0.4-05, 10ul de particulas fagicas pertenecientes a las clonas
seleccionadas fueron adicionados al medio de cultivo (para éste fin se repiti6 el proceso del
numeral J.2.2), se incubd durante 30 minutos a 37°C sin agitacion, luego se centrifug6 el
volumen total a 30000g durante 3 minutos y el boton celular fue resuspendido en 1ml de
medio 2xTY, las diluciones 1x10%-1x10° fueron sembradas en medio sbélido TYE
suplementado con 100pg/ml de carbenicilina y 4% glucosa, se incubaron a 37°C durante toda

la noche.

J.5.2Expresion, extraccion y purificacion de anticuerpos de un solo dominio

A partir de un pre-cultivo de toda la noche, se diluyo 100 veces, en 50ml de cultivo 2xTY
suplementado con 100pug/ml de carbenicilina, incubando a 37°C a 250rpm, hasta una DOsoo
de 0.6, se adicion6 al medio ImM de Isopropyl-b-D-1-thiogalactoside (IPTQG)
(Promega/USA), y se incub6 a 26°C-250rpm, toda la noche. Al siguiente dia el volumen total
se centrifugd a 12200g durante 10 minutos, el sedimento fue sometido a extraccion proteica

mediante choque osmético segin (Liu J. y col.,, 2015). El sedimento bacteriano fue
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resuspendido en 1/50 del volumen del cultivo inicial, en la solucion (750mM sacarosa,
100mMTris a pH 7.5 e inhibidores de proteasas) durante 30 minutos, incubando en hielo con
agitacion lenta, luego se adicion6 1 mL de MgCI2 (500 mM) y se incubd por 15 minutos en
las mismas condiciones, después de centrifugar a 30000g durante 30 minutos, el
sobrenadante fue sometido a purificacion por cromatografia de afinidad de forma manual,
usando una columna con sefarosa acoplada a proteina-A(Roche/Germany). Se realizaron 2
lavados, el primero con 5 ml de 100mM Tris-HCI, pH 8.0 y el segundo con 5 ml de 10mM
Tris-HCl, pH 8.0, la elucion se realizo con 100mM glicina pH 3.0, en 5 fracciones de 1ml
cada una, cada fraccio fue neutralizada con ~200ul de 1M tris-HCI pH 8.0. El volumen total
de las fracciones fue intercambiada a PBS1x pH 7.4 y concentrada a 500ul, usando tubos de
I15ml con membranas de separacion con punto de corte 10000 kDa (Merck/Ireland), la
concentracion fue determinada por colorimetria para cuantificacion de proteinas totales, por
el método de acido bicinconinico BCA (Pierce/USA) siguiendo el protocolo de fabrica. Los

anticuerpos purificados fueron almacenados a -20.

J.5.3Evaluacion purificacion de anticuerpos de un solo dominio

Las fracciones obtenidas en el proceso de purificacion, fueron evaluadas mediante
electroforesis desnaturalizante en gel de poliacrilamida de sodio duodecil sulfato (SDS-
PAGE) con gradiente de concentracion 4-20%(ThermoScientific/USA), se realizd la
transferencia del patron de corrida proteico a una membrana de Polyvinylidene Difluoride
(PVDF) con el objetivo de verificar la presencia de proteinas mediante tincion con Coomassie
brillante blue R-250 y para identificar a los anticuerpos de dominio se realizd6 un Western
blot. La membrana fue bloqueada con PBS1x-Tween20 al 0.05%- BSA 2% (PBS-TBSA)
con agitacion a TA por una hora, se realizaron tres lavados con PBS1x-Tween20 al 0.05%,
(PBS-T0.05), posteriormente se incubd la membrana con el anticuerpo anti-cMyc
(Sigma/USA) a una dilucioén de 1/750 en PBS-TBSA con agitacion a TA durante una hora,
luego de realizar tres lavados con PBS-T0.05, la membrana fue incubada con anticuerpo anti-
raton-IgG (H+L) acoplado a HRP en dilucion 1/2000 en PBS-TBSA, con agitaciéon a TA
durante una hora, luego de realizar tres lavados con PBS-T0.05, se reveld la reaccion
mediante precipitacion con una soluciéon de PBS1x con 3mg/ml de 3-3diaminobenzidina

(Sigma) y H202 al 30% dilucion 1/1000.
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J.6 Evaluacion de anticuerpos de un solo dominio

J.6.1Especificidad de anticuerpos de un solo dominio en un inmunoensayo

Placas de ELISA cubiertas con estreptavidina, fueron sensibilizadas con 1pg de los tres
complejos recombinante biotinilados, donde Ag85B/HLA-A*0201 es la molécula blanco y
los complejos Esat-6p/HLA-A*0201 y Acrlp/HLA-A*0201 fueron utilizados como
controles de especificidad. Las placas fueron sensibilizadas durante toda la noche en
agitacion a 4°C, al siguiente dia se lavaron 2 veces con PBS1x en agitacion, 5 minutos cada
lavado, luego, Spug de los anticuerpos de un solo dominio fueron incubados en 100ul de
PBS1x-Tween 0.05%-BSA2% (PBS-TBSA) en agitacion a TA durante dos horas, después
de lavar 3 veces con PBS-T0.05, los pozos fueron incubados con anticuerpo anti-cMyc
acoplado a HRP (Sigma-Aldrich/Ireland Ltd.) a una dilucion de 1/1000 en PBS-TBSA con
agitacion a TA durante una hora, luego de repetir el esquema de lavados, finalmente la
reaccion fue revelada con 100pL de TMB (ThermoScientific), usando 25ul de acido sulfurico
IM para detener la reaccion, la absorbancia fue medida a DO4sonm usando un lector de placas

(Tecan/Switzerland). Se realizaron tres experimentos independientes por duplicado.

J.6.2 Reconocimiento de anticuerpo de un solo dominio sobre superficie celular

Esta evaluacion fue llevada a cabo mediante un ensayo in vitro, utilizando la linea celular
linfoblastica humana T2, (Donada por la Dra. Patricia Gorocica - INER-México), estas
células de naturaleza no adherente, son positivas para la proteina HLA-A*0201 y se
caracterizan por exportar moléculas HLA-A clase I sin péptido en la superficie (DeMars R.
y col., 1992). Las células fueron cultivadas en medio RPMI-1640 suplementado con 20% de
suero fetal bovino (SFB) (Gibco/USA), aminoécidos esenciales 1x y antibidtico-antimicético
Ix de (Gibco 15-240 62) a 37°C, 5% CO0.. El mantenimiento de las células se realizd
cambiando el medio de cultivo cada 72 horas, realizando lavados con medio de cultivo
RPMI-1640 libre de suero, centrifugando a 1300g durante 5 minutos a TA, su cuantificacion
y determinacién de viabilidad se hizo con la prueba de exclusion de colorante azul tripano en

camara de Neubauer.
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J.6.2.1 Evaluacion de la exposicion de HLA-A*0201 en superficie de células T2
6x10° células fueron incubadas en placas de cultivo-24 pozos (Costar/USA, ref: 3524) con
RPMI-1640 libre de suero en presencia de B2microglobulina (20ug/1x10 ¢ células) y en

ausencia o presencia de 80ug de los péptidos Ag85Bpi99.207 y Esat-6pg2-90, durante 4 horas a
37°C, 5% CO02, pasado el tiempo de incubacidn, las células fueron lavadas con RPMI libre de
suero, por centrifugaciéon a 3200g durante 3 minutos, posteriormente, se bloquearon con
PBS1x con 5% de SFB, con agitacion en hielo durante 30 minutos, después de tres lavados
con PBS1x-2% SFB centrifugando a 3200g por 3 minutos cada uno, se incubaron con el
anticuerpo conformacional W6/32 (Denkberg G. y col.,, 2000) (De Lourdes M. y col.,,
2006)(Invitrogen/USA) (1pug/1x10° células) en PBS1x-BSA2% con agitacion en hielo
durante 30 minutos, se lavaron tres veces con PBS1x-2% SFB centrifugando a 3200g durante
3 minutos, luego se incubaron con el anticuerpo secundario anti raton-IgG H+L acoplado a
Alexa Fluor 488 (Invitrogen/USA/) a una dilucion 1/2000 en PBS1x-BSA2% con agitacion
en hielo durante 30 minutos en oscuridad, se realizaron tres lavados de la mismas manera
anteriormente descrita, luego las células se fijaron con paraformaldehido (PFA) 0.5% en
agitacion a TA durante 10 minutos, luego se lavaron tres veces con PBS1x centrifugando a
3200g durante 3 minutos, finalmente se hizo tincién de los nucleos usando Hoechs (Life
technologies/lUSA) en una dilucién 1/9000 en PBS1x-BSA2% con agitaciéon a TA por 10
minutos, después de realizar los ultimos tres lavados de la misma forma anteriormente
descrita, se realizd el montaje en un portaobjetos limpio usando vectashield (Vector-
Laboratories), se cubrieron con un portaobjetos, sellando los extremos, una vez se verifico la
presencia de las moléculas HLA-A*0201 en superficie celular, prosigui6 la evaluacion de los

anticuerpo de un solo dominio.

J.6.2.2 Evaluacion del reconocimiento de anticuerpos de un dominio en superficie de
células T2

La incubacion en ausencia y presencia de péptidos, se realizd de igual manera que en el
numeral J.6.2.1, a excepcion del tiempo de incubacion que fueron 8 horas. Una vez pasé este
tiempo, las células fueron lavadas con PBSIx estéril, fueron fijadas con PFA 0.5% en
agitacion a TA durante 15 minutos, luego se lavaron tres veces con PBS1x centrifugando a

3200g durante 3 minutos, posteriormente se bloquearon con PBS1x con 5% de SFB, con
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agitacion a TA durante 30 minutos, luego de tres lavados con PBS1x centrifugando a 3200
rpm 3 minutos cada uno, las células fueron incubadas con 10pg de anticuerpos de un solo
dominio en PBS1x, con agitacion a 4°C durante toda la noche, al siguiente dia se lavaron
dos veces con PBSIx centrifugando a 3200g durante 3 minutos y se incubaron con el
anticuerpo anti cMyc (Santa cruz/Europa) a una dilucion 1/200, en PBS1x-BSA2%, con
agitacion a TA durante una hora, luego de repetir tres lavados, se incubd con el anticuerpo
anti raton-IgG H+L acoplado a Alexa Fluor 488 (Invitrogen/USA) a una dilucién 1/2000 en
PBS1x-BSA2% con agitacion durante 1 hora, luego se realizaron tres lavados de la mismas
manera anteriormente descrita, finalmente se hizo tincién de nucleos y montaje de la lamina,
en la misma forma que se describi6 en el numeral J.6.2.1. Para su observacion se utilizo el
microscopio de fluorescencia Olympus BX41, con aumento en 100x, la captura de imagenes
y edicion de las mismas se realizo con el programa Zen 2.6 blue edition. Se cuantificaron
mas de 300 campos por condicion evaluada y se calculd el porcentaje de eventos positivos,
los parametros de captura aplicados para controles de montaje, especificidad y muestras

problema fueron los mismos, se realizaron dos experimentos independientes.

J.7 Determinacion de la constante de afinidad del anticuerpo de un solo dominio 2C

La cinética de unién y determinacion de la constante de disociacion (Kp) entre el anticuerpo
de un solo dominio 2C y el complejo Ag85Bp/HLA-A*0201 fue evaluada usando
interferometria de biocapa en tiempo real a 25°C. biosensores de estreptavidina en un sistema
Octet RED96 (FortéBio Inc. San José, CA, USA) fueron usados. El ensayo fue realizado en
placas negras de 96 pozos (Greiner Bio-One 655209), todos los ensayos fueron realizados en
200ul, de solucion amortiguadora para determinaciones cinéticas de FortéBio Inc. San José,
CA, USA). Los experimentos fueron monitoreados con el software (Data Acquisition 8.2
ForteBio, Inc.). 25ng del complejo biotinilado Ag85Bp/HLA-A*0201 fue expuesto al
biosensor cubierto con estreptavidina durante 5 minutos, luego de realizar lavados usando la
misma solucidén amortiguadora para eliminar uniones no especificas, el anticuerpo de un solo
dominio 2C purificado fue expuesto al complejo blanco pre-acoplado al biosensor y las
constante de asociacién y disociacion fueron medidas, al inicio y final de la interaccién
respectivamente. Se evaluaron seis diferentes concentraciones de 2C en los rangos (2.54 a

81.3mM) y como control negativo, un pozo en ausencia de anticuerpo fue evaluado, 10mM
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de 2C también fue expuesto al complejo Esat-6/HLA-A*0201. Los datos fueron analizados
usando el programa Octec Data Analysis version 8.2, (FortéBio Inc. San José, CA, USA),
Acorde al modelo 1:1. Esta evaluacién se hizo en colaboracion con el laboratorio de
Bioquimica y Biologia estructural, bajo la direccion del Dr. Alfredo Torres, del Instituto de

Fisiologia -UNAM.

J.8. Analisis estadistico
Los datos obtenidos fueron analizados usando el programa GraphPad Prism version 6.0c, la
determinacion de las diferencias significativas del reconocimiento por parte del anticuerpo
de un solo dominio hacia el complejo blanco en comparacion con los complejos control de
especificidad, fue realizada usando ANOVA de una via, multiparamétrico corregido con

Sidak's post. Hoc.

K. RESULTADOS

K.1. Evaluacion de complejos recombinantes
Los tres complejos recombinantes biotinilados Ag85Bp/HLA-A*0201, Esat-6p/HLA-
A*0201 y Acrlp/HLA-A*0201, inmovilizados en placas cubiertas con estreptavidina para
inmunoensayo, fueron reconocidos por el anticuerpo conformacional W6/32, (Figura 3A),
evidenciando un correcto plegamiento estructural, en contraste, los complejos unidos a placas
sin estreptavidina no fueron reconocidos por el anticuerpo (Figura 3B). Para confirmar que
los resultados negativos obtenidos, no fueron consecuencia de la ausencia de las moléculas
evaluadas en la placa sin estreptavidina, los tres complejos biotinilados fueron evaluados
usando estreptavidina acoplada a HRP. En la (Figura 3B), se observa que los complejos
biotinilados tnicamente fueron reconocidos en la placa sin estreptavidina, evidenciando
exposicion de la biotina. La diferencia en los resultados obtenidos, muestran que la unién de
los complejos biotinilados a placas cubiertas con estreptavidina, brinda la direccion necesaria
para permitir el reconocimiento por parte del anticuerpo conformacional W6/32,
representando una plataforma idonea para optimizar la seleccion de anticuerpo que

reconozcan la interaccion péptido/HLA-A en los complejos evaluados.
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Figura 3: Evaluaciéon de los complejos recombinantes (péptidos/HLA-A*0201): A) dos grupos de
complejos recombinantes biotinilados fueron inmobilizados sobre placas cubiertas con estreptavidina, el
grupo de la izquiera fue evaluado con el anticucerpo W6/32 y el grupo de la derecha fue evaluados con
estreptavidina-HRP. B) ambos grupos de complejos biotinilados fueron unidos a placas sin estreptavidina
y detectados con W6/32 y estreptavidina-HRP respectivamente. Los datos representan el promedio +/-
desviacion estandar de tres experimentos independientes.

K.2.Seleccion de anticuerpos de un solo dominio contra el complejo Ag85Bp/HLA

A*0201

K.2.1 Rondas de seleccion por despliegue en fago:
Una biblioteca de anticuerpos de un solo dominio de origen humano desplegados en fagos,
fue expuesta al complejo Ag85Bp/HLA-A*0201, mediante tres rondas de seleccion. Las

condiciones y resultados de cada ronda se encuentran en la tabla 5:

Tabla 5: Rondas de seleccion por despliegue en fago:

Fagos
Ag85Bp/ Fagos £ Fagos eluidos/ Factor de* | Tween20/
Ronda Eluidos
HLA-A*0201 | Ingresan il Fagos ingresan | rendimiento | N° Lavados
m
1 7.5ug 5x1012 6x10° 1.2x10° 1 0.1%/15
2 2,5ug 5x1012 1.4x10% 2.8x10° 20 0.1%/15
3 1,25ng 5x1012 1.5x10% 3x10°° 25 0.1%/25

* Factor de rendimiento: se calcul6 dividiendo el valor de fagos eluidos/fagos ingresan de cada ronda entre el resultado
de fagos eluidos/fagos ingresan pero solo de la primera ronda. Esta formula se aplico segiun: Bagheri. M y col., 2017.
Rangos - fagos eluidos por cada ronda: 1y 2:105-107 fagos/ml y 3: 107- 10° fagos/ml

El nimero de fagos eluidos de cada ronda, se encontrd dentro de los rangos establecidos por

el protocolo de fabrica de la biblioteca, a excepcion de la ronda dos excediendo el valor
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esperado, dado que los lavados en esta ronda se hicieron en igualdad de condiciones que para
la primera, se decidi6 incrementar el nimero de lavados, obteniendo los resultados esperados.
El factor de rendimiento fue acorde con el niimero de rondas, y el proceso de fusion y
amplificacion post elucion, permiti6 obtener el nimero de particulas fagicas necesarias para

realizar las tres rondas.

K.2.2 Evaluacion y seleccion por inmunoensayo(anticuerpos de un solo dominio-fago):
94 UFC; seleccionadas al azar, de la tercera ronda de bio-seleccion, fueron evaluadas de
forma individual mediante un inmunoensayo. Como primer abordaje, se evalu6 su capacidad
para reconocer a Ag85Bp/HLA-A*0201 (Figura 4A), Unicamente 7 clonas fueron
seleccionadas, las cuales emitieron un sefial de reconocimiento 10 veces mayor que la clona
de control negativo (CN) y una DO492nm mayor a 0.4. Posteriormente se expusieron a
estreptavidina (pozos sin complejos recombinante)(figura 4B) donde, a las tres clonas que
mostraron menor sefial de reconocimiento, se les evalud su especificidad frente a los
complejos Esat-6p/HLA-A*0201 y Acrlp/HLA-A*0201(Figura 4C), (esta sefial de
reconocimiento fue casi 10 veces menor a la emitida hacia el complejo blanco). Los
resultados obtenidos permitieron seleccionar a las clonas 2C, 3C y 7E por su capacidad de

reconocimiento especifico hacia el complejo blanco mediante un inmunoensayo.
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Figura 4: Evaluacion de clonas post bio-seleccion mediante inmunoensayo: A)clonas evaluadas después de
las tercera ronda de bio-seleccion, la linea indica el punto de corte establecido para definir clonas positivas. B)
Las clonas que emitieron un sefial de reconocimiento positivo hacia Ag85Bp/HLA-A*0201 fueron expuestas a
placas cubiertas con estreptavidina (pozos sin complejos recombinante), donde 2C, 3C y 7E mostraron la menor
seflal de reconocimiento C) las tres clonas seleccionadas fueron evaluadas en presencia de los complejos Esat-
6p/HLA-A*0201 y Acrlp/HLA-A*020, como prueba de especificidad.

K.3 Secuenciacion de clonas seleccionadas

Los andlisis mostraron que las secuencias de las tres clonas seleccionadas mediante un
inmunoensayo, tienen similitud con 122 residuos de aminoécidos con el dominio variable de
la cadena pesada, de una inmunoglobulina de origen humano (>ABM67233.1 Homo
sapiens). Un total de 160 y 159 residuos de aminoacidos para 2C y 7E fueron identificados
respectivamente, la secuencia proteica perteneciente a 3C, fue altamente similar a 2C, a
excepcion del nimero de aminoécidos que solo fueron 151 debido a la presencia de un codén
de paro. A las tres secuencias se les identificaron las tres regiones determinantes de
complementariedad, como también la secuencia c-Myc para su identificacion. Con estos

resultados las clonas 2C y 7E fueron seleccionada para continuar con la fase de expresion.
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K.4. Expresion y purificacion de anticuerpos de un solo dominio

La induccion de expresion proteica de las dos clonas seleccionadas 2C y 7E, se llevo a cabo
en E. coli cepa HB2151. Esta fue evaluada en electroforesis, (figura 5A lineas 4 y 9), donde
se identifico, una banda proteica con el peso molecular esperado (=15 kDa) que también fue
reconocida por el anticuerpo anti-cMyc mediante Western blot (WB), la reaccion positiva
estuvo presente Unicamente en la biomasa del cultivo inducido. Un patrén similar de bandas
proteicas fue identificado después de la purificacion con proteina A (figura 5B lineas 4-8).
El rendimiento de produccion fue 1418 y 1800pg/ml para 2C y 7E respectivamente, a partir
de 200ml de cultivo.

A) B)
Expresion Dominio 2C  Expresion Dominio 7E X2 Purificacion Dominio 2C  Purificacion Dominio 7E kDa
~ . bmaad 37 = : B 97
SLE o ——
A | - a5
A 45
{ G 31
21 21
P 15 15
W oEB 4O Bl B ¥ oE e 10 1 2 3 4 5 6 7 8 9

Figura 5 Expresion y Purificacion de anticuerpos de un solo dominio 2C y 7E a partir de E. coli
HB2151: A)Expresion: Pozos 1 y 6: (C) de biomasa no inducida, pozos 2 y 7: (C)biomasa
inducida(3pul), pozos 3,8: WB biomasa no inducida, pozos 4,9:WB biomasa inducida, pozos 5,10: Peso
Molecular en kDa. B) Extraccién y Purificacién: pozos 1,5: (C)fracciéon extraida, pozos 2,6: (C)
fraccion no unida a sefarosa-proteina A, pozos 3 y 7: (C) fracciéon purificada, pozos 4 y 8: WB
fracciones purificadas. C: Coomassie, WB: Western Blot con anti c-Myc.

K.5. Evaluacion de anticuerpos de un solo dominio

K.5.1 Especificidad de anticuerpos de un solo dominio en un inmunoensayo
Los resultados del anticuerpo 2C presentes en la (Figura 6A), evidenciaron un
reconocimiento especifico hacia la molécula blanco, mostrando diferencias significativas con

respecto a los dos complejos Esat-6p/HLA-A*0201 y Acrlp/HLA-A*0201 usados como
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controles de especificidad. Por otro lado, el patron de reconocimiento del anticuerpo 7E,
(Figura 6B), evidencio inespecificidad. Los controles evaluados en el inmunoensayo, se
realizaron en ausencia de los anticuerpo 2C y 7E, como también en ausencia de los complejos

recombinantes en cada pozo(Figura 6 A, B).

A) B)
1.5+ ,L
— I Ag8SBpHLA-A*0201 157 B ASSBYHLA A%
sin Dominio sin Domiltio
£ 17 W EsarbpHLAATOLL B Esat-6pHLA-A*020]
§ Sin dominio § Sin Dominio
0 [ AcrlpHLA-A*0201 o I AcrlpHLA-A*0201
R 05 Sin Doriio R 05 sin Dorniio
L i T ILI T I Sin complejo I sin Complejo
0.0- T T T T *‘ 0.0- T T T T !‘
2C TE

Figura 6: evaluacion de Especificidad de los anticuerpos de un solo dominio 2C y 7E en un inmunoensayo:
A)2C, especificidad de reconocimiento hacia Ag85Bp/HLA-A*0201, B) 7E reconocimiento no especifico.

Los resultados representan 3 experimentos indepedientes para 2C, con diferencia significativas * (p < 0.05),

el anticuerpo 7E fue evaluado con 2 experimentos independientes.

K.5.2 Reconocimiento del anticuerpo de un solo dominio 2C sobre superficie celular

K.5.2.1 Expresion de HLA-A*0201 en superficie de células T2

Se verifico la exposicion de HLA-A*0201 en superficie mediante inmunofluorescencia, en
presencia y ausencia de péptidos exdgenos, usado el anticuerpo conformacional W6/32. Los
resultados se encuentran en la (Figura 7). La imagenes capturadas de las condiciones
evaluadas, permitieron verificar la expresion de la moléculas HLA-A*02 en superficie de las

células T2.
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Figura 7: Expresion de HLA-A*02 en superficie de células T2: las células T2 fueron evaluadas en ausencia y
presencia de los dos péptidos Esat-6p y Ag85Bp, la tincion se realizé con el anticuerpo primario W6/32, y con anti
IgG H+L acoplado a Alexa fluor 488, como anticuerpo secundario. Control: en presencia de Ag85Bp, y todos sistema
de tincidn a excepcion del anticuerpo primario. Més de 300 campos fueron observados por cada condicion evaluada,
lente aumento 100x, por microscopia de fluorescencia. las condiciones de captura de imagenes fueron iguales para
todas condiciones.

K.5.2.2 Reconocimiento de 2C y 7E en superficie de células T2

Los resultados de la tincion usando a 2C como anticuerpo primario, se encuentran en la
(figura 8A), las imagenes capturadas mediante microscopia de fluorescencia evidenciaron
eventos positivos Uinicamente en la superficie de células expuestas a Ag85Bp. Los resultados
obtenidos con el anticuerpo 7E, fueron contrastantes, dado que la fluorescencia se observo
en la superficie celular en todas las condiciones evaluadas (Figura 8B). Estos resultados nos
permitieron concluir que el anticuerpo de un solo dominio 2C reconocid al complejo

Ag85Bp/HLA-A*02 en superficie células T2.

43



A) Nucleo Union

N
a

Péptido
sin
2C

Sin
Péptido
con 2C

Esat-6p

Ag85Bp

B) Nucleo

N
=1

Unién

Sin
péptido

Esat-6p

Ag85Bp

44



Figura 8: Reconocimiento de 2C y 7E en superficie de células T2: A) 2C, reconocimiento especifico en superficie
de células T2 expuestas a Ag85Bp con 6.4% de eventos positivos B) 7E reconocimiento no especifico. Las células
fueron evaluadas en ausencia y presencia de Ag85Bp y Esat-6p, los anticuerpos 2C y 7E fueron usados como
anticuerpo primario en la tincion, seguido de anticuerpo anti-cMyc, y revelado con anticuerpo anti-IgG H+L
acoplado a Alexa fluor 488. Control: en presencia de Ag85Bp, y todo el sistema de tincion a excepcion de los
anticuerpos primarios (2C y 7E). Mas de 300 campos fueron observados por cada condicién evaluada, aumento de
lente 100x por microscopia de fluorescencia. Los parametros de captura de imagenes fueron iguales para todas
condiciones. Se realizaron dos experimentos independientes.

K.6 Determinacion de la constante de afinidad del anticuerpo de un solo dominio 2C

Esta fue realizada mediante interferometria de biocapa, permitiendo la interaccion entre
diferentes concentraciones del anticuerpo de dominio 2C, con el complejo recombinante
biotinilado Ag85Bp/HLA-A*0201 acoplado a un biosensor cubierto con estreptavidina. La
afinidad fue calculada en términos de constante de equilibrio de disociacion (ky), siendo 15+/-
0.20uM (figura 9A). La interaccion entre 2C y Esat-6/HLA-A*0201 fue muy baja, y no fue

posible la determinacion de parametros de union.
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Figura 9: Determinacion de constante de afinidad por interferometria de biocapa en tiempo real: A)
sensograma muestra en la primera fase (0-200s) izquierda, la unién de diferentes concentraciones de 2C a
25ng de Ag85Bp/HLA-A*0201 (pre acoplado al biosensor cubierto con estreptavidina), la interaccion se
present6 en funcion de la concentracion del anticuerpo de dominio. En la parte izquierda se ve la disociacion,
y el valor de Kd:15+/-20uM
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L. DISCUSION

Los linfocitos TCD8 que reconocen a los péptidos unidos a proteinas del complejo principal
de histocompatibilidad clase I, tienen la capacidad de matar células infectadas por Mtb
(Prezzemolo T. y col 2014) (Comas 1. y col, 2010). Este reconocimiento se lleva a cabo
mediante su receptor de superficie, que reconoce la interaccion péptido-HLA-I, de manera
altamente especifica. Gracias a los avances biotecnologicos, es posible desarrollar
anticuerpos tipo TCR, siendo ampliamente explorados en cancer, enfermedades autoinmunes
e infecciosas (Cohen M. y Reiter Y., 2013). Teniendo en cuenta que se han identificado
linfocitos TCD8-péptido especificos en la infeccion por Mtb, el desarrollo de este tipo de
anticuerpos, representa una herramienta con el potencial para contrarrestar la infeccion. Dass
y colaboradores, realizaron uno de los primeros abordajes en cuanto a este tipo de anticuerpos
en tuberculosis, generando anticuerpos dirigidos contra péptidos de la proteina alfa cristalina,
antigeno de latencia en complejo con HLA-I (Dass S. y col., 2018) (Dass S. y col., 2020).
En el presente trabajo, se desarroll6 un anticuerpo dirigido contra un péptido perteneciente
al antigeno inmunodominante Ag85Bp de Mtb, plegado con la proteina HLA-A*0201, a

partir de una biblioteca de anticuerpos de un solo dominio de naturaleza humana.

Teniendo en cuenta que uno de los factores mas importantes en el desarrollo de anticuerpos
es la eleccion de la molécula blanco, nuestro criterio para seleccionar a Ag85B de la
micobacteria, se baso en tres razones: es uno de los antigenos mas abundantes de naturaleza
secretora, estd implicado en la sintesis de pared micobacteriana y gracias a su
inmunodominancia, es uno de los antigenos mas estudiados para el disefio de vacunas en
diferentes formatos. Sin embargo, dado que uno de los principales objetivos de este trabajo,
fue el desarrollo de anticuerpos tipo TCR, la seleccion de la secuencia peptidica
p199KLVANNTRL,207, se baso en su interaccion especifica con la proteina HLA-A*0201
(Weichold R y col., 2007), su alto grado de conservacion génica (Comas I. y col., 2010), y
finalmente la identificacion de linfocitos TCD8-péptido especificos en pacientes con
tuberculosis activa y post-tratamiento (Axelsson R. y col., 2013), (Axelsson R. y col., 2015).
En cuanto a la proteina HLA-A*0201, representa uno de los alelos identificados con mayor

frecuencia en la poblacion mundial (Neville M. y col., 2017), (Solberg O. y col., 2008) y en
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Meéxico (Del Angel P. y col., 2020, sobreponiendo en parte el polimorfismo de HLA-I, lo
cual representa un reto en la aplicacion de anticuerpos tipo TCR. Todos los trabajos
anteriormente mencionados convierten al complejo proteico Ag85Bp-HLA-A*0201 en un

blanco idoneo para el desarrollo moléculas que tengan la capacidad de reconocerlo.

Los complejos proteicos biotinilados, usados en el proceso de seleccion, evidenciaron
estabilidad estructural y el impacto positivo que tiene la presencia de estreptavidina en su
direccion, demostrando que la interaccion biotina-estreptavidina es una plataforma que
favorece la seleccion de anticuerpos tipo TCR. Como estrategia metodoldgica, durante las
tres rondas de seleccion, disminuimos la concentracion del complejo blanco disponible y de
forma alterna, un incremento en el nimero de lavados por cada ronda, nuestros resultados
demostraron la importancia de este tipo de variables durante la seleccion, permitiendo

optimizar el disefio de proximas estrategias al usar la técnica de despliegue en fago.

Para obtener anticuerpos de un solo dominio solubles, se indujo la expresion proteica a partir
de la cepa E. coli HB2151. La extraccion se realizo a partir del periplasma, puesto que es un
ambiente oxidativo que optimiza el plegamiento de moléculas por formaciéon de puentes
disulfuro (Gupta S. y col., 2017), La purificacion por afinidad a sefarosa acoplada a proteina
A, permite seleccionar anticuerpos de un solo dominio plegados (Fridy P. y col., 2015), razon
por la cual, ha sido utilizada en la purificacién de fragmentos de anticuerpos (Fridy P. y col.,
2014), (Abou E. y col., 2016), (Kunz P. y col., 2018). En cuanto al rendimiento de los
anticuerpos de un solo dominio 2C y 7E, fue Optimo en comparacion con trabajos
previamente reportados (Abou E. y col., 2016), (Ruano G. y col., 2019). Todos los resultados
anteriormente descritos, nos llevaron a concluir que la produccion de los anticuerpos de un
solo dominio solubles fue satisfactorio. No obstante, se deberd evaluar su produccion en

condiciones de escalamiento.

El cuanto a los resultados de reconocimiento, fueron controversiales con respecto a la
primera evaluacion. Para el anticuerpo 2C soluble, fue similar al obtenido cuando se
encontraba unido a la particula fagica, por otro lado, el anticuerpo 7E perdio la especificidad

hacia el complejo Ag85Bp/HLA-A*0201, esta pérdida de especificidad, ha sido reportada en
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fragmentos de anticuerpos seleccionados por despliegue en fago, al ser evaluados de forma
soluble (Goswami P. y col., 2009), (Kaku Y. y col., 2012) la cual es adjudicada a la
disminucién en la estabilidad estructural cuando el anticuerpo es expresado de forma
independiente a la particula fagica. Otro factor a tener en cuenta, es el tipo de antigeno contra
el cual se desarrolla un anticuerpo, por ejemplo, en los trabajos anteriores citados, hubo
perdida de especificidad de los fragmentos de anticuerpo, a pesar de que los antigenos fueron
de naturaleza proteica independiente. En nuestro caso, el antigeno es un complejo
recombinante, por esta razon, la perdida de especificidad de uno de nuestros anticuerpos era

de esperarse.

La evaluacion en superficie celular del anticuerpos 2C, nos permitio evidenciar, la ausencia
de reconocimiento tanto en el control de montaje como en ausencia y presencia del péptido
Esat-6, implicando que el anticuerpo 2C no reconoce a HLA-A*02 plegadas con péptidos
propios de la célula, ni tampoco con el control de especificidad. Para respaldar nuestros
resultados, también se identificé la expresion de HLA-A*02 en superficie de las células T2,
bajo las mismas condiciones, observando expresion tanto a nivel basal (ausencia de péptido)
como en presencia de los péptidos de Ag85B y Esat-6. Estos resultados en conjunto nos
permiten concluir que el dominio 2C, tiene la capacidad para reconocer al complejo Ag85p-
HLA-A*0201 en superficie celular. Teniendo en cuenta que las secuencias peptidicas
seleccionadas son reconocidas por linfocitos TCD8-péptido especificos, de pacientes con
tuberculosis, nos permiten sugerir que el anticuerpo 2C, tiene el potencial de identificar

células infectadas con Mtb.

La afinidad de reconocimiento hacia el complejo de interés por el anticuerpo 2C, se encuentra
en el rango reportado para el receptor de linfocitos T (La G. y col., 2018) , (Rudolph M. y
col.,, 2006). Previamente, fragmentos de anticuerpos Fabs tipo TCR, seleccionados por
despliegue en fago, han mostrado constantes de afinidad en unidades de micromolaridad,
conservando su capacidad de reconocimiento especifico, e incluso, evidenciaron mecanismos
de accion mediante eliminacion de células blanco (Bewarder M. y col., 2020) Ademas,
existen alternativas que permiten incrementar la afinidad sin afectar el reconocimiento,

mediante la transformacion monomérica a pentamérica ( Zhu, X. y col., 2010) y mediante
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mutaciones sobre regiones determinantes de complementariedad en combinacion con una

seleccion adicional usando despliegue en levaduras (Zhao Q. y col., 2015) .

La versatilidad en la construccion de bibliotecas de anticuerpos, al seleccionar al despliegue
en fago, permite explorar el potencial de los fragmentos de anticuerpos, los cuales en las
ultimas décadas han tomado fuerza en el campo de desarrollo biotecnologico (Almagro J. y
col., 2019). En este grupo se encuentran los anticuerpos de un solo dominio que por
definicion, representan el fragmento natural con capacidad de reconocimiento antigénica mas
pequefio (Ferrari A. y col., 2007), Ademas, cuentan con estabilidad, solubilidad y su tamafio
casi 10 veces menor a un anticuerpo normal, brindan ventajas como la produccion en sistema
de expresion comunes como E. coli, facil marcaje a nivel individual, y la construccién
multimérica (Salvador J. y col., 2019), (Maass D. y col., 2007). Todas estas cualidades, hacen
que actualmente, representen una de las moléculas de elecciéon para el desarrollo de
herramientas con el potencial de contrarrestar la pandemia causada por SARS-CoV-2

(Valdez-Cruz N. y col., 2021).

Con todos estos antecedentes de aplicacion, contar con un anticuerpo de un solo dominio de
origen humano, que reconozca al complejo Ag85Bp-HLA-A*0201, desarrollado mediante la
técnica de despliegue en fago, deja un antecedente de disefio experimental para el desarrollo
de este tipo anticuerpos contra otros antigenos y también, da lugar para continuar con su
evaluacion en células previamente infectadas por Mtb, lo cual representaria una valiosa
herramienta con enfoques de aplicacion en el area investigativa, como también, ser la base

para el desarrollo de moléculas con potencial inmunoterapéutico.

M. CONCLUSION

La estrategia utilizada para la seleccion de anticuerpos de un solo dominio, a partir de una
biblioteca de origen humano, permiti6 identificar al anticuerpo 2C, el cual tiene la capacidad
de reconocer a la proteina HLA-A*0201 plegada con el péptido Ag85Bpig9e207 de

Mycobacterium tuberculosis, en un inmunoensayo y en la superficie de células T2.
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N. PERSPECTIVAS

- El desarrollo de una molécula que tenga la capacidad de reconocer complejos péptido-HLA-
I, brinda la posibilidad de estudiar mas a fondo la dindmica entre células presentadoras de
antigeno y linfocitos T en el desarrollo y establecimiento de la infeccion. Ademds, las
cualidades exploradas de los anticuerpos de un solo dominio en cancer, se acoplan muy bien
a escenarios (granuloma) desarrollados en la infeccion por la micobacteria.

- La dinamica de expresion antigénica y el desarrollo de linfocitos T no polifuncionales,
parecen favorecer el establecimiento y persistencia de la infeccion, sin embargo, esta
situacion, podria ser utilizada como un blanco de moléculas que simulen el reconocimiento
del receptor de linfocitos T, actuando como puente entre la célula infectada y mecanismos de
defensa para inducir muerte celular o potenciar la muerte de la micobacteria intracelular de
manera especifica.

Teniendo en cuenta este panorama, el siguiente paso consiste en evaluar al dominio 2C en
superficie de células infectadas con Mtb e identificar la proteina HLA-A*0201 en donantes.
Al obtener los resultados esperados, continuaria el disefio y desarrollo de propuestas de
aplicacion, tomando como referente la utilizadas en cancer. A continuacion se muestra un

esquema que representa el potencial de aplicacion de nanobodies en tuberculosis.
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Figura 10: Potencial de aplicacion de anticuerpos de un solo dominio en Tuberculosis.
Created with Bio Render.com
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T cells recognizing epitopes on the surface of mycobacteria-infected macrophages can
impart protection, but with associated risk for reactivation to lung pathology. We aimed to
identify antibodies specific to such epitopes, which carry potentials for development
toward novel therapeutic constructs. Since epitopes presented in the context of major
histocompatibility complex alleles are rarely recognized by naturally produced antibodies,
we used a phage display library for the identification of monoclonal human single domain
antibody producing clones. The selected 2C clone displayed T cell receptor-like
recognition of an HLA-A*0201 bound 199KLVANNTRL,o; peptide from the Ag85B
antigen, which is known to be an immunodominant epitope for human T cells. The
specificity of the selected domain antibody was demonstrated by solid phase
immunoassay and by immunofluorescent surface staining of peptide loaded cells of the
T2 cell line. The antibody affinity binding was determined by biolayer interferometry. Our
results validated the used technologies as suitable for the generation of antibodies against
epitopes on the surface of Mycobacterium tuberculosis infected cells. The potential
approaches forward the development of antibody in immunotherapy of tuberculosis
have been outlined in the discussion.

Keywords: tuberculosis, single domain antibodies, peptide-human leukocyte antigen complex, mycobacterial
Ag85B, T cell receptor-like antibodies

INTRODUCTION

Current problems of Tuberculosis (IB) control are due to the emergence of drug resistant strains,
the failure of the existing BCG vaccination and the persistence of factors associated with poverty-
stricken populations. Consequently, there is a global morbidity of 10 million people with the
mortality of 1.2 million in HIV-negative people and 0.25 million in HIV positive subjects (1) New
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approaches toward the control of TB involve the shortening of
the current chemotherapy regimen (2) and prophylaxis for HIV-
related TB without interfering with antiretroviral therapy (3).
This pilot study, aiming at the immunotherapy of TB had an
initial objective to identify monoclonal antibodies with T cell
receptor (TCR)-like specificity, binding to peptide epitope/
human leukocyte antigen (HLA) class I complexes on the
surface of M. tuberculosis infected cells. This approach has
been based in the evidence, that such antibodies can be
developed for the specific killing of malignant and virus-
infected cells (4-10).

The mycobacterial peptides epitopes complexed with MHC
class I molecules on the surface of infected cells are known to be
recognized and leading to the activation of CD8+ T cells (11-13).
Therefore, antibodies with TCR-like specificity following
conjugation with suitable apoptosis-inducing ligands could
potentially become mycobactericidal and a suitable adjunct to
the chemotherapy of TB. The identification of TCR-like
antibodies with specificity against M. fuberculosis Acrl
peptides/HLA.A*0201, HLA.A*011 and HLA.A*24 class 1
complexes has recently been reported, using peptide/MHC
complexes generated via UV-induced peptide exchange.
The complexes were panned against human DAb (domain
antibody) phage display library (14, 15). This approach can be
expanded by testing immunodominant epitopes from other M.
tuberculosis antigens recognized in the context of HLA class I
alleles (16, 17). Our interest focused on the HLA-A*0201
restricted CD8+T-cell epitopes of Ag85B, a major secreted M.
tuberculosis protein. Two Ag85B peptides ;43FIYAGSLSA 5, and
190KLVANNTRL,o; had previously been identified in healthy
humans and in immunized HLA-A?2 transgenic mice (18), while
HLA-A*0201 allele specific recognition of 3, YLLDGLRAQys and
100KLVANNTRL,,;, was observed in patients with active TB
(19). Since epitopes from Esat-6 and TB10.4, are recognized in
the context of various HLA-A alleles, the HLA-A*0201
restricted, ;90KLVANNTRL,y; epitope from Ag85B appeared
to be the most immunodominant (17) and was therefore
chosen as our target for the selection and characterization of a
TCR-like antibody. Using a human DAb phage display library,
we selected a clone producing a single domain antibody (sdAb)
against the Ag85B,,199.507/HLA-A*0201 complex (Ag85Bp/HLA-
A*0201). Its specificity was determined by ELISA, and by its
binding capacity to the Ag85Bp/HLA-A*0201 expressed on cells
of the human HLA-A*0201 positive T2 cell line.

MATERIALS AND METHODS

Mycobacterium tuberculosis Peptides/
HLA-A*0201 Complexes

Three nonamer peptides, known to be HLA-A*0201 restricted
CD8+T cell epitopes from: Ag85B (;50KLVANNTRL,(;), Esat-6
(s2AMASTEGNVy), or Acrl (;50GILTVSVAV,,,) proteins of
M. tuberculosis (16) were synthesized by Anaspec, Inc. (USA).
The peptides were of > 90% purity, and their homogeneity was
confirmed by analytical reverse-phase high-performance liquid

chromatography. The biotinylated recombinant complexes of
Ag85Bp/HLA-A*0201, Esat-6,5,.90/HLA-A*0201 (Esat-6p/
HLA-A*0201), and Acrlgizo.12¢/HLA-A*0201 (Acrlp/HLA-
A*0201), were produced using extracellular HLA class I
molecules, with C-terminal BirA recognition site, and B2-
microglobulin (20). The insoluble aggregates expressed in
Escherichia coli in the form of inclusion bodies were
solubilized in urea and folded with peptide by dilution.
Monomers were biotinylated using the BirA enzyme and
purified by gel filtration on a Hiload 16/60 Superdex 75
prep grade.

Evaluation of Refolding of Peptide/HLA-
A*0201 Complexes by ELISA

An ELISA was carried out to evaluate the correct conformation of
the complexes by using the W6/32 mAb (Invitrogen/USA) which
recognizes a conformational epitope on the intact heavy chain/
B2microglobulin complex (21-23). Briefly, 0.5 pg/well of the
biotinylated complexes in Phosphate Buffer Saline (PBS), were
immobilized on streptavidin coated (ThermoScientific/USA) and
on uncoated high protein-binding (ThermoScientific) plates.
Samples were incubated overnight (ON) at 4°C. Next day, plates
were washed twice with PBS and then incubated 1 h at room
temperature (RT) with W6/32 mAb diluted 1/2,000 in PBS-tween-
20 0.05%, Bovine Serum Albumin BSA 2% (PBS-TBSA). After 3
washes with PBS-T, wells were incubated by 1 h with Horseradish
peroxidase conjugated goat anti-mouse IgG H+L antibody (anti-
mouse IgG-HRP)[1/2,000 (Invitrogen/USA)]. Then, complexes on
both streptavidin coated and uncoated plates, were incubated with
streptavidin-HRP (Biosource/China), diluted 1/4,000 1 h at RT.
Finally the reaction was revealed with TMB (3,3’,5,5’-
tetramethylbenzidine) (ThermoScientific), and stopped with
100 pl of 0.16M H,SO, Absorbance values were measured at
450 nm using an ELISA plate reader (Multiskan Go, Thermo).

Panning of the Human Single Domain
Antibody Phage Library Against the
A9853p199_207/HLA'A*0201 Complex

A human DAD phage display library, containing approximately
3x10° sdAb clones (Geneservice, Cambridge) was used following
a modified protocol (24). A negative panning was carried out for
elimination of the background reactivity against streptavidin as
follow: 5 x10'* phage library particles were pre-incubated at 4°C
for 1h with 30 pl of streptavidin magnetic beads M280
(Invitrogen/Norway), then tube was placed in a magnet and
phage supernatant was incubated with a 7.5 ug of biotinylated
Ag85Bp/HLA-A*0201 in PBS at 4°C for 1h. After that, 200 pl of
streptavidin beads were added and sample was incubated for
15 min at 4°C with shaking. Beads were pulled down with the
magnet and washed 15 times with PBS-T 0.1%. Finally, sdAb
phage complexes were eluted by incubation with glycine-HCI
pH 2.2 for 15 min at RT and sample was neutralized with Tris-
HCI pH 9.0. For the second and the third round of selection, 2.5
and 1.25 ug of complexes were exposed to streptavidin beads and
washed 15 and 25 times with PBS-T 0.1% respectively. After the
third final round of panning, the eluted sdAb phages were used

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 577815


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ortega et al.

sdAb Against M. Tuberculosis Peptide HLA-A*0201

to infect 5 ml freshly prepared E. coli TG1 culture. Bacteria were
plated onto TYE medium supplemented with 4% glucose and
carbenicillin 100 pg/ml (TYGy4,Cio). After ON culture, 94
individual clones were picked onto a 96 wells plate, containing
200 pl of 2XTYG49,C 1o Plates were incubated ON at 37°C, with
shaking at 200 rpm. Next day, 5 pl of ON culture from each well
was transferred to a new plate with 200 pl of fresh 2xTYGy,C1o.
After 3 h of culture at 37°C, 50 ul 2xTY supplemented with 4x10°
M13 phage was added to each well and plates were incubated for
1 h at 37°C. After centrifugation to 2,800 rpm during 10 min,
pellet was re suspended in 200 ul of 2xTYC;K;0o (Kanamycin
100 pg/ml). Cultures were grown at 26°C with shaking at 250
rpm, during 16-24 h.

ELISA Phage

Phage supernatants from each well were collected and evaluated
by ELISA. Biotinylated complexes at 0.5 ng/well were bound to
coated streptavidin plates as described before, and incubated
with 100 ul of phage supernatant for 1 h at RT. After several
washes with PBS-T 0.05%, wells were incubated with anti-M13
HRP antibody (1/2,500) for 1 h at RT (GE Healthcare/USA). The
reaction was developed with o-Phenylenediamine
dihydrochloride OPD (SigmaAldrich/USA), and stopped
adding 25 pl of 3M H,SO, Absorbance values were measured
at 492 nm using an ELISA plate reader Multiskan-GO. Phage
supernatants from positive clones were also evaluated by phage
ELISA against non-target complex; Esat-6p/HLA-A*0201 and
Acrlp/HLA-A*0201 as described above.

Domain Antibody Sequencing

Double strand phagemid DNA extraction was performed from 3
selected clones in E. coli strain TG1 by using GeneJET Plasmid
Miniprep kit (ThermoScientific/Lithuania), The primers used for
sequencing were LMB3 (5" CAGGAAACAGCTATGAC 3’) and
pHEN (5'CTATGCGGCCCCATTCA 3’). Sequencing was
carried out in the sequencing facility at Instituto de
Investigaciones Biomédicas. For translation BioEdit 7.2
software was used and BLAST and Clustalw tools for
sequences analysis and alignment.

Production of Soluble Domain Antibody

Transformation of E. coli HB2151 by phage infection and
expression of sdAb were done with minor modifications
according to (25). Once bacteria were transformed with
phages, the positive clones (2C, 3C, and 7E), 50 ul of 1:10'* to
1:10° cell dilutions were sub-cultured in TYEC;qo plates and
incubated overnight at 37°C. Three random unit forming colony
(UFC) were picked up from each sample and inoculated in a
culture flask containing 2xTYCqo. The culture was grown with
shaking (250 rpm) at 37°C until ODggonm=0.6 (26). Then,
Isopropyl-B-D-1-thiogalactoside (IPTG) (Promega/USA) was
added to a final concentration of 1 mM, culture was continued,
at 26°C with shaking (250 rpm), ON. Cells were harvest by
centrifugation at 4,500 rpm, and bacterial sediment was treated
with an osmotic buffer (750 mM sucrose, 100 mM Tris pH 7.5) as
described by (27). The periplasmic fractions obtained from each
clone were subjected to affinity chromatography on Protein-A-

agarose (Roche/Germany), in order to purify the sdAbs following
the manufacturer protocol. The eluted protein fractions were
shuffled and concentrated to 500 ul in PBS pH 7.4, using amicon-
15ml, 10.000 WM (Merck/Ireland). Protein quantification was
determined by BCA assay (Pierce/USA).

SDS-PAGE and Western Blot

Ten pg/well of recombinant periplasmic extracts and 1.4 pg/well
from 2C and 7E clones, were resolved on pre-made SDS-PAGE
4%-20%, (ThermoScientific/USA) and transferred to PVDF
membranes. After 1 h blocking with PBS-BSA at RT,
membranes were incubated with anti-c-Myc mAb (Sigma/
USA) diluted 1/750 in PBS-T-BSA and then after washes with
PBS-T, membranes were incubated with anti-mouse IgG HRP
diluted (1/2,000)(Invitrogen/USA) for 1 h, washed with PBS-T,
and developed with 3 mg/ml of 3,3-diaminobenzidine in PBS
and 30% hydrogen peroxide diluted 1:1,000.

Evaluation of Specificity of Single Domain
Antibodies by ELISA

The specificity of the purified sdAb 2C and 7E, were evaluated by
ELISA using 1ug of target Ag85Bp/HLA-A*0201 and non-
targets Esat-6p/HLA-A*0201 and Acrlp/HLA-A*0201 as
which were immobilized on streptavidin plates. Complexes
were incubated with 5 ug of sdAb followed by incubation with
1/1,000 dilution of anti-c-Myc Ab labelled with HRP (Sigma-
Aldrich/Ireland Ltd) by 1h. After several washes with PBS-T, the
reaction was developed with 50 pl of TMB. The reaction was
stopped with 1M of H,SO,4. ODys0nm was measured in an
Infinitum F50 microplate ELISA reader (Tecan/Switzerland).
Three experiments were carried out by duplicated for 2C and 2
experiments for 7E.

Ex Vivo Specificity of Single Domain 2C on
the Surface of T2 Cells

To assess the ability to sdAb 2C to recognize the Ag85Bp/HLA-
A*0201 an ex vivo assay was performed, by using the HLA-
A*0201 positive T2 lymphoblastic human cell line (kindly donate
by Dr. Patricia Gorocica INER-Meéxico). These cells are
characterized by export empty HLA class I molecules due to a
processing defect by homozygous deletion of the MHC class II
region located on chromosome 6 including the TAP1 and TAP2
(transporters associated with antigen processing) genes which
encode the transporter proteins (28). Cells were maintained in
RPMI-1640 medium supplemented with 20% (vol/vol) fetal
bovine serum (FBS) (Gibco/USA), at 37°C, 5% CO0,. T2 cells
(6x10°) were placed on flat bottom, 24 well cell culture plates
(Costar/USA) in RPMI free serum in absence and presence of
peptides from Ag85B and Esat-6.

In order to confirm the presence of HLA-ABC on T2 cells,
they were incubated with W6/32 mAb (1pg/million cells), for
30 min on ice, after 3 washes, goat anti-mouse IgG Alexa fluor
488 (Invitrogen/USA) at 1/2,000 dilution was added. Samples
were fixating with 0.5% PFA and the slides were mounted with
vectashield (Vector Laboratories/USA). Then, cells (6x10°) were
incubated with 80 g of either Ag85Bp 199207 target peptide and
Esat-6p(s, 90y as non-target. Twenty pug/ml of B2m (Sigma) was
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added according to (29). Cells were incubated for 8 h at 37°C in
5% CO, atmosphere, after that cells were washed twice with PBS
and incubated with 10 pug of sdAb 2C ON at 4°C in agitation, and
then washed 2 times, with PBS, following by incubation with
anti-c-Myc Ab (Santa Cruz-/Europe) (1/100) for 1 h at RT. After
three washes, anti-mouse IgG Alexa fluor 488 (Invitrogen/USA)
(1/2,000) was added and samples were incubated for 1 h at RT.
After three washes, Hoechst 33343 (Life technologies/USA)
diluted 1/9,000 was used for 10 min for nucleus staining. sdAb
2C was evaluated on cells in the absence of peptides and as a
staining control in one condition, no domain was added.
Fluorescence images were acquired with Olympus BX41,
(Fluorescence-Microcopy) using the 100x magnifying lens,
the digital images were captured with Zen 2.6 blue edition
software, and the capture parameters, exposure time and
intensity for each staining system, were applied in both control
and problem samples.

Kinetic Binding Assays for the Assessment
of the Interaction of sdAb 2C With Ag85B/
HLA-A*0201 Complex by Biolayer
Interferometry

The binding kinetics and the determination of the dissociation
constant (Kp) for the sdAb 2C against the Ag85Bp/HLA-A*0201
complex were performed using Biolayer Interferometry (BLI) at
25°C. Streptavidin biosensors in an Octet RED96 system (ForteBio
Inc. San Jose, CA, USA) were used. The assays were performed on
black bottom 96-well microplates (Greiner Bio-One 655209) in a
total volume of 200 ul with orbital shaking at 1000 rpm.
Experiments were controlled with the software Data Acquisition
8.2 (ForteBio, Inc.) For the BLI experiment, a baseline was
established using 1x Kinetics buffer (FortéBio Inc. San Jose, CA,
USA). Then, the biotinylated Ag85Bp/HLA-A*0201 complex at 25
ng was allowed to bind to streptavidin sensor for 5 min, followed
by washing with the same buffer to eliminate nonspecific binding.
Next, the purified sdAb was bound to the Ag85Bp/HLA-A*0201
complex in the biosensor and the association rate was measured
(k,). In the last step, the dissociation rate (k;) of the antibody-
complex was obtained. The BLI experiment was done with six
different concentrations of the sdAb 2C from (2.54 to 81.3 uM),
one well with 200 ul without sdAb was used as a negative control.

New streptavidin biosensors were used for each experiment. The
binding of sdAb 2C at 10 UM, to non-target Esat-6p/HLA-A*0201
was also tested. The data were processed using the Octet Data
Analysis Software version 8.2 (FortéBio Inc. San Jose, CA, USA)
according to a 1:1 model.

Statistical Analysis

GraphPad Prism version 6.0c software was used to analyze the
results. For the statistical analysis, one-way ANOVA multiple
comparisons with Sidak's post Hoc correction was used.

RESULTS

Evaluation of Peptide HLA-A Complexes
With W6/32 Antibody

Ag85Bp/HLA-A*0201, Esat-6p/HLA-A*0201, and Acrlp/HLA-
A*0201 immobilized on streptavidin plates were recognized by
W6/32 mAb (Figure 1A), indicating this result that peptides
HLA-A*0201 complexes were correctly folded. In contrast, the
mAb did not recognize the complexes bound to non-coated
streptavidin control plate (Figure 1B), showing the results that
direct binding of the complexes in the plates could lead to a loss
of conformation. The biotinylated complexes bound to
streptavidin plates were not recognized for streptavidin-HRP,
an indication that biotinylated complexes were correctly oriented
by streptavidin on coated plates (Figure 1A). In contrast, the
positive signal obtained with the complexes bound to the non-
coated streptavidin plate (Figure 1B), was an indication that
exposed biotin in unfolded complexes was being recognized by
streptavidin-HRP.

Screening of the Human Single DAb Phage
Library Binding to Ag85B199-207 HLA-
A+*0201/Complexes

The number of phage particles from sdAb library during the
three rounds of selection was consistent with the published
protocol (24). The final output titers of phage particles showed
an enrichment factor of 25 (Table 1). From 94 clones evaluated
by monoclonal phage-ELISA, only 7 clones showed absorbance
10 fold higher than the negative control (clone not reactive to the

Il Ag85Bp-HLA-A*0201
W Esat-6p/HLA-A*0201
[ Acrlp/HLA-A*0201
[ Without complex
‘Without W6/32

W6/32

Streptavidin-HRP

standard deviation from three independent experiments.

Il Ag85Bp/HLA-A*0201
W Esat-6p/HLA-A*0201
[ Acrlp/HLA-A*0201
[ Without complex
Without W6/32

2.0-

1.5

E 1

H

2
a 1.0
=]
0.5

0.0-

W6/32

Streptavidin-HRP

FIGURE 1 | Evaluation of complexes with conformational antibody W6/32. (A) Two groups of biotinylated complexes were immobilized on streptavidin coated
plates, the group on the left was detected with W6/32 and the group on the right, was incubated with HRP-streptavidin. (B) The same as A, but both groups of
biotinylated complexes were bound to uncoated streptavidin plates and detected with W6/32 and HRP-streptavidin respectively. The dates represent the media +/-
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TABLE 1 | Selective enrichment of phage domain antibody after 3 rounds of biopanning.

SelS Selection Ag85Bp/ Phages Input Eluted Eluted/input Enrichment Amplified Tween 20/ #
Round HLA-A*0201 phages/ml Factor* Phages/ml washes
1 7.5ug 5.0x10'2 6.0x10° 1.2x10° 1.0 84x10'? 1.0%/15
2 2.51ug 5.0x10'2 1.4x108 2.8x10°® 23 7x10'2 0.1%/15
3 1.25ug 5.0x10" 1.5 x10® 3.0x10° 25 - 0.1%/25

*Enrichment factor was determined by dividing the eluted/input ratio in each round by the ratio in the first round. according to Bagheri et al. (30) Zhang et al. (31).

Ag85Bp/HLA-A*0201) (Figure 2A). From those, clones 2C, 3C,
and 7E did not recognized streptavidin (Figure 2B) and all of
them showed specific binding by ELISA to the target complex
and but none bound to non-target complexes, Esat-6p/HLA-
A*0201, and Acrlp/HLA-A*0201 (Figure 2C).

Domain Antibody Sequencing

BLAST search analysis of sdAb 2C, 3C, and 7E sequences,
showed that all them matched with 122 amino acids length of
immunoglobulin heavy chain variable region, partial
(>ABM67233.1 Homo sapiens). Sequences corresponded to a
human dAb with a length of 160 and 159 amino acids residues
for 2C and 7E domains, respectively, the protein sequence of the
3C domain was exactly the same as 2C but shorter in length, 3C
had only 151 amino acids due to the presence of a stop codon.
For all sequences, the three complementarity determining
regions (CDR) and the c-Myc tag sequence were identified.
Clones 2C and 7E were selected to continue with de antibody
expression phase.

Production of Single Domain Antibodies
sdAb 2C was produced in E. coli HB2151. The expression and
purification of sdAb 2C is shown in Figure 3A. Purified sdAb 2C
with the expected molecular mass of =15 kDa was detected by
Coomassie blue staining (Figure 3A, line 3) and antibody was
recognized by anti-c-Myc Ab on Western blot (Figure 3A, line
4). The yield of production of 2C was 1418 pg from 50 ml of
culture, (Results obtained with 7E are not shown).

Specificity of Single Domain Antibodies by
ELISA

The recognition of the Ag85Bp/HLA-A*0201 complex by sdAb
2C was evaluated by ELISA, using Esat-6p/HLA-A*0201 and
Acrlp/HLA-A*0201 as non-targets. The results are shown in
Figure 3B. The binding of sdAb 2C to Ag85Bp/HLA-A*0201
complex was highly specific, showing statistically significant
differences with respect to non-targed complexes. On the other
hand, sdAb 7E, showed a nonspecific signal absorbance ratios for
both target and non-target complexes (Results not shown).

A
1.0
0.8
£ 0s
g o
0.2
0.0 y
.y
Third round clones g
B C
1.0 1.0
0.8 0.8
g E W9 Esat-6p/HLA-A*0201
S0.6 5 0.6
g 8 [ Acrlp/HLA-A*0201
2 2
g o4 g o4
0.2 0.2
0.0 0.0
2C 3C 4G 9E 6E 7E 9F 2C 3C 7E
Phage clones Phage clones
FIGURE 2 | Monoclonal phage-domain Immunoassay. (A) Clones from the third round of panning. Positives clones showed signal recognition to Ag85Bp/HLA-
A*0201 of 10 fold higher than negative control (NC), well with unrelated sdAb. Line indicates the threshold used to define a positive result. (B) Positive clones
exposed to streptavidin coated plates (without complex). (C) Clones 2C, 3C, and 7E that showed the lowest recognition signal towards streptavidin tested with non-
target peptides.
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FIGURE 3 | Expression, purification and specificity evaluation of sdAb 2C. (A) Lanes 1 to 3. Line 1, Coomassie blue stained of periplasmatic extract. Line 2,
unbound fraction to protein A sepharose column. Line 3, purified domain. Lane 4, Western blot of purified sdAb 2C recognized by anti-c-Myc Ab. (B) Evaluation of
specificity of sdAb 2C by ELISA with target Ag85Bp/HLA-A*0201 and non-target (Esat-6p/HLA-A*0201 and Acr1p/HLA-A*0201) complexes. The results represent 3
independent experiments and significant differences are indicated by asterisk (p < 0.05).

Ex Vivo Specificity of Soluble Domain 2C
on T2 Cells Surface

Surface expression of HLA-A molecules in T2 cells was
demonstrable by binding of the W6/32 mAb in absence and in
presence of either Ag85Bpig9.207 Or Esat-66,5,.90 peptides
(Supplementary Figure S1). However, sdAbs 2C showed
different recognition patterns, whereby the sdAb 2C fluorescence
signal was observed only on T2 cells exposed to the Ag85Bp;99.297
(Figure 4). About 6.4% of positive events were observed, but no
positive signals were detected without sdAb 2C, or without
Ag85Bp99 207, Or by incubation with the no-target Esat-6 peptide.

sdAb 2C Binding Affinity by Biolayer
Interferometry

The association of sdAb 2C to Ag85Bp/HLA-A*0201 was
measured by BLI. The affinity constant was calculated in terms
of equilibrium dissociation constant (Kp) to be 15 + 0.20 uM
(Figure 5A). The sdAb interacts with the target complex in a
concentration dependent manner and confirms the dissociation
constant value (Figure 5B). The interaction of sdAb with Esat-
6p/HLA-A*0201 was very low and the binding parameters could
not be determined.

DISCUSSION

CD8+ T cells recognizing peptide epitopes bound to MHC/HLA
class I molecules have the capacity to lyse the M. tuberculosis
infected cells, thus contributing to the intracellular killing of the
infecting organisms (16). Hence, binding of antibodies with
TCR-like recognition specificity seemed desirable for developing
antibody constructs, with mycobactericidal potentials. TCR-like
Ab recognizing MHC class I bound antigenic peptides on
antigen presenting cells, have previously been reported for the
treatment of cancer, viral infections and autoimmune diseases
(6). The aim toward TB immunotherapy has recently been

initiated by the selection of antibodies against the latency
expressed Acrl/HLA class I restricted epitopes (14, 15). We
report here on a TCR-like sdAb against an immunodominant
HLA-A*0201 binding epitope of the Ag85B, selected by
screening and selection from a human DAb phage display
library. The secreted, fibronectin binding, mycolyl transferase
protein is a strong immunogen in both infected and active TB
cases and it has been used in several recombinant vaccine
constructs (32-35). We chose the ,190KLVANNTRL,;
peptide as the target epitope in this study, because its known
immunodominance for the human CD8+ T cell responses in the
context of HLA-A*0201 and it’s a conserved sequence in the
genome (16, 17, 19). These properties favoured the previous
application of TCR-like sdAbs for targeting tumors and cells
infected with other pathogens (36, 37).

The procedures used for the selection and evaluation of TCR-
like sdAbs ensure the specificity of recognition between for the
target and non-target molecules. In this work, all the biotinylated
complexes were first evaluated through a comparative ELISA,
using plates with or without streptavidin. The results showed
that the streptavidin coated plates ensured an adequate
arrangement and orientation of p/HLA-A complexes, which is
necessary for finding the specific TCR-like sdAbs. Similarly,
Ag85Bp/HLA-A*0201 was bound to magnetic pear] cover with
streptavidin for the selection of recombinant phages (26). From
the third-round of selection, clones, 2C and 3C of identical
sequence and clone 7E bound to the target complex. However,
after conversion to the soluble form, sdAb 7E lost its specificity
for the target complex. Such a change in specificity was
previously reported to be due to loss of structural support by
the phage scaffold plIII protein for the anti-HIN1 influenza virus
antibody’s antigen-binding site (38). The production of sdAb 2C
and 7E in E. coli HB2151 from periplasmatic extracts was
satisfactory, compared with the previously reported production
outputs (25, 39).

Although sdAb 2C was highly specific against the target
complex, its affinity is low, i.e., in the range of 1-100 pM
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FIGURE 4 | Recognition of M. tuberculosis peptide/HLA-A*0201 complex on T2 cells surface by sdAb 2C. Cells were exposed to Ag85B and Esat-6 peptides. As
negative control cells without peptide were used. Peptide/HLA-A*0201complexes were detected with sdAb 2C follow by anti-IgG coupled to Alexa Fluor 488 as
secondary Ab. More than 200 fields were examined for each condition using the 100x magnification, by fluorescence microscopy.
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FIGURE 5 | Real-time biolayer interferometry sensorgrams for determination of the binding affinity. (A) Sensorgram showing reference substrate binding, on
streptavidine biosensors, of Ag85Bp/HLA-A*0201 complex with increased concentrations of sdAb 2C. Calculated affinity constant Kp is shown in the upper right of
the sensorgram. Association constant, ka: 1.93 x 10% + 0.02 x 10* M™" *'; dissociation constant, ky: 0.289 + 0.003 s™'. (B) Steady state analysis of the binding
response (nm) as a function of sdAb. Calculated Kp 15.0 + 0.7 uM.
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corresponding to the affinity binding interaction of TCR ligands.
The low binding affinity known for TCR-like antibody fragments
selected from human libraries can be improved using
complementary technologies (40). An increased up to 100 fold
of the initial affinity from scFv (single chain variable fragment)
directed against the HLA-A2-pWT1,,s complex, was achived by
mutagenesis combined with yeast display based on one specific
scFv-clone (41). The affinity could also be improved by re-
cloning and re-selection of clones or by conversion of sdAbs
into multivalent formats with higher avidity (4, 42). Though
antibody affinity can be significant for its potential for
immunotherapy, most interestingly however, it was found that
low, rather than high antibody affinity has been reported to
essential for the passive antibody therapy of a drosophila based
model of Alzheimer’s disease (43, 44). This was interpreted on
the grounds that the low affinity anti-tau antibody may loosen up
intracellular tau aggregates allowing better access of lysosomal
degrading enzymes, while high affinity antibody may make these
aggregates more compact and therefore more difficult to
degrade. Such interpretation may be relevant also for the
desired intracellular mycobactericidal action on M. tuberculosis
infected macrophages.

Antibodies generated in animals against MHC-I recombinant
tetramers are rarely TCR-like, because many of them recognize
the 03 domain of MHC-I and 2 microglobulin (f2m) (5) and
also due to the reduced stability of recombinant p/HLA-A
complex (45). However, the phage display antibody libraries
have the advantage that the fusion proteins are exposed on the
surface of phage particles, and recombinant p/HLA-A complex
targets can be used through several selection rounds (37). The
structure of human sdAbs also known as nanobodies, used in
the present work represents a single variable domain based on
the VH3-23 germline segment heavy chain with synthetic
diversity introduced by PCR mutagenesis into all tree
complementary determining regions (24). They are highly
stable, easily produced in large quantity by E. coli, they are of
low immunogenicity, small size (15 kDa), and can be fused
with multiple tags (46-48). Consequently, sdAbs have been
used for virus detection (49-51), for imaging in vivo, mainly in
cancer due to their bio distribution, high tumor penetrance
and fast clearance from the blood circulation (52). The
immunotherapeutic potentials include therapeutic targets in
cancer (53), antagonism of angiogenesis (54) and acting as
metastasis inhibitors.

CONCLUSIONS AND PERSPECTIVES

The TCR-like identity of the sdAb 2C has been validated by its
specific recognition of Ag85Bp/HLA-A*0201 on the surface of
human T2 cell line. It will be of further interest to test, if the sdAb
2C can detect the expression of the HLA-A*0201-bound Ag85B
peptide on human macrophages, which contain either replicating
or dormant M. tuberculosis infection. A positive result would
justify further engineering of the sdAb 2C to become an

immunotoxin, by conjugation with suitable apoptosis inducing
ligands, i.e., Pseudomonas exotoxin A, Granzyme B or BH3
peptide (55, 56), in endeavour to develop a mycobactericidal
immunotherapeutic agent.

Further, development of sdAb 2C will need evaluation in both
HLA-A*0201 transgenic mice and in humans with active TB
disease. The obtained results are showing the feasibility of
selecting TCR-like sdAbs to other immunodominant epitopes
of M. tuberculosis and their future development as potential
immunotherapeutic adjuncts to the chemotherapy of TB.
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Abstract

SARS-CoV-2 is a novel B-coronavirus that caused the COVID-19 pandemic disease, which spread rapidly, infect-

ing more than 134 million people, and killing almost 2.9 million thus far. Based on the urgent need for therapeutic
and prophylactic strategies, the identification and characterization of antibodies has been accelerated, since they
have been fundamental in treating other viral diseases. Here, we summarized in an integrative manner the present
understanding of the immune response and physiopathology caused by SARS-CoV-2, including the activation of the
humoral immune response in SARS-CoV-2 infection and therefore, the synthesis of antibodies. Furthermore, we also
discussed about the antibodies that can be generated in COVID-19 convalescent sera and their associated clinical
studies, including a detailed characterization of a variety of human antibodies and identification of antibodies from
other sources, which have powerful neutralizing capacities. Accordingly, the development of effective treatments to
mitigate COVID-19 is expected. Finally, we reviewed the challenges faced in producing potential therapeutic antibod-
ies and nanobodies by cell factories at an industrial level while ensuring their quality, efficacy, and safety.

Introduction

The recent disease outbreak caused by the new severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is a global health emergency, as april 2021 affecting more
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than 134 million people and leading to almost 2.9 mil-
lion deaths until date [1]. In the last two decades, other
SARS-CoV-2-related pathogenic [-coronaviruses have
caused syndromes such as severe acute respiratory syn-
drome (SARS-CoV) and Middle East respiratory syn-
drome (MERS-CoV). SARS-CoV-2 is the causative agent
of coronavirus disease (COVID-19). As the most trans-
missible coronavirus (CoV) identified to date, its vertigi-
nous spread has led to the current COVID-19 pandemic
[2-5]. This emphasizes the urgency in the research,
design, innovation, and large-scale production of new
prophylactic and therapeutic drugs.

CoVs are enveloped single-stranded positive-sense
RNA viruses that can infect an extensive number of
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hosts. Human CoVs (order Nidovirales, family Coro-
naviridae, subfamily Coronavirinae) are zoonotic path-
ogens, ie. they can infect humans via interspecies
transmission [6—8]. SARS-CoV-2 is a -coronavirus that
has four structural proteins: the nucleocapsid (N), mem-
brane (M), envelope (E), and surface-anchored spike
glycoprotein (S), which is proteolytically processed, gen-
erating a trimmer with three S; subunit heads sitting on
top of a trimeric S, subunit, that allow the subsequent
virus fusion [9-11]. The S protein, through its three
receptor binding domains (RBDs), interacts with the
human angiotensin-converting enzyme (hACE2), as an
entry receptor, and the S, subunit induces fusion to the
cell membrane [10, 12-15]. For this reason, the S protein
represents an interesting target for the rational produc-
tion of vaccines or therapeutic antibodies (Abs) prevent-
ing infection [16—18]. Due to the extensive transmission
worldwide, the genetic diversity of the virus is dynamic.
Recurrent mutations may indicate a convergent evolution
for adaptation in humans, similar to those occurring in
the S protein [19].

Since the beginning of the SARS-CoV-2 infectious
outbreak, diverse antiviral chemical compounds have
been tested in the clinic, showing different efficacies.
For instance, the antiviral remdesivir is authorized in
the United States for emergency use in humans [20, 21],
although some trials do not show substantive benefits
[22]. Moreover, approximately 180 vaccine candidates
are under development awaiting expedited approval,
upon demonstration of proof of quality, safety, and effi-
cacy. More than four different vaccines are approved
for emergency use by the Food and Drug Administra-
tion (FDA) and other regulatory agencies [23-25]. In
addition, various recombinant monoclonal antibodies
(mAbs) are being tested in therapy, with targets such as
C5a, IL-6, and PD-1, among others, to curb some of the
responses caused by SARS-CoV-2 [23]. Similarly, various
mAbs developed and tested against other CoVs, includ-
ing SARS-CoV and MERS-CoV, have been tested against
SARS-CoV-2 to treat COVID-19 [3, 12, 26-30]. Alterna-
tively, the World Health Organization recommends the
use of plasma from convalescent patients as a therapy to
treat critically ill patients globally [5, 31, 32]. Therefore,
there is a need for the development of effective and safe
COVID-19-specific vaccines or therapeutic drugs. Neu-
tralizing Abs are one of the best candidates for neutral-
izing virus infection due to their antigenic specificity [12,
29, 30, 32]. Artificial passive immunization was born as a
therapy based on antibodies transference from serum of
immunized animals or humans to a recipient, conferring
an immune state against the target [33]. Furthermore,
this is one of the most employed immunotherapies in
medicine history, supported by a long list of uses based
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on its neutralization activities upon infectious diseases
as produced by bacterial toxins as Corynebacterium
diphteriae [34], Clostridium tetani [35], Staphylococcus
aureus [36), Clostridium dificile [37], Bordetella pertussis
[38], among others. Also, successful viral neutralization
had been described such as Enterovirus [39], Hepatitis
B virus [40], Measles virus [41], Parvovirus [42], Rabies
virus [43], Respiratory syncytial virus (RSV) [44] and Var-
icella—zoster virus [45]. Nowadays, there is technology to
produce monoclonal high-specific and long-lasting anti-
bodies from in vitro systems [46], which means a relevant
therapeutic weapon to fight a wide spectrum of infec-
tions and other pathologies. Whilst active immunization
by infection or vaccination requires a period of time to
generate its own system antibodies, passive immunity
represents an instantly effective source which induces
immunological events as neutralization, opsonization,
complement activation and antibody dependent cellular
cytotoxicity (ADCC). Furthermore, passive immunity
does not depend on recipient immune response which
implies a critical instrument to treat immunocompro-
mised patients and other vulnerable groups who cannot
be exposed to the antigen itself. In front of COVID-19
pandemic, antibody-based humoral passive immuniza-
tion treatment is a promising route to treat severe cases,
or people who do not respond to vaccination or cannot
be vaccinated.

There are several reviews on specific aspects of Abs
or its formats as alternative treatments for COVID-19
[47-51]. Moreover, information about Abs is updated
daily and is tremendously enriched, then different pub-
lic databases have compiled information, allowing quick
searches [52, 53]. Here, we update the knowledge regard-
ing the immune response associated with COVID-19, the
formation of neutralizing Abs towards SARS-CoV-2 in
the plasma of patients, which could be useful in prophy-
lactic and therapeutic treatments. Moreover, we discuss
on the development and isolation of Abs from different
sources (hybridomas production, the generation of nano-
bodies, and the recombinant production of fully human-
ized mAbs) against different SARS-CoV-2 targets, in an
integrative form. This review also incorporates a com-
prehensive view of the challenges that faces the cell fac-
tories at an industrial level to produce therapeutic Abs
and their formats, guaranteeing the corresponding qual-
ity, efficacy and safety attributes in the bioprocess. Due to
the importance of certain references, 18 preprints were
considered.
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The immune response and physiopathology

of COVID-19

COVID-19 is highly contagious, and oral-respiratory
droplet contamination as well as aerosols, have been
implicated in its transmission [54, 55]. A wide spectrum
of associated clinical symptoms have been described,
such as gastrointestinal issues, diarrhea, shortness of
breath, headache, sore throat, cold, breathing difficul-
ties, myalgia, nasal congestion and inflammation of the
mucous membranes, and central nervous system injuries
[56], and patients present with asymptomatic to severe
infections, or even succumb to the disease [57]. There is
an important relationship between the COVID-19 sever-
ity and activation/suppression of the immune response
elements. SARS-CoV-2 is a virus with the ability to gen-
erate an acute and destructive inflammatory response
affecting the tissues and various cell types that express
the hACE2 receptor [10, 58, 59]. hACE2 is a type I mem-
brane protein present in the human organs, including the
lungs, heart, kidney, and intestine [60]. The inflammatory
response is induced by different immunological mecha-
nisms associated with the innate and adaptive immune
responses.
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Innate immune response against SARS-CoV-2 infection

The innate immune response to SARS-CoV-2 is charac-
terized by not only the activation of epithelial cells, but
also the hyperactivity of macrophages. In the presence
of the virus, macrophages and respiratory epithelial cells
have the ability to release proinflammatory and inflam-
matory mediators by activating the inflammasome, and
pattern recognition receptors induced by virus pathogen-
associated molecular patterns (PAMPs) [61]. RNA from
different viruses, such as CoVs, acts as a PAMP that can
be detected by various toll-like receptors (TLRs), such
as TLR3, TLR7, TLRS, and TLR9 [62], activating the
nuclear factor kappa light chain enhancer of activated B
cells (NF-kB) pathway and proinflammatory cytokines
[61]. During COVID-19 infection, it has been observed
that monocytes have a relevant contribution in the pro-
gression of the disease towards severe manifestations,
because the systemic profiles of cytokines in patients are
similar to that in some of the syndromes, such as mac-
rophage activation syndrome [63], or cytokine storm [64,
65]. This immune response is related to a high produc-
tion of cytokines (IL-6, IL-7, and TNF-a) and inflamma-
tory chemokines, including CCL2, CCL3, and CXCL10,
as well as the IL-2 receptor a-chain in the soluble form
[64, 66]. Multiple organ failures and complications such
as acute respiratory distress syndrome (ARDS), which
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could cause the death in patients (Fig. 1, Additional file 1:
Table S1), have been related with the systemic overpro-
duction of cytokines [65, 67].

The role of macrophages can be deduced from the
immune response noted in other CoV infections, such
as that for SARS-CoV, which has an accessory protein
open reading frame 8 (ORF8) that activates a family of
PAMPs called nucleotide-binding domain and leucine-
rich repeat pyrin domain 3 (NLRP3) [68]. NLRP3 can
form multiprotein complexes, termed “inflammasomes”
that activate caspase-1, which leads to the maturation of
proinflammatory cytokines (IL-1p and IL-18), and induc-
tion of pyroptosis [69]. Moreover, this protein is present
in SARS-CoV-2, and although its participation in the
immune response has not been described, it is likely that
NLRP3 could be associated with the aberrant activation
of macrophages and elevated levels of IL-1p and IL-18
in some of the patients with COVID-19 [70] (Fig. 1 and
Additional file 1: Table S1).

Forty-two percent of patients with pneumonia due to
COVID-19 present severe ARDS [71]. This is reflected by
the macrophage infiltration in the lung tissues observed
post mortem [72]. Several studies have reported that
macrophage hyperactivation results in pathological
effects; this led us to hypothesize that a balance between
anti-inflammatory and proinflammatory activities may
be related to a protective immune response (Fig. 1 and
Additional file 1: Table S1).

In severe cases, there is a decrease in natural killer
(NK) cell populations [73]. Moreover, in patients infected
with SARS-CoV-2, their NK cell population have shown
lower percentages of intracellular CD107a, IFN-y, IL-2,
TNF-«, and granzyme B compared with that in healthy
subjects, and an exhaustive phenotype characterized by
the overexpression of NK group 2 member A (NKG2A)
[74]. An inhibitory receptor related to the dysfunctional
NK cell phenotype [75] has also been observed in chronic
viral infections [74, 76] as well as in COVID-19 patients
with other NK cell exhaustive phenotype molecules, such
as lymphocyte-activation gene-3 (LAG-3), programmed
cell death protein 1 (PD-1), mucin domain-3 (TIM-3),
and T-cell immunoglobulin [77] (Fig. 1 and Additional
file 1: Table S1).

Another element of the innate immune response
participating in COVID-19 pathophysiology is the
complement system, which can be activated by an
antibody-independent mechanism, termed the “lectin
pathway” This mechanism uses, among other proteins,
mannan-binding lectin-associated serine protease 2
(MASP-2), which can generate fragments of complement
components, such as C5a that are potent mediators of
inflammation and chemoattractants for neutrophils and
monocytes. Since the SARS-CoV-2N protein can activate
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MASP-2 [78], it may lead to the hyperactivation of the
complement system that can cause significant damage,
specifically damage related to neutrophil migration and
activation in the lung tissues [79], and lead to hyperco-
agulation, as observed in critical patients [78]. Proteins of
the complement system can also participate in coagula-
tion [80] (Fig. 1 and Additional file 1: Table S1). Remarka-
bly, MASPs have been shown to cleave prothrombin into
thrombin [81]. The C5a receptor in neutrophils leads to
the induction of the blood coagulation cascade [82], and
C5b-9 stimulates procoagulant activity through platelet
prothrombinase [83]. Some studies have suggested the
potential SARS-CoV-2-specific antiviral effects of natu-
ral IgM Abs against A blood group produced by B1, in
a complement-dependent manner, thereby proposing
natural Abs as an initial barrier to infection and specu-
lating a relationship between the reduced antibody diver-
sity present in older patients [84] with severe illness [85]
(Fig. 1 and Additional file 1: Table S1).

It has been suggested in different animal models
infected with other viruses that an acute lung injury can
be caused due to monocyte activation through mecha-
nisms that could occur in SARS-CoV-2 infection. For
example, viruses such as H5N1 avian influenza and
SARS-CoV can activate macrophages by oxidative stress
in a murine model [86, 87]; IgG anti-SARS-CoV S pro-
tein immune complexes can polarize the macrophage
response into an inflammatory response in macaques
[88].

Type I and III IFNs can control viral infection [89], but
delayed interferon signaling in SARS-CoV-2 infection is
related to robust virus replication and severe complica-
tions [90]. The decrease in IFN production is associated
with ORF6, ORFS8, and nucleocapsid proteins that inhibit
the type I IFN signaling pathway [70] (Fig. 1 and Addi-
tional file 1: Table S1).

Effective adaptive immune response against SARS-CoV-2
infection

In COVID-19 the immune response associated with
lymphocytes present heterogeneity as human diversity,
but in many cases correlates with the severity of the dis-
ease. In adaptive cellular immune response patients with
COVID-19 show a dramatic reduction in total T cells,
which is negatively related to patient survival; these T
cells express exhaustive signatures, such as PD-1, TIM-3,
and LAG-3 [91, 92], all of which are immune-inhibitory
factors [93, 94]. Evidence shows that CD8T numbers
are low in patients with severe COVID-19 compared
with less severe cases [95, 96]. CD8* T cells also express
exhaustive-type cell phenotypes similar to NK cells (high
expression of NKG2A and low expression of intracellu-
lar CD107a, IEN-y, IL-2, TNF-q, and granzyme B+) [74,
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97]. In addition, the T,,, and CD4*T memory lympho-
cyte counts are reduced [56, 73, 96]. In the same sense,
older patients with some comorbidity had a higher num-
ber of activated virus-specific CD4™T cells compared to
patients who had fewer risk factors. Moreover, these cells
show an increase in IL-2 secretion and a diminishing in
the IEN-y production [98]. Furthermore, lymphopenia
has been associated with an increase in mortality [99],
this probably caused by the infection of SARS-COV-2 to
lymphocytes, which express hACE2 [100]. In addition,
exhaustion of lymphocytes, has been observed in severe
cases [101]. While in mild disease, an increased number
of active CD8*'T cells and greater clonal expansion has
been observed [101], as well as more IFN-y-producing
T helper 1 (TH1) cells. Notably, in recovered patients a
strong memory T cell response in peripheral blood has
been detected, being wider and intense in patients with
severe condition compared to mild cases [102]. As well
as the COVID-19 recovered patients have virus-specific
memory CD4TT and CD8™T cells [103], which could be
an indicative of protective immunity (Fig. 1, Additional
file 1: Table S1).

Other cell populations, such as plasmacytoid dendritic
cells and y8 T cells, have been reported to be almost
depleted in SARS-CoV-2 infection [77]. Regarding anti-
gen (Ag) presentation for T-cell activation, the ORF8
protein of SARS-CoV-2 can interact with the major
histocompatibility complex class I (MHC-I) molecule,
causing its downregulation and provoking the conjugate
internalization to lysosome for its further degradation,
avoiding the Ag presentation, being proposed as a via
of immune evasion through ORF8 [104]. Furthermore,
there is also evidence of downregulation of at least eight
genes encoding MHC-II molecules in peripheral mono-
cytes isolated from ventilation-dependent patients, rela-
tive to that in healthy subjects [77] (Fig. 1 and Additional
file 1: Table S1). In contrast, the humoral arm of the
adaptive response may facilitate, on rare occasions, the
entry of viruses into host cells and enhancement of viral
infection by a process independent of their specific cell
receptors, known as “antibody-dependent enhancement
(ADE)” [105, 106]. ADE comprises the production of sub-
neutralizing or non-neutralizing Abs with a paradoxi-
cal effect associated with the virus-antibody interaction,
with Fc receptors on different immune cells improv-
ing viral infection and replication [107, 108]. This event
has been described to be related to other CoVs, such as
MERS-CoV, SARS-CoV, and feline CoVs [88—112]. How-
ever, in the case of SARS-CoV-2, this association has not
been demonstrated in patients [113]. Nevertheless, there
is evidence from in vitro models that show ADE pro-
moted by Abs isolated from severely affected patients’
plasma, relating to the FcyRII engagement [114] (Fig. 1
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and Additional file 1: Table S1). Hence, ADE should
be monitored in vaccination or therapeutic strategies
against SARS-CoV-2 infection.

The controversy about the exacerbation of the disease
and the appropriate response to resolve COVID-19 is still
under discussion. However, hospital patients coincide in
an insufficient or excessive immune response, compared
to those individuals without serious consequences. This
remarks that the set of innate and adaptive responses and
their balance is important for a favorable progression,
being highlighted that the humoral immune response
points out that specialized neutralizing antibodies are
the most important molecules for the protection against
infection.

Abs and their isotypes

Dating back to the 1790s, Abs have been described as a
protective substance in the serum after vaccination [115,
116]. Abs are used by the immune system to identify and
neutralize elements, such as bacteria and viruses [117].
Abs are composed of proteins (82-96%) and carbohy-
drates (4—18%), and are divided into five immunoglobu-
lin isotypes (IgG, IgA, IgM, IgE, and IgD), which differ in
structure, abundance/distribution, specificity, and half-
life [118].

Seric IgA is present in the plasma, and its secreted
form (sIgA) is present in the mucous membrane, tears,
and saliva, which prevents the colonization of pathogens
in the respiratory, gastrointestinal, and urogenital tracts
[119]. The sIgA is capable of inducing the synthesis of
IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-
1), and the granulocyte—macrophage colony-stimulating
factor (GM-CSF) in the lung fibroblasts [120], which
leads to hypothesizing its participation in severe cases
of COVID-19 [121]. IgD is an antigen receptor local-
ized at the surface of different B-cells, and its expression
is balanced with IgM depending on the antigens sensed
[122, 123]. The secreted IgD is produced by mucosal B
cells such as plasmablasts or plasma cells and improves
mucosal homeostasis and prepares basophils and mast
cells to protect the system against antigens, produc-
ing cytokines [122]. IgE has antiparasitic activity and
responds to allergens, releasing histamine from mast cells
and basophils [124]. IgM is also an Ag receptor in B cells
and is the first to be secreted during the primary humoral
immune response, before IgG synthesis [117, 124]. IgG is
the most prevalent isotype, specialized to recognize and
neutralize Ags [125].

Humoral response

It is well recognized that the neutralizing humoral
immune response is the main mechanism for prevent-
ing viral infections [126]. Particularly, antibody-mediated
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responses against SARS-CoV-2, as well as their kinet-
ics have been described in COVID-19 patients. The
appearance of IgM, IgA, and IgG that recognize SARS-
CoV-2 has been determined [127]. The seroconversion of
patients with COVID-19 is attained following the onset of
symptoms, producing IgM, IgA, and IgG [127, 128]. IgM
accumulation is observed within 7 days post symptom
onset (PSO), which is useful as a marker of acute infec-
tion. In contrast, IgA titer increases principally between
8 and 21 days PSO [127]. Importantly, the median time of
IgG appearance has been recorded as 14 days PSO [127].
Hence, the detection of anti-SARS-CoV-2 Abs IgM and
IgG is a diagnostic. However, the IgG and IgM levels are
found to be widely variable, and no correlation between
the Ab titers and clinical characteristics of the patients
has been found [128].

The response of serum IgA against the S protein is
detectable from 6 to 8 days PSO, with a mean period of
13 days PSO [121], followed by attainment of a peak on
days 20-22 and maintenance for at least 40 days [129].
Furthermore, patients with COVID-19 establish the sero-
conversion of IgM and IgG that recognize mainly N and
S (RBD) proteins, within 20 days PSO (median, 13 days
PSO) [128]. A correlation has been observed between the
increase in serum blood concentrations of IgA and IgG
anti-S proteins and decrease in the viral counts, as well
as the time between the onset of symptoms and admis-
sion to the intensive care unit. Moreover, a significant
relationship between the serum titers of anti-S IgA and
IgG and the survival of patients in a critical condition
has been demonstrated [130]. In addition to neutraliza-
tion, Abs can result in antiviral protection through other
mechanisms, like antibody-dependent cell cytotoxic-
ity (ADCC) resulting from FcyRIIla cross-linking in NK
cells, antibody-dependent phagocytosis (ADCP) medi-
ated by mononuclear and granulocyte phagocytes that
bind to antibody-coated viruses through different Fc
receptors, and complement activation by the classical
route with the participation of IgM and IgG [131]. How-
ever, sometimes these same mechanisms can enhance the
pathogenic condition, as previously described [107, 108].
In the case of COVID-19, there are studies that demon-
strate that the plasma of convalescent patients contains
Abs capable of mediating ADCC, phagocytosis, and com-
plement activation [132].

Insights from Ab therapeutic strategies

against SARS-CoV-2 infection

Immunoglobulins

Immunoglobulins are heterodimeric proteins comprising
two identical 55-kDa heavy (H) chains and two identi-
cal 25-kDa light (L) chains linked by inter-chain disulfide
bonds between conserved cysteine residues (Fig. 2)
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[133]. The evaluation of the immune response in patients
infected with SARS-CoV-2 is of great importance to
understand the production of Abs. One study showed
that 13 of 14 patients presented IgG1 anti-S-RBD, and
in two patients, the presence of IgG3 was observed,
while IgG2 was not found [134]. Immunoglobulins from
patients with non-severe and severe COVID-19 have
affinity for the S protein or RBD that could block its inter-
action with hACE2, thereby preventing virus replication
[16, 17, 32, 134-138]. An IgM response against the N
protein, with a change in isotype to IgG after 15 days has
been observed [13]. Although the titers of neutralizing
Abs against SARS-CoV-2 in the human plasma decrease
over time, these remain for at least three months until
seroconversion [139].

A variety of anti-S or anti-RBD immunoglobulins gen-
erated from low somatic mutations are consistent with
acute infection [13, 16, 17, 135, 140—-144] due to low mat-
uration of the affinity of Abs produced by B lymphocytes
[17]. The neutralizing Abs have different epitopes, but
many of them share the heavy-chain coding genes origi-
nating from similar germ lines of V-segments belonging
to the VH3 family (VH3-23, VH3-30, VH3-53, or VH3-
66), as well as VH169, VH2-70, and VH5-51 [16, 32,
135, 136, 138, 140, 142, 144, 145]. The light chains are
preferably encoded by KV1-5, KV1-17, KV1-33, KV1-
39, KV3-15, KV3-20, KV2-28, LV2-14, LV3-21, LV1-40,
LV2-23, and LV6-57, among others [140, 142, 146]. Of
note, these light chains predominantly pair with the long
CDR H3 segment in the RBD region (15 amino acids or
longer) [28, 135, 136, 138, 142, 145]. Whereas the other
light chains pair with the short CDR H3 segment, which
is 7-11 amino acids long [16, 32, 135, 136, 142, 145, 146].

Convalescent plasma therapy: one of the ways to fight
COVID-19

The implementation of the use of convalescent plasma
(CP) has been a strategy to confer immunity or to treat
individuals who acquire COVID-19. CP is collected from
patients with neutralizing Abs after recovery and used to
generate passive immunization [147-162].

The treatment involves collection of plasma from
recovering patients, i.e., those who have faced an infec-
tious disease and been cured successfully (known as
convalescent patient), with the intention for it to be
administered to recipient patients who have not yet
developed an effective adaptive immune response
(Fig. 3a) [163, 164]. The main objective of this alterna-
tive treatment is to reduce the viral load (viremia) in the
recipient by the action of neutralizing Abs produced by
the donor, which can occur between 10- and 14-days post
infection [165, 166]. A crucial factor for the success of CP
therapy is the selection of donors, since one of the main
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problems that have been identified is the diversity of
virus variants found in the population, and the neutral-
izing Ab titer in different plasma samples [167]. Thus, it
is necessary to ensure that the plasma contains an appro-
priate concentration of neutralizing Abs, determine the
antibody titer, and use a neutralization test in vitro with
the virus variants. However, the potential side effects of
CP therapy must be considered, particularly the serum

incompatibility in recipients [153, 154, 168—170]. The CP
therapy used to treat SARS-CoV and MERS-CoV patients
in the critical stage of infection has been shown to reduce
the viral load and death rate [165, 171]. Based on the find-
ings in the treatment of these diseases caused by other
CoVs, CP from SARS-CoV-2-infected patients is admin-
istered as an experimental therapy in critically ill patients
(Fig. 3a) (Additional file 1: Table S2). In addition, the use
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of polyclonal immunoglobulins and plasma derivatives
isolated and purified from the blood of COVID-19 survi-
vors has been discussed [172, 173] (Fig. 3b). CP adminis-
tration in patients leads to an increment in IgG, IgM, and
neutralizing Ab titers [147, 149, 150, 152], a decrease in
short-term mortality in patients with severe respiratory
failure [155] and hospital mortality, and the shortening of
duration of admission in hospital for severely ill patients
[156]. It is also suggested that CP treatment can be more
efficient when it is administered to patients with no criti-
cal or life-threatening conditions [148, 160, 162]. CP
therapy is accompanied by the supplementation of dif-
ferent medications, including antivirals, antibiotics, anti-
fungals, corticosteroids, and anticoagulants [147-159],
according to the patients needs, resulting in variations
relative to the healthy subjects. Due to the simultaneous
use of CP and other medications, it is inappropriate to
determine the beneficial or adverse effects of CP therapy
conclusively.

In a study administering CP to a group of 22 critically
ill patients, the hospital mortality rate reduced by 55%
compared with that observed in other studies (Addi-
tional file 1: Table S2), and the hospitalization length was

reduced [156]. This is probably due to the high SARS-
CoV-2 Abs titer of plasma administered more than once
[156]. However, this study represents a compassion-
ate bias when applying therapy to critically ill patients
with little possibilities of success [162], unlike the treat-
ment outcomes reported in other studies [148, 150, 160,
162], which showed no positive effects in such patients.
Nonetheless, a precise design of controlled studies, ran-
domized trials, and a high number of subjects are pav-
ing the way to further assess the benefits of CP therapy
[152, 153, 156—158, 161]. It is important to mention that
CP treatments depend on plasma collecting time. The
neutralizing Abs from CP of COVID-19 patients are
enriched between 31 and 35 days after the first symp-
toms presenting a higher neutralization titer [174], but
decreases in titers over time (42 days after first symp-
toms) [175]. Hence, FDA recommends a minimum titer
of neutralizing Abs of 1:160.

Importantly, the presence of different Abs with the
ability to neutralize specific epitopes of the virus, as well
as their biotechnological production and application as a
life-saving therapeutic agent, still requires investigation.
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Neutralizing Abs against SARS-CoV-2

Due to their high Ag specificity and potency, Abs have
been used for the treatment of different illnesses. Hence,
identification and production of the best candidate Abs
against the key epitopes of SARS-CoV-2 will be vital
[12, 176]. Therefore, different strategies have been used
to capture and obtain neutralizing Abs from patients
with COVID-19 [16, 46, 177-180], such as combinato-
rial display libraries, humanized mice, single B cell clon-
ing, memory B cell immortalization, and B cell culture,
until the production of recombinant antibody fragments
[46, 181-183] in different formats (Fig. 2). In this sense,
Abs have shown a neutralizing effect in vitro and in vivo
[18] (Table 1, Additional file 1: Table S3), although their
safety and efficacy in vivo, as well as their contributions
in ADCC, antibody-dependent genotoxicity, and even
antibody-dependent risks are under evaluation, and there
is scarce information on attempts of production on an
industrial scale.

Targets and classification of Abs against SARS-CoV-2

A variety of Abs targeting different epitopes of SARS-
CoV-2 have been described, principally those against
the B-coronavirus envelope (Table 1, Additional file 1:
Table S3), conformed more externally by S protein [19,
177]. The S protein is a highly glycosylated homotrim-
eric protein of ~ 180-200 kDa (Fig. 4). As an inactive pre-
cursor, each S protomer (1273 residues) comprises two
functional regions that become active after cleavage by
the human protease TMPRSS2 [9-11]. The S1 subunit
(14-685 residues) triggers the invasion process by medi-
ating virus binding to the N-terminal domain (NTD) of
hACE?2, while the S2 subunit (686—1273 residues) drives
the fusion of the viral and cellular membranes (Fig. 4),
similar to that noted for other CoVs [9-11, 184].

The S1 subunit is composed of two domains, the
NTD (14-305 residues) bearing a galectin-like motif
and an RBD (319-541 residues) having a core compris-
ing five-stranded antiparallel B-sheets (f1-4 and p7)
connected to helices (al1-a3) and loops. The receptor-
binding motif (RBM) within the RBD interacts with
hACE2 at the 446-505 residue segment (Fig. 4) [12,
185-187]. The three RBDs undergo a hinge-like confor-
mational equilibrium change from a “down” or closed
pre-fusion state to an “up” or open fusion-prone state
[14, 36, 188-190]. In the pre-fusion conformation, each
RBD contacts extensively with the other RBDs and its
own intracatenary NTD partially burying the RBM.
Therefore, hACE2 binding is only possible in the active
S protein conformation, with RBDs in the “up” state
(184, 188, 191-193].

The neutralizing anti-SARS-CoV-2 Abs isolated from
CP often recognize the RBD, particularly the RBM, and
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thus, interfere with the virus-hACE2 interaction and
prevent viral particle entry into the target cell [12, 17,
32, 135, 194]. Approximately 78% and 70% of COVID-
19 CPs have been found to present anti-RBD and anti-S
IgG, with those in hospitalized individuals having high
neutralizing activities [142]. This interaction bias is due
to the RBM being an immunodominant region [178]
and the RBD/spike protein-based strategies used to iso-
late many of these Abs. To date, several dozen structures
of different Abs bound to the isolated RBD or S protein
have been resolved experimentally (Table 1). According
to their mode of binding to the viral protein, they have
been grouped into four classes [194] (Fig. 5, Table 1).
Class 1 comprises the largest group of Abs. These are
characterized by a short CDRH3 loop and a binding
pose that resembles the angle of interaction with hACE2,
largely overlapping the RBM (Fig. 5a). Thus, these Abs
can only bind to the “up”-state RBDs. Class 2 comprises
Abs that partially overlap with the hACE2 footprint
and can recognize both “up”- and “down”-state RBDs
(Fig. 5a, b). As with Class 1, the binding poses of Class
2 Abs show that the neutralization effect is due to direct
competition with hACE2, consistent with the competi-
tive binding assay findings. The ability of Class 2 Abs to
bind RBDs in both the conformations results from their
different angles of interaction with hACE2, avoiding any
steric hindrance with the other RBDs even in the “down”
conformation. Class 2 includes Abs with a long CDRH3
loop. Interestingly, some Class 2 Abs simultaneously
bind two RBDs. Different interaction patterns have been
observed for these “quaternary Abs” For example, the
long CDRH3 loop of the mAb C144 interacts with two
“down”-state RBDs. In this way, three C144 Abs lock the
S protein in the pre-fusion conformation [194]. Addition-
ally, of the three C002 Abs that bind to the S protein, one
links the other two “down”-state RBDs, the second binds
one “down”-state and one “up”-state RBD, while the third
binds only the “up”-state RBD (Fig. 5b) [194].

Classes 3 and 4 include Abs that bind outside the
RBM. Some of these Abs compete directly with hACE2
because of the relative proximity of their epitope to the
RBM. In the case of the mAb EY6A, steric hindrance
occurs because of collision with hACE2 glycans [13].
Other mAbs do not interfere with the binding of hACE2
to the same RBD to which it is bound, but rather with
that to a neighboring RBD. Class 3 Abs recognize a sol-
vent-exposed protein/glycan epitope in both “up”- and
“down”-state RBDs (Fig. 5¢). This epitope is highly con-
served in Sarbecovirus clades 1, 2, and 3 [27, 195], mak-
ing it more difficult for the viruses to develop escape
mutations. Class 4 Abs bind cryptic epitopes that become
accessible only in “up”-state RBDs (Fig. 5c). One of these
epitopes is buried by the contact between “down”-state
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Fig. 4 Schematic representation of the homotrimeric S structure. The S protein conformations with all “down” (left) and all “up” (right) RBDs were
generated with PDB files 7k90 and 7k4n, respectively. The RBM of RBD (center) is highlighted as an orange surface

RBDs. Therefore, Abs that recognize this epitope tend
to affect the conformation and/or binding capacity of
adjacent RBDs. An extreme case is represented by the
mAb CR3022, which promotes destruction of the pre-
fusion S protein trimer by perturbing the folding of both
NTDs and RBDs [30, 33, 36]. mAb 52 recognizes a dif-
ferent cryptic epitope that is buried by the NTD in the
pre-fusion conformation [196]. Although most Abs rec-
ognize epitopes consisting of only peptide moieties, some
of them bind to protein/glycan moieties, sometimes with
very high neutralizing potency [197, 198].

Abs with cross-neutralizing activity against SARS-CoV-2

The battery of neutralizing Abs described so far has been
the result of intensified research using samples from vari-
ous sources (Additional file 1: Table S3, S4). Since the
RBDs of SARS-CoV and SARS-CoV-2 are ~75% identical

in their primary sequence, only a relatively small num-
ber of Abs have shown cross-reactivity with these two
Ags [12, 23]. The first set of anti-SARS-CoV-2 Abs was
obtained from the blood of patients with anti-SARS-CoV
Abs [13, 27]. In the initial studies, cross-neutralization
was scarcely noted [15, 27, 29, 197, 198]. However, some
anti-SARS-CoV Abs have shown cross-neutralizing activ-
ity against SARS-CoV-2 [12, 27]. For instance, the neu-
tralizing Ab S309 obtained from B cells from a patient
infected with SARS-CoV [27] and CR3022 IgG and Fab
isolated from SARS-CoV CP present cross-reactivity
with the SARS-CoV-2 RBD [28, 29, 36] (Additional file 1:
Table S3). Another study has reported a 47D11 SARS-
CoV-neutralizing Ab that also neutralized SARS-CoV-2
[12, 33]. Data suggest a cross-neutralizing epitope shared
between both the CoVs, which is directly related to some
of the epitopes conserved in the RBD [194]. Despite this,
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Class 1

Class 2
quaternary

Fig. 5 Classes of antibodies according to the binding pose.
Coordinates for antibodies CC12.1 (Class1), CV07-270 (Class 2 tertiary),
C002 (Class 2 quaternary), S309 (Class 3), and CR3022 (Class 4) were
taken from PDB files 6xc2, 6xkp, 7k8t, 6wpt, and 6yro, respectively
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the Fab 2G12 developed as anti-HIV-1 presents cross
reativity towards the S2 domain via glycan recognition,
being of interest for the design of new therapies [199].

Useful Abs with therapeutic or profilactic efficacy
At least 80 mAbs have been shown to block the interac-
tion of the RBD with the hACE2 receptor in vitro, with a
neutralizing effect against a pseudovirus or the authentic
SARS-CoV-2 (Additional file 1: Table S3), and around 30
mAbs are under clinical trials (Additional file 1: Table S4)
[52, 53]. Among these, bamlanivimab (LY-CoV555) devel-
oped by Eli Lilly and Company (Indianapolis, IN, USA)
has been granted emergency use authorization by the
FDA [52, 200]. Similarly, two potent Abs, REGN10933/
casirivimab and REGN10987/imdevimab (Regeneron,
Tarrytown, NY, USA), developed and recovered from
Velocimmune® (Regeneron), a genetically modified
mouse with a human immune system, form part of the
REGN-COV2 treatment, which is authorized by the
FDA for emergency use [48, 52, 53, 145]. Each Ab recog-
nizes the RBD at distinct sites, increasing the protection
against and avoiding the escape of the virus by most of
mutations [145, 201]. The REGN-COV2 cocktail or LY-
CoV555 have demonstrated that decrease viral load and
reduce the risk of progression to severe COVID-19 and
hospitalization, each one with a particular dose [52, 202].
Although a recent study of LY-CoV555 did not demon-
strate efficacy coupled with supportive care (remdesivir
and, when indicated, supplemental oxygen and glucocor-
ticoids) in hospitalized patients without end-organ fail-
ure, using a high dose (7000 mg per patient) [203].
Furthermore, several mAbs have demonstrated effec-
tiveness in preclinical studies, and are currently under
clinical trials of different phases (Additional file 1:
Table S4). Some of these include sotrovimab, AZD7442,
regdanvimab, DXP-593, DXP-604, etesevimab, STI-
1499/COVI-SHIELD, CT-P59, TY027, SCTA01, MW33,
HFB30132A, BRII-196, BRII-198, ABBV-47D11,
ABBV-2B04, COVI-GUARD (STI-1499), COVI-AMG
(STI-2020), ADMO03820, DZIF-10c, AD-20, JMB2002,
LY-CovMab, C-144-LS, C-135-LS, COR-101, JS016, and
HLX70 (Additional file 1: Table S4). The human Ab VIR-
7831 (or GSK4182136), developed by Vir Biotechnology
Inc. (San Francisco, CA, USA) and GlaxoSmithKline
(Brentford, UK), presents an epitope similar to that of
$309 (Table 1, Fig. 5) and is presently under phase 3 eval-
uation [52, 53]. CT-P59 (Celtrium) and ADG20 (Ada-
gio Therapeutics) is under phase 2/3 clinical trial. The
Abs AZD8895 and AZD1061, developed by Vanderbilt
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University and licensed by AstraZeneca (Cambridge,
UK), TY027 (Tychan Pte., Ltd., Singapore), are in phase
3 clinical trial. In addition to etesevimab (LY-CoV016
or JS016) developed by Eli Lilly and Company, another
related Ab CB6LALA is under phase 3 clinical trial [204].
Bamlanivimab (700 mg/dose) in combination with ete-
sevimab (1400 mg/dose) won FDA authorization for
emergency use. Other Abs, such as DXP-593 related to
BD-368-2 and SCTAO1, are close to completing phase
2 or phase 2/3 clinical trials. Whereas Abs such as STI-
1499/COVI-SHIELD (Sorrento Therapeutics Inc., San
Diego, CA, USA), BRII-96 (Brii Biosciences, Durham,
NC, USA), BRII-98 (Brii Biosciencies), ABBV-47D11
(AbbVie, North Chicago, IL, USA), COVI-GUARD (STI-
1499; Sorrento Therapeutics Inc.), COVI-AMG (STI-
2020; Sorrento Therapeutics Inc.), MW33 (Mabwell
Bioscience Co., Ltd., Shanghai), HFB30132A (HiFiBiO
Therapeutics, Cambridge, MA, USA), and HLX70 (Hen-
genix Biotech Inc., Fremont, CA, USA) are under phase
1 clinical trials (Additional file 1: Table S4). Among the
Abs in clinical trials, the characterization of Abs such
as CB6-LALA and BD-368-2 [32, 204] has been funda-
mental. CB6-LALA is a neutralizing mAb isolated from
B cells from the CP of patients with COVID-19, and it
blocks the binding between the SARS-CoV-2 RBD and
hACE2 through steric hindrance and competition for
the interface amino acid interaction, without inducing
conformational changes in the RBD. It has been pro-
posed as a potential therapeutic agent against SARS-
CoV-2 in rhesus macaques because it reduces the viral
titer and infection [204]. This Ab has been modified via
leucine-to-alanine mutations at residues 234 and 235
(LALA mutation) in the Fc region to diminish the pos-
sibility of Fc-mediated acute lung injury [204]. In addi-
tion, BD-368-2 effectively neutralizes the pseudovirus
of SARS-CoV-2 and authentic SARS-CoV-2 (IC;, of
1.2 ng/mL and 15 ng/mL, respectively) [32] (Table 2).
BD-368-2 binds the RBD in the “down” conformation,
localizing between the NTD and RBD and adjacent to
an RBD in the “up” conformation. Moreover, BD-368-2
can bind RBDs in the “up” and “down” conformations, to
reach complete occupancy of the S protein trimer [140]
(Table 1, Table 2). BD-368-2 can interact with the RBD
in combination with CR3022 and S309 [27, 29]. Further-
more, BD-368-2 shows prophylactic and therapeutic effi-
cacy (Additional file 1: Table S3) in hACE2 transgenic
mice [32].

Potent neutralizers mAbs against SARS-CoV/-2

At least 21 Abs published present a potent neutralizing
effect against the pseudovirus or authentic SARS-CoV-2
infection, with an ICg, lower than 0.01 pg/mL (Table 2).
Among these, CV07-250, BD-604, BD-629, COVA1-18,
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CC6.29, COV2-2196 are Class 1 Abs (Table 2). Class 2
Abs such as BD-368-2, COV2-2130, COVA2-04, C119,
C121, C144, COVA2-15, 2-15 and C002 are the most
potent (Table 2). The Class 3 Ab C135 and 2-51, and
Class 4 Ab H014 present an elevated neutralizing effect
(Table 2). The mAb 5-24 that binds the NTD, and Abs
CV07-209, 2-15, 1-57, and 2-7 that interact with the
RBD, also present potent neutralizing activities (Table 2).
The diversity in amongst the potent neutralizing Abs is
crucial, considering their probable combinational use to
achieve rational therapeutic effectiveness, as well as their
usefulness in reducing or preventing evasion by the pre-
sent or future virus variants.

The Abs CV07-250 and CV07-209 have been iso-
lated from the B cells of patients with COVID-19, with
CV07-209 being the most potent mAb that neutralizes
authentic SARS-CoV-2 (ICyy: 3.1 ng/mL) and CV07-
250 presenting close enough activity (ICs,: 3.5 ng/mL).
The crystal structure of CV07-250 in complex with the
SARS-CoV-2 RBD has been resolved at 2.55 A. Prophy-
lactic and therapeutic evaluations have shown CV07-209
to protect hamsters from SARS-CoV-2 infection [17].
CV07-250 (Class 1 Ab) binds the RBD, at a site overlap-
ping with the hACE2-binding site, via an unusual light
chain-dominated interaction. On the contrary, BD-604
and BD-629 (Class 1 Abs) also show a potent neutralizing
effect against the SARS-CoV-2 pseudovirus with an ICq,
of 5 ng/mL and 4 ng/mlL, respectively. Both Abs interact
with the RBD, with the binding of BD-629 dominated by
the heavy chain in comparison with that of BD-604 [140].
The crystal structures of BD-604 and BD-629 resolved
at 3.2 A and 2.7 A, respectively, show that they bind the
RBD in a manner similar to that of other Class 1 Abs
[140], such as C105 [142, 194] and CB6 [204] (Table 2).

A family of Abs obtained from the B cells of patients
with COVID-19, including 2-15, 1-57, 2-7, and 5-24,
have been found to have potent neutralizing activities
against authentic SARS-CoV-2 in vitro with an ICs, of
0.7 ng/mL, 8 ng/mL, 3 ng/mL, and 8 ng/mL, respectively
[205, 206]. The 1-57, and 2—-7 Abs belong to Class 1. The
5-24 and 2-51 Ab binds the NTD and exerts a powerful
neutralizing effect [205, 207]. The 2—15 Ab (Class 2) has
been evaluated in vivo in protection experiments using
golden Syrian hamster as a model of SARS-CoV-2 infec-
tion. Virus challenge showed a reduction in infectious
viral particle titers with 1.5 mg/kg of 2—15 [205].

The Abs COVA1-18, COVA2-04, and COVA2-15 are
also obtained from B cells of patients with COVID-19,
and these present strong competition for hACE2 with
an ICy, against authentic SARS-CoV-2 of 7.0, 2.0, and
9.0 ng/mL, respectively [136]. COVA1-18 appears to
be a Class 1 Ab, and the cryogenic electron microscopy
(cryo-EM) reconstructions reveal that COVA2-15 is
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Table 2 Antibodies with a potent neutralizing effect against pseudovirus or authentic virus SARS-CoV-2 infection

Name/ Source Kp (M) ICso pg/mL Target Observations References
class
CV07-250/ B cells from C-CoV-2 0.056 0.0035 (AV-CoV-2)  RBD Reduced hACE2 binding and showed no  [17]
@ binding to murine tissue
BD-604/C1 B cells from C-CoV-2 0.15 0.005 (PSV-CoV-2)  RBD up BD-604 binds to RBD ~ 19-fold higher [140]

than BD-236 and is more potent
against the SARS-CoV-2 pseudovirus,
compared to BD-236

BD-629/C1 B cells from C-CoV-2 0.006 0.004 (PSV-CoV-2)  RBD up Genes coding for BD-629 are different [140]
compared to BD-604. However, its
affinity and neutralization against the
SARS-CoV-2 pseudovirus are similar

CV07-209/ B cells from C-CoV-2 0.056 0.003 (AV-CoV-2) RBD Prophylactic and therapeutic efficacy in =~ [17]
@ golden Syrian hamsters. Therapeutic
mAb reduced signs of COVID-19,
although 1/3 animals presented mild
bronchopulmonary, pneumonia and
endothelialitis

COVAT1-18/ B cells from C-CoV-2 0.03(S) 0.008 (PSV-CoV-2)  RBD A strong competition with hACE2 was [136]
l 09 (RBD)  0.007 (AV-CoV-2) observed, suggesting blocking hACE2
is it mechanism of neutralization
CC6.29/C1  Bcells from C-CoV-2 12 0.002 (PSV-CoV-2)  RBD-A mAb exhibited a potent neutralization [16]
0.0071 (AV-CoV-2)
COV2- B cells from C-CoV-2 - 0.0007 (PSV-CoV-2)  S2P.., open A strong competition with hACE2. Pro- [208]

2196/C1 0.015 (AV-CoV-2) phylactic efficacy in rhesus macaques
(50 mg/Kg) and mice (200 pg per
mouse) reducing lung disease. Thera-
peutic efficacy in mice (20 mg kg™")

BD-368-2/ B cells from C-CoV-2 0.82 0.0012 (PSV-CoV-2) RBD Changes the S trimer conformation [32]
2 0.015 (AV-CoV-2) “up/down” contributing to its neutralizing activity.
Prophylactic efficacy: IP 20 mg/kg
mAb 24 h before infection. Therapeutic
efficacy: IP 20 mg/kg of mAb 2 h after
infection into hACE2 transgenic mice

COov2- B cells from C-CoV-2 - 0.0016 (PSV-CoV-2)  S2P,, closed  Blocked the binding of SARS-CoV-2 to [208]
2130/C2 0.107 (AV-CoV-2) hACE?2. Prophylactic efficacy in rhesus
macaques (50 mg/Kg) and mice
(200 pg per mouse) developing less
lung disease. Therapeutic (20 mg kg™

efficacy in mice

C12-04/C2 B cells from C-CoV-2 23(9) 0.220 (PSV-CoV-2)  RBD“up'/‘down” Potent neutralizing mAB, suggest the [136]
11.2 (RBD) 0.002 (AV-CoV-2) blocks the engagement of hACE2 as a
main mechanism of neutralization
C119/C2 PMBC’s from C-CoV-2 10.0 (RBD) 0.009 (PSV-CoV-2)  RBDup’/*down” It was proposed a quaternary interac- [142,194]

tion with RBD in down conformation
adjacent to an “up”RBD, as well could
interacts between two adjacent down
RBD domains. Showed a binding pose
similar to REGN10987’s

c121/C2 PMBC’s from C-CoV-2 0.5 (RBD)  0.0067 (PSV-CoV-2) RBD"up’/*down” Quaternary binding with RBD in down [142,194]
0.00164 (AV-CoV-2) adjacent to an “up”RBD was proposed,
and could interacts between two
adjacent down RBD, with a binding
pose similar to REGN10987’s

C144/C2 PMBC’s from C-CoV-2 18.0 (RBD) 0.0069 (PSV-CoV-2) RBD“up’/‘down” Quaternary binding, in the ‘down”RBD [142,194]
0.0025 (AV-CoV-2) conformation. different from C002,
C121,C119,C104
COVA2-15/ B cells from C-CoV-2 0.6 (S) 0.008 (PSV-CoV-2)  RBD"up’/‘down” A strong competition with hACE2 bind-  [136]
2 3.1 (RBD)  0.009 (AV-CoV-2) ing, binding RBD in "up" and "down"

conformations, while its epitope is
partially overlapped with the hACE2-
binding site




Valdez-Cruz et al. Microb Cell Fact (2021) 20:88 Page 17 of 32
Table 2 (continued)
Name/ Source Kp (M) ICsq ug/mL Target Observations References
class
2-15/C2 B cells from C-CoV-2 0.056 0.005 (PSV-CoV-2)  RBD"up’/*down” Exhibited high potency in neutralizing [205, 206]
0.0007 (AV-Cov-2) in vitro, in a protection experiments
using golden Syrian hamster reduced
the infectious virus titres by 4 logs
(1.5 mg/kg)
C002/C2 PBMC from C-CoV-2 11 (RBD)  0.009 (PSV-CoV-2)  RBD"up’/‘down” Quaternary binding to “up/down”RBDs  [142, 194]
like C121, but different to C144. Inter-
action with RBD in down conforma-
tion adjacent to an“up”RBD, probably
interacts between two adjacent
"down" RBD domains
C135/C3 PMBC’s from C-CoV-2 6.0 (RBD)  0.016 (PSV-CoV-2)  RBD“up’/“down” Three C135 Fabs bound with 2 “down” [142,194]
0.0029 (AV-CoV-2) and 1"up”RBDs (interaction weakly
resolved), recognizing the glycosylated
epitope N343RBD, interacting with
R346 and N440, without steric hin-
drance between hACE2 / RBD
2-51/C3 B cells from C-CoV-2 36 0.005 (PSV-CoV-2)  NTD Potent neutralizing antibody against [207]
0.0007 (AV-Cov-2) PSV-CoV-2 and AV-Cov-2 in vitro
HO014/C4 phage display antibody library 0.09 3nM (PSV-CoV-2)  RBDupclass4  hACE2-humanized mice injected IP [4]
38 nM (AV-CoV-2) 50 mg per kilogram either 4 h after
(one dose, therapeutic) or 12 h before
and 4 h after (two doses, prophylactic
plus therapeutic) with SARS-CoV-2
infection. No lesions of alveolar epi-
thelial cells
5-24/WO B cells from C-CoV-2 0.013 (PSV-CoV-2)  NTD nAb with high potency against AV-Cov-2  [205]
0.008 (AV-CoV-2) in vitro
1-57/WO B cells from C-CoV-2 0.056 0.009 (PSV-CoV-2)  RBD mAb exhibited high potency in neutral-  [205]
0.008 (AV-CoV-2) izing AV-Cov-2 in vitro
2-7/WO B cells from C-CoV-2 0.056 0.010 (PSV-CoV-2)  RBD mAb exhibited high potency in neutral-  [205]
0.003 (AV-CoV-2) izing AV-Cov-2 in vitro

SARS-CoV Severe acute respiratory syndrome-coronavirus, SARS-CoV-2 respiratory syndrome-coronavirus 2, RBD Receptor binding domain, PBMCs Fresh peripheral
blood mononuclear cells, IP Intraperitoneally, PSV Pseudovirus, AV-CoV-2 authentic virus SARS-CoV-2, AV-CoV authentic virus SARS-CoV, SdAb single-domain
antibodies, CPE Cytopathic effect, N-t amino-terminus, C-CoV-2 Convalescent SARS-CoV-2, NTD N-terminal domain ((residue 1-290), S2P,,, S ectodomain trimer (S.),

C1 Class1, C2 Class 2, C3 Class 3, C4 Class 4, WO those without structure analysis

able to bind RBDs in the “up” and “down” conformations
and therefore, belongs to Class 2 [136]. The epitope and
approach of binding to the RBD used by COVA2-04 is
similar to that by CR3022, and hence, is categorized to
Class 4 [28-30, 136] (Table 2).

The mAbs COV2-2196 and COV2-2130, which bind
near the hACE2-binding site, exhibit powerful neutraliz-
ing activities. These mAbs present, in pseudovirus neu-
tralization assays, an I1C;, of 0.07 ng/mL and 1.6 ng/mL,
respectively, although they are less sensitive for neutrali-
zation of the authentic virus (IC;y: 15 ng/mL and 107 ng/
mL, respectively). Both mAbs recognize the RBD in the
“up” configuration, although they do not compete with
the virus for binding with hACE2. Furthermore, COV2-
2130 presents different competitive binding sites and is
able to interact with an RBD in the “down” state, indicat-
ing that it could recognize the RBD in the “up” or “down”
conformations by probably binding to three distinct sites

on the S protein trimer [208]. Due to their differences in
binding, COV2-2196 and COV2-2130 has been tested
for prophylactic efficacy using a mouse-adapted SARS-
CoV-2 model [208]. A cocktail of COV2-2196 (16 ng/
mL) and COV2-2130 (63 ng/mL) presents a synergistic
effect on virus neutralization in vitro compared with the
effect observed by using 250 ng/mL of the Abs individu-
ally [208].

The Abs C002, C119, C121, C135, and C144 obtained
from peripheral blood mononuclear cell of patients with
COVID-19, interact with the RBD using different binding
modes and present a strong pseudovirus neutralization
effect (IC;,: 9.0 ng/mL, 9.0 ng/mL, 6.7 ng/mL, 16.0 ng/
mL, and 6.9 ng/mL, respectively). Moreover, the Abs
C121, C135, and 144 also neutralize authentic SARS-
CoV-2 (IC4: 1.6 ng/mL, 2.9 ng/mL, and 2.5 ng/mL,
respectively) [142]. C002, C119, and C121 bind both the
“up”- and “down”-state RBDs, where the Fab-S structures
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suggest a quaternary epitope, including the neighbor-
ing RBDs, to also support bivalent interactions with two
“down”-state RBDs. Additionally, C002 seems to be in
contact with glycans in the RBD [142]. C135 and C144
bind the same “up” RBD conformation. In addition, C135
binds a “down”-state RBD regardless of the conformation
of the neighboring RBDs. The conformational changes in
the RBD allow the configuration of a quaternary epitope,
which is formed by neighboring “down”-state RBDs that
are recognized by C144 through its long CDRH3 loop.
This unique interaction locks the S protein domains in a
pre-fusion conformation, thereby avoiding the S protein-
open conformation, in which it engages with hACE2
[142, 194] (Table 2).

The humanized mAb HO014 has been obtained from
an Ab library constructed by phage display from immu-
nized mice with recombinant RBD from SARS-CoV [4].
HO014 neutralizes the SARS-CoV-2 pseudovirus infec-
tion (IC5y: 3 nM) and authentic SARS-CoV-2 infection
(ICsy: 38 nM). Cryo-EM characterization of H014 Fab
in complex with the SARS-CoV-2 S protein trimer sug-
gests a novel conformational RBD epitope accessible in
an “open” conformation, where the mAb interacts with
the S protein and blocks the hACE2 engagement by steric
hindrance and the associated protein—protein interac-
tions, different to the RBM interaction [4]. Interestingly,
HO014 is capable of neutralizing in vivo in a hACE2 mouse
model with a prophylactic dose [4] (Table 2). This Ab is
categorized in Class 4, together with CR3022, EY6A,
S304, and S2A4 [4, 13, 27, 28, 178]. In general, Abs
grouped in Class 4 need the highest concentration to
reach the neutralization effect compared with Abs from
the other classes.

Mutants could reduce Abs neutralization

RBD mutations have been related with the reduction
of the sensitivity or confer resistance to neutralizing
Abs. For instance, mutations N439K, L452R, A475V,
V483A, E484K, G485D, F486A, F490L, and Y508H
weaken the binding of mAbs, such as 157, 247, CB6,
P2C-1F11, B3SCAL1, X593, 261-262, H4, P2B-2F6, H014,
and H00S022 [4, 19, 30, 135]. The V483A variant, with
a mutation frequency greater than 0.1%, elicits a loss of
activity of mAbs, such as P2B-2F6 and X593 [19, 135].
While Vi;-Fc ab8 loss neutralizing activity against F486A
mutant [209]. As well as REGN10933 showed a reduc-
tion of the sensitivity against E484K and G485D [145].
Similarly, RBD variants such as Q414E, N439K, G446V,
K458N, 1472V, A475V, T4781, V4831, and F490L cause
viral resistance to CP [19]. In addition, variants such as
N439K and Y508H are increasing in circulation [19].
Moreover, variants in the RBD or S; subunit, which
allow the viral particle to increase its transmissibility,
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pathogenicity, infectivity, and resistance, will continue to
occur. D614G is a frequent mutation that does not occur
in the RBD [48]. Although it has been related to SARS-
CoV-2 infectivity and worsened COVID-19 symptoms,
its participation in virus resistance has scarcely been
demonstrated [48]. In contrast, Abs such as 2H2, 3Cl,
CC6, CC12, and CC25 neutralize the D614G variant [16,
48, 210, 211]. As well as STE90-C11 recognized with ele-
vated affinity RBD mutations like V367F, N439K, G476S,
V483A, E484K, G485R, F486V [212]. These data indicate
the importance of using different Abs to achieve thera-
peutic effectiveness.

Cocktails of Abs

Based on distinct epitopes conserved in the S protein
domain, a cocktail of neutralizing Abs has been used to
mitigate the risk of COVID-19. Such cocktails can sig-
nificantly enhance the neutralizing abilities [48, 143,
213, 214]. For example, to complement the neutralizing
effect of HO14 it was combined with the non-competitive
antibody P17 obtained from a library of naive human
antibodies. P17 has high affinity for RBD, and a potent
neutralizing activity with pseudovirus (ICgy: 0.165 nM)
and highest IC,; against the authentic virus than H014.
According to the authors, the cocktail of P17 and H014
improves (two to ten-fold) the protective effect against
SARS-CoV-2 in mouse model [213].

Other combinations such as B38-+H4,
REGN109334+REGN10987, AZD8895+AZD1061, 414-
1+4555-634+553-15, COV2-2196+COV2-2130, and
CR3022+CR3014 have been evaluated [26, 48, 214].
In fact, the addition of 553-15 to 414-14555-63 or the
combination of COV2-2196 with COV2-2130 has been
shown to provide a synergistic neutralization effect [208,
214]. Furthermore, cocktails may have therapeutic poten-
tial in a possible SARS-CoV-2 reinfection, which has not
been noted for other therapies [34, 215].

Abs Fc-mediated effector functions

The Fc-mediated effector functions, such as ADCC or
ADCEP, can contribute to virus clearance independent of
the mAb neutralization effect [216, 217]. Briefly, infected
cells may expose the Ags on the pathogen surface that can
also be recognized by IgG, which through its Fc region
binds the Fcy receptors (FcyRs) and can attract other cells.
In addition, IgGs bind Clq, drifting away from the com-
plement-dependent cytotoxicity (CDC) pathway, which
involves the IgG-bound Ag and recognition of the C1
complex [218]. Cytotoxic Abs, such as alemtuzumab, dinu-
tuximab, and ofatumumab, present their main mechanism
of action through ADCC and CDC. In fact, the Fc region
of an Ab determines its serum half-life and effector func-
tions, which are associated with the N-glycan structure
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[219, 220]. In particular, the absence of the fucose residue
at the core increases the ADCC [221, 222].

Pinto et al. [27] demonstrated that S309 mediates
ADCC in SARS-CoV-2 S protein-transfected cells, along
with the strongest ADCP response by monocytes, among
the immune cells, via FcyRIIla and FcyRIIa engagement
and affinity for an FcyRIIla variant (V158). It also acti-
vates the CDC pathway [178]. S306 activates ADCC and
ADCP with intensity lesser than that of S309. S2M11
promotes FcyRIIla-dependent ADCC in a dose-depend-
ent manner and does not promote FcyRIIa-mediated
ADCC, with a high affinity towards the V158 variant
comparable to that of S309 [27]. Moreover, S2M11 also
exerts ADCP. S2E12 triggers FcyRIla but not FcyRIlla
signaling, unlike S2M11 and S309. Furthermore, a com-
bination of S2M11 with S2E12 or S309 activates effec-
tor functions [223]. S2H13 promotes ADCC through
FcyRIIIa (V158) activation, but presents a weak activa-
tion of FcyRIla. Additionally, S2H13 is effective in killing
Chinese hamster ovary (CHO) cells stably transfected
with SARS-CoV-2 S protein via CDC. A superior ADCC
response by REGN10987 compared with REGN1089,
REGN10933, and REGN10934 has been observed, but all
Abs have been shown to induce ADCP [145]. These find-
ings highlight the differences in Abs and their relation-
ship with FcyRIIIa and FcyRIla receptors, or Clq, which
can be decisive in displaying their protective mechanisms
[27, 178, 223].

Hybridoma Abs
The recent discovery of potent antibodies has been driven
using different technologies [46] instead of the traditional
hybridoma production, although some Abs were also
obtained by this strategy. Hybridomas were introduced in
1975 by Kohler and Milstein [224], and these are cloned
cell lines produced by the fusion of a B lymphocyte of
interest and an immortalized myeloma cell, which are
capable of secreting large quantities of pure Abs [225].
Although hybridoma development represents a labor-
intensive and time-consuming process [226], research
related to hybridomas has continued over time. Accord-
ingly, COVID-19 research has not excluded hybrido-
mas, as there are multiple studies using this strategy for
treating SARS-CoV-2 infection [12, 227-230]. In recent
studies, Abs from hybridomas with the ability to cross-
neutralize SARS-CoV and SARS-CoV-2 in vitro have
been identified [12, 227, 229], similar to those previously
reported in terms of cross-neutralization amongst differ-
ent CoVs (SARS-CoV, MERS-CoV, and SARS-CoV-2) [3,
29, 135, 231, 232].

The mAb 47D11 obtained from SARS-S hybridoma
supernatants has been humanized [12]. Importantly,
mAb 47D11 does not interfere with the recognition and
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binding of the S protein with hACE2, owing to a mecha-
nism that remains unknown [12, 47]. In addition, it has
been demonstrated that its ability to perform a cross-
neutralization is possibly by interactions with the con-
served central region of the S protein from the RBD
domain [12] (Additional file 1: Table S3). Another Ab
obtained by the hybridoma technique is MAB362, whose
variable sequences are expressed as IgG or monomeric
IgA isotypes. IgA-type Ab presents higher neutralizing
activity than its IgG homolog due to its “longer arms”
and “greater flexibility” in the hinge domain, which
allows the neutralization of S proteins from other CoVs.
Additionally, IgA is proposed to have a greater persis-
tence in mucosal secretions compared with the other
isotypes [227]. Another mAb obtained from hybridoma
cells is mAb#11/9, which binds the S protein irrespec-
tive of its glycosylation pattern [228], being also rec-
ognized by Abs SiD7h and S3D8h (ICj, of 113.3 ng/mL
and 137.2 ng/mL, respectively) [229]. Furthermore, six
groups of mice hybridoma Abs with neutralizing capac-
ity that recognized different epitopes on RBD has been
described and can be employed as diagnostic tools in
SARS-CoV-2 infection [230]. Using the same technique,
the Abs 2H2 and 3C1 were developed, targeting different
regions of S. Both have the ability to neutralize infection
by SARS-CoV-2 virus. In particular 2H2, potently neu-
tralize SARS-CoV-2 pseudovirus (ICg;: 0.025 pg/mL) and
authentic SARS-CoV-2 (ICy,: 0.007 pg/mL). Interestingly,
the human—mouse chimeric Abs ¢2H2 and the c2H2/
¢3C1 cocktail (with the same ICg; of 0.054 pg/mL) could
significantly reduce viral loads in Balb/c mice, showing
therapeutic efficacy [210].

Neutralization of SARS-CoV-2 by nanobodies

In mammals, Abs present two chains (heavy and light),
whereas in camelids, Abs containing homodimeric heavy
chain with no C;1 but a conserved Ag-binding domain
(VyH) can be found (Fig. 2e). The VH is also known as
a single-domain Ab (sdAb) or nanobody (Nb) (Fig. 24, f),
which can be selected from synthetic, naive, or immu-
nized ¢cDNA libraries using phage, bacterial, yeast, or
ribosomal display technologies [233-235]. Nbs have the
smallest structures (~ 13 kDa) compared with other Abs,
present with antigenic recognition, can act in a mono-
meric form or fusion protein, and show high specificity,
stability, and solubility [236]. Therefore, Nbs are valuable
in biomedical research. The first therapeutically active
Nb caplacizumab-yhdp designed for treating thrombotic
thrombocytopenic purpura and thrombosis (Ablynx, a
Sanofi Company, Ghent, Belgium) was approved by the
European Medicines Agency (EMA) in 2018 and the
U.S. Food and Drug Administration (FDA) in 2019 [237].
Accordingly, Nbs with high affinity against SARS-CoV-2
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S proteins, and the RBD could emerge as potential thera-
peutics in the fight against COVID-19, in line with the
repertoire of potent neutralizing Nbs previously reported
(Additional file 1: Table S5).

Camelid immune libraries

Distinct Nbs have been developed against SARS-CoV
and MERS-CoV, such as VyH-55 and VH-72 [238].
VH-72 when converted into a bivalent Fc (human IgG1)
fusion form neutralizes the S protein of SARS-CoV-2
pseudovirus (ICy, of ~0.2 pg/mL). Pretreatment with
VH-72-Fc has been observed to reduce the viral load in
the lungs of Syrian hamsters by ~ 10°-fold compared with
that in the untreated control animals [239] (Additional
file 1: Table S5). According to the differing neutralization
effects noted for VyH-72 and Vi H-72-Fc, there exists
different epitopes between them, and the crystal struc-
tures indicate that V;H-72-Fc interacts with the RBD as a
Class 4 Ab [240]. ExeVir Company (Ghent, Belgium) has
advanced with the development of VH-72-Fc through
preclinical and clinical trials. The NIH-CoVnb-112 Nb
has been obtained from a llama immunized with the
SARS-CoV-2 S protein, and it blocks the SARS-CoV-2
RBD and hACE2 engagement [240]. W25UACh obtained
from a VyH library using E. coli display, is able to rec-
ognize beads coated with the S protein [241]. Tyl binds
the RBD with a high affinity and present neutralization
activity against SARS-CoV-2 pseudovirus (ICsy: 77 ng/
mL), avoiding hACE2 interaction; cryo-EM reconstruc-
tion revealed this complex with the RBD in both the “up”
and “down” conformations as belonging to Class 2 having
Abs with a quaternary epitope [242] (Additional file 1:
Table S5). Tyl multimeric constructs as the tetramer
4-arm PEG Tyl increased its neutralizing capacity dra-
matically (IC,;: 13 pM) [243].

In contrast, Nbs such as Nb-Setl, NM1226, NM1228,
NM1230, and NM1224, also derived from an immunized
camelid, present high neutralization potencies against
authentic SARS-CoV-2 (IC;,: ~15 nM, ~7 nM, ~37 nM,
and ~256 nM, respectively). Furthermore, these Nbs
block the RBD-hACE2 interaction and target different
epitopes within the RBD [244]. Moreover, the Nbs 89,
20, and 21 obtained from the RBD-immunized camelid
serum present high neutralization activities against
authentic SARS-CoV-2 (IC,,: 20.154 nM, 0.048 nM, and
0.22, respectively) [237] (Additional file 1: Table S5).
By modeling the Nbs 20 and 21, it has been revealed
that they probably interact with the RBD in the “down”
conformation [245]. On the other hand, Nb11-59, was
obtained from camels immunized with the recombinant
RBD of SARS-CoV-2, and present neutralizing activity
against the authentic SARS-CoV-2 with neutralizing dose
50 (NDy,) of 0.55 pg/mL, and inhibit the replication of
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eight RBD SARS-CoV-2 mutants (Q321L, V341I, N354D,
V367F, K378R, V483A, Y508H, H519P) [246].

Camelid naive libraries

H11 has been identified in a naive llama VyH library
using phage display and found to target the RBD. Later,
using random mutagenesis, Nbs H11-D4 and H11-H4
have been generated. Both Nbs are able to block the
attachment of the S protein to hACE2 in vitro, recogniz-
ing different epitopes compared with CR3022 [30]. H11-
D4-Fc and H11-H4-Fc fusions show neutralizing activity
against authentic SARS-CoV-2 (ND;: 18 nM and 6 nM,
respectively) [30]. Cryo-EM reveals that both Nbs bind
RBDs in the “up” and “down” conformations in the S pro-
tein trimer and hence, these are categorized as Class 2
Abs [30].

Three synthetic VyH camelid libraries using ribosome
and phage displays have allowed the generation of syn-
thetic Nbs, termed as “sybodies” (Sbs) [247]. Sixty-three
anti-RBD Sbs have been obtained from three librar-
ies, screened by one round of ribosome display and two
rounds of phage display against the RBD [248]. Other
Sbs have been isolated from libraries such as SR4, MR17,
MR3, and MR4, presenting high neutralization poten-
cies against SARS-CoV-2 pseudovirus (ICsy: 5.9, 12.32,
0.40, and 0.74 pg/mL, respectively). Crystal structures
of the complexes of Sbs and the RBD reveal a common
neutralizing mechanism, suggesting that SR4, MR17, and
probably MR3 interfere with the interaction between the
RBD and hACE2 [249]. Divalent-engineered Sbs used
to synthetize the MR3-MR3-albumin binding domain
have been demonstrated to be the best for improv-
ing neutralization activities against pseudotyped virus
(ICs0: 0.012 pg/mL). These Sbs have also been evaluated
in SARS-CoV-2-infected C57BL/6] female mice, and
the lung viral titers were found to be 50-fold lower than
that in the control mice [249]. In the Sb-treated group,
the alveolar wall structures were normal, although mild
bronchopneumonia was observed; whereas, the lung viral
load was reduced [249]. Sb23 has been isolated from a
synthetic library, and interferes with the RBD and hACE2
interaction showing neutralizing activity against SARS-
CoV-2-S pseudotyped virus (ICg,: 0.6 pg/mL) [250]. The
cryo-EM structure suggested Sb23 as a Class 2 indicat-
ing that interacts with the S protein, wherein two RBDs
are in the “up” conformation [250]. SR31, another Sb
isolated from a synthetic library, interacts with the RBD,
distorting it, and does not neutralize SARS-CoV-2 pseu-
dovirus [251]. Since SR31 displays high affinity, its fusion
with other neutralizing Sbs, such as SR31-MR17 or SR31-
MR, increases the neutralization activity against SARS-
CoV-2 pseudovirus (IC,: 52.8 pg/mL or 2.7 pg/mL,
respectively) [251].
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The synthetic Nbs Nb3, Nb6, and Nbll have been
obtained through screening of a yeast surface-displayed
library using multiple S protein epitopes [252]. Particu-
larly, Nb6 has a potent neutralization activity against
pseudovirus infection (ICg,: 2.0 uM). Cryo-EM revealed
that Nb6 binds to the RBD in the open and closed S
conformations, and belongs to Class 2 according to the
Barnes classification [194]. Furthermore, the trivalent
version of Nb6 (Nb6-tri) has shown an improvement in
the neutralization activity against the authentic SARS-
CoV-2 (IC4,: 140 pM) [252]. In addition, multi-specific
VuH Abs fused to human IgG1 Fc domains are able to
activate the Fc-dependent functions, such as tri-specific
VyH-Fc 3F-1B-2A, which has been designed to neutral-
ize SARS-CoV-2 [253]. The tri-specific VH-Fc 3F-1B-2A
Ab, which in a docking model has been observed to inter-
act with the RBD, exhibits higher pseudovirus neutrali-
zation activity than that by other VH-Fc combinations
(ICsy: 3.0 nM) [253] (Additional file 1: Table S5). Other
Nbs have been obtained from camelid VyH naive and
synthetic libraries. Nbs were fused with IgG1 Fc domains
to obtain two monoclonal VH-Fc named as 1B and 3F
and one bi-specific 1B-3F-Fc, which block the binding of
hACE?2 with S, being 1B-3F-Fc the best in blocking func-
tion [254]. In the same sense, the Nb nanosota-1C was
obtained from naive camelid Nb phage display library,
which presents high RBD affinity. The same Nb in Fc
format (Nanosota-1C-Fc) increases the RBD affinity and
presents strong neutralizing effect against SARS-CoV-2
pseudovirus (NDg,: 270 ng/mL) and against authen-
tic virus (NDgy: 160 ng/mL). Interestingly, it protected
prophylactically, and therapeutically Syrian hamsters
infected with SARS-CoV-2 [255].

Human Nbs against SARS-CoV/-2

Humanization of camelid Nbs has been aimed to reduce
their immunogenicity. Nbs against the SARS-CoV-2
RBD have been detected in a library of phage-displayed
sdAbs that uses naive CDR regions together with human
germline frameworks, with varied arrangements [256].
Among them, n3088 and n3130 inhibit SARS-CoV-2
pseudovirus infection (IC;: 3.3 and 3.7 pug/mL, respec-
tively), and neutralize the authentic SARS-CoV-2 (ICs:
2.6 and 4.0 pg/mL respectively) [256]. Both n3088 and
n3130 share some residues with the cryptic epitope rec-
ognized by CR3022, as suggested by binding models [28,
256]. Another study identified V|; ab8 fused with human
IgG1l Fc (Vy-Fc ab8), and this bivalent form shows a
potent neutralization activity against pseudotyped SARS-
CoV-2 (ICyy: 0.03 pug/mL), as well as the authentic SARS-
CoV-2 (IC4y: 0.04 pg/mL). Vi-Fc ab8 is categorized as
Class 2 Ab, and it competitively inhibits the hACE2-RBD
interaction by occupying three RBDs (two in the “down”
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and one in the “up” conformation) [209]. Furthermore,
Vy-Fc ab8 binds several RBD mutants found in patients
with COVID-19, and its prophylactic and therapeutic
efficacy has been demonstrated against SARS-CoV-2
infection in hamsters [209].

Other synthetic humanized sdAbs (1E2, 2F2, 3F11,
4D8, and 5F8) in a bivalent form fused with human IgG1
Fc have been shown to inhibit the association between
the RBD and hACE2, presenting superior neutralization
potencies against pseudotyped SARS-CoV-2-S (ECg
0.54, 0.40, 0.01, 0.46, and 0.05 pg/mL, respectively)
(Additional file 1: Table S5) [257]. Moreover, from a
library of engineered human Vys, V; ab6 and V; m397
have been obtained, which compete with the RBD for
hACE2 binding. Both Vs fused with Fc (VH-Fc ab6
and VH-Fc m397) have been shown to neutralize the
authentic SARS-CoV-2 (IC;: 0.35 pg/mL and 1.5 pg/
mL, respectively) and present differences in competition
probably due to different target S protein epitopes [258].
Biparatopic and trivalent Nbs against RBD were obtained
from human VH-phage library. VH monomers were used
to design bi-paratopic or multivalent VHs, with the aim
to recognized different RBD epitopes simultaneously
[179]. New formats improved the viral neutralization,
being the most potent the trivalent VH3 BO1 against over
authentic SARS-CoV-2 (IC,,;: 3.98 nM), which seems to
block simultaneously the hACE2 and RBD interaction
through the attack of three RBDs [179].

The diversity of Nbs found and the variety of neutrali-
zation mechanisms indicate their promising application
in the therapy or prophylaxis of SARS-CoV-2 infection.

Remarks on the production of mAbs for COVID-19
treatment

Antibodies obtention from patients with COVID-19 is a
fruitful strategy to recover human specialized neutraliz-
ing Abs. However, few discussions have been conducted
on mAb production technologies in order to obtain qual-
ity mAbs that are safe, efficient, and accessible to the pop-
ulation [259]. The tetrameric nature of an IgG molecule
and its glycosylation is essential for its functioning, mak-
ing it a challenging protein for expression [260]. In this
sense, mammalian cells, such as CHO cells, have become
one of the most widely used cell factories for the indus-
trial production of mAbs [261, 262] and are considered
the workhorse of the industry [263-265]. Among the 68
mAbs approved between 2014 and 2018, 84% were pro-
duced in CHO cells and 16% in cells derived from myelo-
mas (13% in NSO and 3% in Sp2/0) [262]. Even during the
pandemic in 2020, 10 Ab therapeutics had been approved
by EMA or FDA [259]. Furthermore, over 60 previously
known Abs are under evaluation for possible COVID-19
treatments [259]. Compared with bacteria and yeasts, the
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yields and productivities of processes based on mamma-
lian cells are low due to the slow rate of cell growth, their
tendency to undergo apoptosis, and a low production
capacity per cell [260, 261]. Therefore, developing cells
with superior production characteristics has been aimed
in the field [264, 266—268]. Nevertheless, owing to cell
engineering, the time for the establishment of productive
cell lines of fully humanized mAbs has sharply reduced,
limiting it to some months, with increased productivities
(up to 100 pg/cell day, representing bioreactor titers of
nearly 10 g/L), which is presently crucial for the produc-
tion of anti-SARS-CoV-2 mAbs [264, 269—-271]. Elevated
productive-mAb titres have also been achieved by exten-
sive improvements in the production schemes [272].
Similarly, improvements in the recovery and purification
of mAbs have achieved yields of up to 80% of that pro-
duced in bioreactors, and consequently, the manufactur-
ing costs of goods have dropped to 20—-100 US$ per gram
of the active pharmaceutical ingredient [270, 273].

Evidently, with the search for tools to attend the
COVID-19 pandemic, and since the start-up of pro-
duction of mAbs at industrial scale can take at least
6 months, Nbs production became an alternative. Due
to the fact that Nbs are smaller and not glycosylated
proteins they can be produced in cell factories such as
bacteria or yeasts, at lower costs, with a larger scale of
production [274]. Moreover, monomeric or multimeric
VuHs can be produced without implying major changes
in the bioprocess unit operations. However, as they are
new molecules with complex and novel structural char-
acteristics, the quality, safety and efficacy tests must be
highly rigorous, and the regulatory approval could be
longer and intensive than a complete mAb [274, 275].
The humanized Nb11-59 (Additional file 1: Table S4) was
expressed in Pichia pastoris in small-scale and in 7 L bio-
reactor, reaching almost 20 g/L of the Nb. HuNb11-59
was also purified by affinity chromatography and hydro-
phobic chromatography reaching around 95% purity
[246].

CHO cells as producers of anti-SARS-CoV-2 mAbs

CHO cells were established and considered “immortal”
by the end of the 1950s [264]. CHO cells present sev-
eral advantages over other cell types for the production
of mAbs: (i) a capacity to perform complex post-transla-
tional modifications (PTMs), such as “human”-like glyco-
sylations, protein processing (e.g., phosphorylation) and
folding, (ii) robust cell culture in chemically-defined and
serum-free media that facilitates scaling-up, (iii) a safe
host with a high rate of regulatory approval, and (iv) opti-
mized transfection/selection systems that enable stable
expression of heterologous genes [261, 263-265, 276].
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Efforts have been made to optimize recombinant pro-
tein production in CHO cells, reduce manufacturing
costs, and increase accessibility of life-changing drugs
to patients [264, 266]. In this sense, mAb production
involves a series of processes dictated by transcription
(strength of the promoter, integration site for the gene
of interest, and mRNA turnover), but also by the transla-
tion rate, protein turnover, and protein folding and pro-
cessing [266]. Limited studies indicate the expression of
recombinant anti-SARS-CoV-2 mAbs in CHO cell lines
[145] some using transient expression [17, 178, 184, 277]
with low utility at an industrial scale. Moreover, there are
some studies on the production of the His-tagged SARS-
CoV-2 S protein trimer or the S protein by CHO cells [27,
278]. Furthermore, to date there are at least 21 clinical
studies evaluating anti-SARS-CoV-2 mAbs (Additional
file 1: Table S4); however, information of large-scale pro-
duction of mAbs has not been reported [52, 53, 279].

Challenges in the production of anti-SARS-CoV-2 mAbs
Although there are more than 70 mAbs licensed, only few
of them have been approved or are under review in the
EU or USA to treat or prevent diseases caused by viruses,
such as human immunodeficiency virus infection, lower
respiratory tract disease caused by syncytial virus in
children, Ebola, and recently, COVID-19 [52, 53, 259].
Moreover, there are just one therapeutically active Nb
approved in USA and EU [237]. Some of the mAb prod-
ucts are a combination of two or three mAbs. Accord-
ingly, therapeutic Abs against SARS-CoV-2 should be
combined cocktails that they recognize different epitopes
in S including varied Abs formats and classes [52, 53,
144, 280]. Hence, the current challenges in large-scale
production of Abs necessary to fight the pandemic are
related to achieving production of all formats of Abs in
cell factories with elevated productivities, as well as the
scaling-up bioprocesses to generate enough amounts of
the active pharmaceutical ingredient (API) to cover the
world population.

Moreover, the location and optimum operation of pro-
duction plants with stringent quality control practices
worldwide, including Africa and Latin America, needs
to be determined, along with the recruitment of skilled
labor. Furthermore, multiproduct facilities should be
considered to produce Ab cocktails. In addition to the
quality assurance, it is necessary to demonstrate batch-
by-batch reproducibility in bioprocesses. The production
of anti-SARS-CoV-2 mAbs in CHO cells can be seen as
a feasible strategy for implementation on an industrial
scale in conjunction with high-density cultures [272], sin-
gle-use technologies [267], design/selection techniques
for highly productive clones [264, 281], and bioprocess
optimization [266]. To achieve this, it is necessary that
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companies with large biotechnological developments
provide insights to the bio-pharmacological industry to
combat this global pandemic.

Upstream and downstream bioprocesses in mAb
production

The upstream production of mAbs in CHO cells is widely
conducted using suspension cultures in stirred tank bio-
reactors under different modes: batch, fed-batch, and
perfusion (continuous culture with retention of cells),
although in the process of increasing the cell number
(inoculum train) to reach the production volume, other
types of bioreactors are also used, such as shake flasks
and wave bioreactors, with preference for single-use sys-
tems [267, 282]. While, the production Nbs bioprocesses
can be carried out in bacterial or yeasts conventional
biopharmaceutical plants, where the inoculum train and
the production bioreactors are generally made of stain-
less steel, with economical culture media, implying larger

industrial scales than those of animal cells. In general,
upstream process development also includes scaling-up
the culture process for reproduction on a large scale. An
in-depth understanding of the process and its critical pro-
cess parameters (CPPs) is essential to achieve a success-
ful scale-up. The scale-up strategy involves keeping one
or two parameters constant (scale-up criterion) across
the different production scales [283]. In the case of mam-
malian cells, the aim is usually to keep the shear forces
or oxygen transfer constant [283]. Moreover, technologi-
cal, analytical, and regulatory advances promote biop-
harmacies to implement continuous culture systems to
meet the growing demand for mAb production [275, 282,
284]. mAb isolation and purification (downstream) rep-
resent a significant portion of the production effort and
costs [270, 285]. Hence, improvements in these aspects
are relevant [285]. Furthermore, the downstream mAb
manufacturing processes do not have a standard frame-
work (Fig. 6); all processes rely on biomass clarification




Valdez-Cruz et al. Microb Cell Fact (2021) 20:88

(biomass removal) and protein-A chromatography as the
initial capture steps (providing in some cases >98% purity
in a single purification step). Subsequently, low-pH viral
particle inactivation, viral particle removal, and polishing
chromatographic steps are used to obtain the API [270].
The Nbs downstream can follow the procedures typically
used for human therapeutic recombinant proteins (such
as hormones, cytokines or stimulatory factors) produced
in bacteria and yeast [246, 286].

The production level and the quality of Abs are highly
sensitive to the operating conditions of the production
process [287]. Ab production implies identification of the
critical stages and variables in the process (Fig. 6), as well
as determination of the critical quality attributes (CQAs)
of the Ab to ensure its quality, safety, and efficacy (Addi-
tional file 1: Table S6). Then, CQAs are physical, chemical,
biological, or microbiological properties with defined sta-
tistical limits, ranges, or distributions [287] (Additional
file 1: Table S6). Given the relevance of the CQAs, the
concept of quality by design (QbD) emerges as an experi-
mental strategy that requires a deep understanding of
the bioprocess to determine the CPPs and the in-process
testing parameters of the unit operations (Fig. 6) [287].
The implementation of process analytical technologies
(PAT) is the most helpful strategy to ensure the quality,
safety, and efficacy of mAbs [282]. CQAs should be care-
fully controlled and measured during both, upstream and
downstream bioprocesses (Additional file 1: Table S6).
Finally, the CQAs for an Ab finished pharmaceutical
product must be taken into account, such as the pH, pro-
tein amount, formulation, freezing/thawing, dose, color,
lyophilization, drug delivery, and logistics, all of which,
depend on the final product presentation.

Conclusions and perspectives

mAbs have revolutionized the treatment of different
diseases, including viral diseases. Their applications in
human therapy have improved with the development of
completely human mAbs, thereby ensuring their quality,
efficacy, and safety with reduced immunogenicity. How-
ever, the cost of Abs has always been a limiting factor in
their use in the clinical settings, as well as their large-
scale distribution. This limitation has been overcome by
improving the production processes, as well as the purifi-
cation strategies.

Until now, different studies have shown that the
immune response in many COVID-19 patients leads to
the production of CP, which contains specialized neu-
tralizing Abs that can protect the patient against SARS-
CoV-2, in conjunction with a series of other favorable
immune responses. The recovery of the genetic and
protein information on the Abs produced in COVID-19
patients and other immunized animals has allowed the
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identification of hundreds of Abs with neutralizing activ-
ity. Furthermore, these discoveries have led to the expres-
sion and production of Abs in different formats (mAbs,
Fabs, Nbs, and sdAbs) to be characterized physically,
chemically, and structurally. Some of these Abs are being
tested in animal models, undergoing clinical trials, or
recently mAbs approved for emergency use in humans. A
cascade of information has been generated in this regard,
which will surely lead to the generation of therapeutic
and prophylactic solutions for the treatment of COVID-
19, an unprecedented disease that remains uncontrolled
globally. Thus, the search for neutralizing Abs that can
serve in the control and therapy of SARS-CoV-2 infection
needs to be exhaustive and remains urgent.

In COVID-19 patients, neutralizing Ab titers are cor-
related with the severity of the infection [12, 128, 178]
and low somatic hypermutation [137, 138, 142, 180].
The RBD region is found to be immunodominant and
the target of approximately 90% of the neutralizing Abs
present in the sera of SARS-CoV-2-infected people. Fur-
thermore, it has been determined that the anti-RBD IgG
titers decrease with time post symptom onset, presenting
a half-life of approximately 49 days. Importantly, avidity
increases over time, probably due to increased matura-
tion. In the serum of hospitalized COVID-19 patients,
there is a greater number of IgG against the protein S
and the RBD, compared with that in non-serious and
asymptomatic patients [178]. Therefore, all patients pre-
sent anti-RBD IgGs, from patients with severe (most of
them older than 50 years), high, medium, low, or atypical
symptoms to asymptomatic patients (diverse age group
with most of them between 20 and 60 years of age). The
pediatric antibody production is different, since they pro-
duce anti-S but not anti-N Abs and present untrained
T-cell responses together with a strong immune response
acquired at birth that allows faster virus elimination [192,
288, 289]. In contrast, hospitalized adult patients present
a high titer of Abs that block the interaction between
the RBD and hACE2 [178]. Therefore, CP therapy using
plasma from adult patients could increase the Ab con-
tent, and accordingly, it has been used as treatment in
different clinical trials [147, 152, 153]. However, many
concerns around the safety and efficacy of CP against
COVID-19 exist. Consequently, the possibility of iden-
tifying neutralizing Abs and their characterization will
avoid application of the whole CP.

Hence, in-depth analyses, isolation, characterization,
and production of neutralizing Abs found in COVID-19
patients would allow for rational proposals of immuno-
logical protection [178]. Moreover, generation of polyva-
lent antivirals with at least four targets, as described by
the four different Ab classes, using mAbs, Fabs, multa-
bodies, Nbs, Sbs, or fusion proteins that interact with
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the RBD in the “up” and “down” conformations could
broaden the spectrum of their therapeutic potential and
prevent viral escape through mutations. In addition,
combination of Abs, targeting different RBD epitopes
or the new variants integrated in cocktails [145, 215,
290], can ensure successful COVID-19 therapy. Of note,
although recombinant mAbs have generally been used in
human therapies for more than 20 years and are generally
well tolerated, adverse effects (skin reactions, pyrexia,
anaphylaxis even a systemic inflammatory response
and ADE reaction, among others) must be well studied
and characterized [48, 50, 101, 102, 291]. Thus, passive
immunization treatment could be one strategy to treat
severe cases, people who do not respond to vaccination
or cannot be vaccinated. Therefore, the vast amount of
information generated will allow for the development of
safe and effective treatments and vaccines for COVID-19,
providing the molecular basis for the neutralization of
pathogenic CoVs by Abs.
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