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La tecnología de anticuerpos recombinantes ha experimentado un considerable avance en los 

últimos años, con un número creciente de moléculas en desarrollo clínico, debido a la necesidad 

de desarrollar tratamientos más efectivos y específicos para diferentes patologías, como el 

cáncer y las infecciones virales. Aunque existen varias plataformas tecnológicas para la 

generación de anticuerpos multiespecíficos, aún persisten limitaciones relacionadas con la 

estabilidad, inmunogenicidad y farmacocinética de las moléculas generadas.  

En este trabajo hemos desarrollado un anticuerpo biespecífico PD-L1/EGFR mediante la fusión 

de un tandem trimerbody con las regiones bisagra y Fc de la IgG1 humana. Este anticuerpo, 

denominado IgTT-1E, se caracterizó estructural y funcionalmente, demostrando capacidad de 

reconocer simultáneamente los antígenos EGFR y PD-L1, inhibir la proliferación mediada por 

EGF, bloquear la interacción PD-1/ PD-L1 e inducir actividad de citotoxicidad celular dependiente 

de anticuerpos específica de antígeno y desgranulación de las células NK. También demostró 

una potente actividad anti-tumoral en modelos de ratón humanizados portadores de 

xenoinjertos de cáncer de mama triple negativo y de cáncer de pulmón, en los que el control del 

crecimiento tumoral se asoció con un aumento significativo del número de células T CD8+. Estos 

resultados apoyan el desarrollo clínico del anticuerpo IgTT-1E para el tratamiento de tumores 

EGFR+. 

Con la finalidad de mejorar las tasas de respuesta global de las terapias basadas en el bloqueo 

de los puntos de control inmune, se han desarrollado estrategias combinadas con anticuerpos 

agonistas anti-4-1BB para estimular las células T infiltrantes de tumor. Sin embargo, el desarrollo 

clínico de estos anticuerpos se ha visto obstaculizado debido a la aparición de toxicidades 

significativas. En este trabajo hemos generado un anticuerpo triespecífico anti-4-1BB/EGFR/PD-

L1 basado en la plataforma IgTT, empleando una región Fc silenciada mediante la introducción 

de mutaciones específicas. Este anticuerpo, denominado IgTT-4E1-S, demostró capacidad de 

unión simultánea a EGFR, PD-L1 y 4-1BB en solución, bloqueo eficaz de la interacción PD-L1/PD1 

y potente coestimulación mediada por 4-1BB, pero sólo en presencia de células que expresan 

EGFR. Además, también demostró la activación de las funciones efectoras de células T primarias 

humanas en co-cultivos con células tumorales que expresaban tanto EGFR como PD-L1. Estos 

resultados demuestran la viabilidad de la IgTT-4E1-S para bloquear específicamente el eje PD-

L1/PD-1 e inducir una actividad agonista 4-1BB condicional asociada a la expresión de EGFR. 

Los anticuerpos neutralizantes de las infecciones víricas han demostrado potencial para 

proporcionar protección inmediata contra el SARS-CoV-2. Estas respuestas pueden mejorarse 

mediante la combinación de neutralización viral y estimulación de la respuesta inmune 

adaptativa. En este trabajo se ha desarrollado un anticuerpo neutralizante de “amplio espectro”, 
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denominado TNT, basado en la plataforma trimerbody y en un anticuerpo monodominio 

biparatópico anti-RBD en tándem, que puede unirse simultáneamente a los seis epítopos de 

RBD. Posteriormente, se generó un anticuerpo biespecífico, denominado TNTDNGR-1, con 

capacidad de dirigir los viriones neutralizados a las células dendríticas convencionales de tipo 1, 

mediante la fusión de un scFv anti-DNGR-1 en el extremo C-terminal del TNT. La administración 

del TNTDNGR-1, pero no del TNT, protegió a ratones transgénicos K18-hACE2 de una infección 

letal por SARS-CoV-2, potenciando respuestas humorales específicas y respuestas de células T 

CD8+.
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Recombinant antibody technology has made significant progress in recent years, with an 

increasing number of molecules in clinical development, driven by the need to develop more 

effective and specific treatments for a range of diseases such as cancer and viral infections. 

Although there are several technological platforms for the generation of multispecific 

antibodies, there are still limitations in terms of stability, immunogenicity and pharmacokinetics 

of the generated candidates.  

In this work, we have developed a PD-L1/EGFR bispecific antibody by fusing a tandem 

trimerbody with the hinge and Fc regions of human IgG1. This antibody, termed IgTT-1E, was 

structurally and functionally characterized and demonstrated the ability to simultaneously 

recognize EGFR and PD-L1 antigens, inhibit EGF-mediated proliferation, block PD-1/PD-L1 

interaction and induce antigen-specific antibody-dependent cellular cytotoxicity activity and NK 

cell degranulation. It also demonstrated potent anti-tumor activity in humanized xenograft 

mouse models of triple negative breast cancer and lung cancer, where tumor growth control 

was associated with a significant increase in CD8+ T cell numbers. These results support the 

clinical development of the IgTT-1E antibody for the treatment of EGFR+ cancers. 

To improve the overall response rates of checkpoint blockade-based therapies, combination 

strategies with anti-4-1BB agonist antibodies have been developed to stimulate tumor-

infiltrating T cells. However, the clinical development of these antibodies has been hampered 

by the occurrence of significant toxicities. In this work, we have generated a tri-specific anti-4-

1BB/EGFR/PD-L1 antibody based on the IgTT platform using a silenced Fc region by introducing 

specific mutations. This antibody, designated IgTT-4E1-S, demonstrated simultaneous binding 

capacity to EGFR, PD-L1 and 4-1BB in solution, effective blockade of PD-L1/PD1 interaction and 

potent 4-1BB-mediated co-stimulation, but only in the presence of EGFR+ cells. In addition, 

activation of effector functions of human primary T cells in co-cultures with tumor cells 

expressing both EGFR and PD-L1 was also shown. These results demonstrate the ability of IgTT-

4E1-S to specifically block the PD-L1/PD-1 axis and induce conditional 4-1BB agonist activity 

associated with EGFR expression. 

Neutralizing antibodies have shown the potential to provide immediate protection against SARS-

CoV-2 infection. The response can be enhanced by combining viral neutralization and immune 

stimulation to induce adaptive immune responses.  In this work, a broad neutralizing antibody, 

termed TNT, was developed based on the trimerbody platform and a tandem biparatopic anti-

RBD nanobody capable of binding to all six RBD epitopes simultaneously. Subsequently, a 

bispecific antibody, termed TNTDNGR-1, with the ability to target neutralized virions to 

conventional type 1 dendritic cells was generated by fusing an anti-DNGR-1 scFv to the C-
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terminus of TNT. Administration of TNTDNGR-1, but not TNT, protected K18-hACE2 transgenic 

mice from lethal SARS-CoV-2 infection by enhancing specific humoral responses and CD8+ T cell 

responses. 
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1. Anticuerpos 

1.1 Estructura general 

Los anticuerpos o inmunoglobulinas (Ig) son moléculas que “conectan” el reconocimiento de 

epítopos específicos con mecanismos efectores, tales como la citotoxicidad celular dependiente 

de anticuerpos (ADCC; del inglés, Antibody-Dependent Cellular Cytotoxicity), la citotoxicidad 

dependiente de complemento (CDC; del inglés, Complement-Dependent Cytotoxicity) y la 

fagocitosis celular dependiente de anticuerpos (ADCP; del inglés, Antibody-Dependent Cellular 

Phagocytosis).  

Estas moléculas son glicoproteínas globulares (150 kDa) y cada anticuerpo se compone de una 

unidad básica (monómero), que incluye dos cadenas ligeras idénticas (L; del inglés, Light) y dos 

cadenas pesadas idénticas (H; del inglés, Heavy). Las cuatro cadenas se unen entre sí mediante 

enlaces no covalentes y covalentes (disulfuro), dando lugar a una estructura en forma de Y con 

los fragmentos de unión al antígeno (Fab; del inglés, Fragment antigen-binding) en el extremo 

de los dos brazos de la Y. El Fab contiene las regiones variables (V), las cuales constan de tres 

regiones determinantes de complementariedad hipervariables (CDR; del inglés, Complementary 

Determining Regions) que forman el sitio de unión al antígeno y confieren la especificidad 

antigénica. Por tanto, cada inmunoglobulina G (IgG) es bivalente, uniéndose a dos sitios 

antigénicos idénticos, aumentando así su afinidad y prolongando su retención en el organismo. 

La función efectora es mediada por el dominio Fc (fragmento cristalizable). El segmento formado 

por el dominio constante de la cadena pesada 2 (CH2) y la región bisagra interacciona con 

receptores para el fragmento Fc (FcR; del inglés, Fc Receptor) de las células efectoras y 

promueve la activación de la cascada del complemento (Figura 1a, b, c). 

Los anticuerpos se clasifican en cinco clases según la secuencia de sus regiones constantes de 

cadena pesada: IgM, IgD, IgG, IgE e IgA (Figura 1e). De estas cinco clases, la IgG es la más 

ampliamente utilizada en estrategias de inmunoterapia. Además, debido a que su peso 

molecular excede el límite de aclaramiento renal (70 kDa) y a la interacción a través del 

segmento formado entre los dominios CH2 y CH3 con el receptor Fc neonatal (FcRn; del inglés, Fc 

Receptor neonatal), que la protege de la degradación catabólica intracelular (Figura 1d), la IgG 

tiene una vida media sérica larga1–3. 
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Figura 1. Estructura de la IgG. a) La IgG se compone de dos cadenas pesadas (C) y dos cadenas ligeras (L). 

Las regiones Fab contiene la zona de unión al antígeno, que se establece a través de los CDR. b) La región 

formada por el CH2 y la zona bisagra del dominio Fc permite la unión a los FcR de las células inmunes 

efectoras y c) la activación de la cascada del complemento; d) mientras que las regiones CH2 y CH3 

interaccionan con el FcRn, promoviendo el reciclaje del anticuerpo. e) Estructura de las 5 clases de 

inmunoglobulinas según la región constante de la cadena pesada. 

1.2 Anticuerpos monoclonales 

Hace más de un siglo, Paul Ehrlich acuñó el término “bala mágica” para referirse a un agente 

terapéutico ideal que podría actuar selectivamente sobre patógenos o tumores sin dañar las 

células normales. No obstante, no fue hasta el año 1975 cuando se desarrolló la tecnología de 

los hibridomas, lo que permitió la generación de anticuerpos monoclonales (mAb; del inglés, 

monoclonal Antibody)4. Esta técnica se basa en la fusión de un linfocito B procedente del bazo 

de un ratón inmunizado, cuya función es producir el anticuerpo, con una célula de mieloma, que 

aporta la capacidad de proliferación ilimitada. El resultado es la obtención de anticuerpos 

producidos por un solo clon de células, los cuales reconocen un único epítopo de interés.  

Inicialmente, estos mAbs tenían un origen murino, lo que originaba inmunogenicidad en 

humanos y tenían una capacidad limitada para inducir respuestas efectoras. Sin embargo, los 

avances en la ingeniería de anticuerpos permitieron el desarrollo de plataformas flexibles para 

la creación de mAbs quiméricos (≈ 25 % murinos, los cuales poseen regiones variables murinas 

y regiones constantes humanas), humanizados (≈ 5-10 % murinos, que poseen los CDR de origen 

murino, mientras que el resto del anticuerpo es humano) y totalmente humanos (Figura 2), que 
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han permitido resolver muchas de las limitaciones previas1,5. El desarrollo de las tecnologías para 

humanizar los mAbs fue posible gracias Gregory Winter y William J. Harris, quienes plantearon 

la posibilidad de insertar los CDR de un mAb murino en un dominio variable humano6, basándose 

en técnicas de ingeniería genética y ADN recombinante. Sin embargo, los anticuerpos 

quiméricos y humanizados pueden presentar una afinidad baja e inmunogenicidad, debido a 

que, en algunos pacientes, se producen respuestas de anticuerpos humanos anti-ratón (HAMA; 

del inglés, Human Anti-Mouse Antibodies)7. Actualmente, en la clínica se usan principalmente 

anticuerpos humanizados o completamente humanos, los cuales se desarrollan empleando 

tecnologías como las genotecas de anticuerpos en bacteriófagos (phage display) o la 

inmunización de animales transgénicos con genes Ig humanos3,8,9.  

 

Figura 2. Esquema de la evolución de la humanización de anticuerpos, que incluye mAbs murinos, 

quiméricos, humanizados y completamente humanos. Las regiones de origen murino se muestran en 

amarillo; mientras que las regiones de origen humano, en azul. 

1.3 Anticuerpos de nueva generación 

Se han desarrollado diversos formatos de anticuerpos recombinantes con el objetivo de mejorar 

su farmacocinética, función efectora, tamaño e inmunogenicidad mediante técnicas de 

ingeniería de anticuerpos, que implican modificaciones en sus propiedades bioquímicas y 

biofísicas2,10. Las técnicas de ingeniería de anticuerpos  se vieron  impulsadas a partir del año 

1989, cuando se consiguió desarrollar los procedimientos para la clonación y expresión de genes 

de anticuerpos11. Estas técnicas permiten producir anticuerpos con alta especificidad y afinidad, 

al mismo tiempo que reducen la inmunogenicidad y los efectos adversos3,12, entre las que 

destacan: 
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a) Generación de fragmentos de anticuerpos: 

En el proceso fisiológico de generación de anticuerpos se pueden diferenciar dos etapas 

fundamentales. En primer lugar, se produce el reordenamiento del repertorio genético natural 

de Igs. Posteriormente, los linfocitos B que expresan estos anticuerpos experimentan 

hipermutaciones somáticas cuando entran en contacto con el antígeno, las cuales se concentran 

especialmente en las CDR, con el objetivo de generar variantes moleculares con mayor afinidad, 

que se caracteriza por una cinética de disociación del antígeno más lenta. Este proceso natural 

que ocurre en la generación de anticuerpos se puede replicar artificialmente mediante la 

generación de genotecas de anticuerpos, los cuales son sometidos a un proceso de cribado para 

evaluar la capacidad de unión al antígeno diana3,13,14. Para esto, se han desarrollado diversas 

tecnologías de exhibición (display) de fragmentos de anticuerpos in vitro, que incluyen 

genotecas en bacteriófagos filamentosos (phage display), bacterias (bacterial display), levaduras 

(yeast display), o incluso ribosomas (ribosome display), cuya finalidad es generar anticuerpos 

recombinantes de forma rápida y efectiva14. Sin embargo, es necesario desarrollar métodos de 

selección (screening) específicos y evitar las uniones no específicas.  

La clonación constituye un paso esencial en la generación de fragmentos recombinantes de 

anticuerpos, los cuales ofrecen algunas ventajas sobre los anticuerpos completos. El fragmento 

Fab (50 kDa) incorpora la cadena ligera completa (dominios VL y CL) y los dominios VH y CH1 de la 

cadena pesada de una Ig convencional, conectados por un enlace disulfuro intercatenario. El 

fragmento variable (Fv) (25-30 kDa) está formado únicamente por las regiones VL y VH de un 

anticuerpo. Por otro lado, el Fv de cadena única o scFv (del inglés, single-chain Fragment 

variable) es un Fv con los dominios VH y VL conectados por un polipéptido flexible, generalmente 

tres repeticiones de cuatro glicinas y una serina (G4S)3 (Figura 3). El anticuerpo de dominio único 

(sdAb; del inglés, single-domain antibody), también denominado nanobody (12-15 kDa), deriva 

de las regiones variables de anticuerpos compuestos únicamente por cadenas pesadas, 

identificados en camélidos (VHH; del inglés, Variable domain of Heavy-chain only antibodies) y 

peces cartilaginosos3,15. Por último, los formatos de anticuerpos biespecíficos se basan en la 

combinación de dos dominios de reconocimiento de antígenos diferentes en múltiples 

configuraciones16.  
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Figura 3. Representación de los fragmentos de anticuerpos. a) Representación esquemática de la 

estructura de la IgG y de los fragmentos derivados Fv, Fab y scFv. b) Representación esquemática de la 

estructura de un anticuerpo que solo consta de cadenas pesadas y de un dominio VHH derivado de él 

mismo.  

b) Anticuerpos no basados en Ig: 

Los anticuerpos multiespecíficos con formatos no similares a la Ig (sin región Fc) están 

compuestos por fragmentos derivados de anticuerpos fusionados mediante enlaces flexibles y/o 

dominios de multimerización. Los fragmentos de unión pueden ser Fab, scFv o VHH
17.  La 

multimerización de estos fragmentos permite ajustar el tamaño, la forma, la valencia y la 

especificidad del anticuerpo para optimizar su función, vida media y capacidad de penetración 

tumoral18.  

El formato más utilizado es el tandem scFv, que consiste en la fusión de dos scFv a través de un 

conector peptídico flexible (linker) corto, generalmente un módulo G4S. Un tipo de tandem scFv 

es el BiTE® (del inglés, Bispecific T cell Engager), basado en la fusión de un scFv anti-CD3 y un 

scFv anti-antígeno asociado a tumor (AAT). Otras variantes de este formato sería el denominado 

LiTE (del inglés, Light T-cell Engager) y BiKE (del inglés, Bispecific NK-cell Engager), en los que el 

scFv anti-AAT es sustituido por un VHH anti-AAT o el scFv anti-CD3 es sustituido por un scFv anti-

CD16, respectivamente. Otra variante de este formato es el triplebody, basado en la fusión en 

tandem de tres scFv16 (Figura 4).  

Otro formato ampliamente utilizado es el diabody, el cual está formado por dos cadenas 

independientes, donde una contiene los dominios VHA-VLB y la otra cadena contiene los 

dominios VHB-VLA, siendo A y B dos anticuerpos de distintas especificidades. En este caso, se 

favorece la heterodimerización de los dominios VH y VL de la misma especificidad, pero de 

cadenas distintas. Sin embargo, pueden producirse homodimerizaciones no funcionales, por lo 

que se han desarrollado diferentes modificaciones para favorecer la heterodimerización, como 

podría ser puentes disulfuros en el caso del dsDb (del inglés, disulfide stabilized Diabody)19 y del 
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DART® (del inglés, Dual-Affinity Retargeting)20,21; o la fusión de las dos cadenas por un linker 

adicional, como en el caso del scDb (del inglés, single-chain Diabody)22 (Figura 4). Además de 

estos anticuerpos, se ha generado una gran diversidad de formatos, algunos de los cuales se 

recogen en la Figura 4.  

 

Figura 4. Plataformas tecnológicas para generar anticuerpos multiespecíficos. Representaciones 

esquemáticas de algunos formatos de anticuerpos multiespecíficos no basados en la estructura de la IgG 

(no contienen Fc; arriba), y de formatos basados en la IgG (contienen Fc; abajo). 

c) Anticuerpos basados en Ig:  

Los formatos similares a la Ig son moléculas que imitan parcial o totalmente a los anticuerpos 

naturales, incluyendo una región Fc, ya sea funcional o no. La región Fc de la IgG es un 

componente clave de los anticuerpos terapéuticos debido a su capacidad para generar una 
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homodimerización eficaz, aumentar la vida media sérica a través de la interacción con el FcRn, 

y mejorar la afinidad funcional y los tiempos de retención tumoral gracias a su bivalencia23,24. 

Además, la región Fc de la IgG induce funciones efectoras, ADCC y la activación del 

complemento, específicamente hacia las células reconocidas por el anticuerpo24. No obstante, 

el alto peso molecular de algunos formatos de anticuerpos multiespecíficos con Fc dificulta la 

penetración tisular, a pesar de garantizar una vida media sérica prolongada16. 

La ingeniería de la región Fc ofrece diversas posibilidades. Se puede modificar la actividad 

efectora, dado que esta región activa la cascada del complemento e interacciona con los FcγR 

de las células NK (del inglés, Natural Killer) y de los macrófagos, activándolas. Para aumentar o 

disminuir la afinidad de unión a los FcγR, se pueden introducir mutaciones específicas en la 

región Fc y modificaciones en los oligosacáridos o en el nivel de glicosilación3. En determinadas 

aplicaciones es necesario que los anticuerpos no muestren ninguna actividad en la región Fc. 

Por ejemplo, los anticuerpos biespecíficos basados en Ig que activan células T, se diseñan con 

una región Fc no funcional (silenciada), para evitar la activación inespecífica de los linfocitos 

T3,25,26. Además, las funciones efectoras ADCC y CDC también pueden modificarse mediante 

cambio de isotipo, ya que estas varían entre las diferentes subclases de IgG. También se pueden 

alterar las propiedades farmacocinéticas y la vida media del anticuerpo, modificando la 

interacción entre el dominio Fc y los receptores FcRn, mediante la introducción de mutaciones. 

Las interacciones fuertes proporcionan a los anticuerpos una mayor estabilidad en la circulación 

sanguínea, mientras que las interacciones débiles aceleran su eliminación27.  

Los primeros anticuerpos multiespecíficos se producían mediante la co-transfección de ADN o 

el método del cuadroma (hibridoma híbrido), el cual da lugar a una línea celular que produce 

dos cadenas pesadas diferentes y dos cadenas ligeras diferentes, generando así moléculas IgG 

biespecíficas. Sin embargo, esta aproximación genera también múltiples subproductos no 

funcionales28; por tanto, dado que el rendimiento de purificación obtenido es bajo debido a su 

heterogeneidad, este proceso no es adecuado para la producción a gran escala29. Para superar 

estas limitaciones se han generado nuevas técnicas.  

El método "Knobs-into-Holes" (KiH), desarrollado por Carter et al30, resuelve la formación no 

deseada de homodímeros de cadenas pesadas al incluir una mutación "knob" en un dominio Fc 

y una mutación "hole" en otro dominio Fc, promoviendo la heterodimerización de la Fc24,29. 

Además, para abordar el emparejamiento incorrecto de las cadenas ligeras y pesadas de dos 

anticuerpos diferentes y, con la finalidad de producir una población homogénea de IgG 

bispecíficas, la metodología KiH puede combinarse con la tecnología CrossMab31,32. Con esta 
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tecnología, dos dominios de uno de los Fab del anticuerpo son intercambiados entre sí (VH-VL o 

CH1-CL), forzando así el acoplamiento entre la cadena ligera y pesada correspondientes (Figura 

4). Sin embargo, la incorporación de múltiples mutaciones en cadenas pesadas incrementa el 

riesgo de inmunogenicidad y reduce la estabilidad de las regiones Fc.  

Para superar este inconveniente, se han generado diferentes estrategias con el objetivo de 

producir anticuerpos multipespecíficos portadores de regiones Fc, como la fusión directa de un 

scFv a un anticuerpo completo o a un dominio Fc completo incluyendo la región bisagra24. Un 

ejemplo de la primera estrategia es el trabajo de Li et al.33, donde se generó un anticuerpo 

biespecífico con una IgG completa y un scFv fusionado en el extremo N-terminal. Por otro lado, 

un ejemplo de la segunda aproximación es el estudio de Koopmans et al.34, donde un tandem 

scFv biespecífico está fusionado a un dominio Fc. Otro ejemplo sería el DART-Fc, formado por la 

fusión de un DART® al extremo N-terminal de una región Fc (Figura 4).  Otra plataforma para 

superar la desventaja mencionada anteriormente es CODV-Ig35, donde las cadenas pesadas y 

ligeras de una IgG se extienden mediante la adición N-terminal de los dominios variables 

derivados de una segunda IgG (Figura 4). 

Una estrategia que persigue el correcto ensamblaje es la tecnología DuoBody®, que permite 

generar anticuerpos biespecíficos mediante la producción de dos anticuerpos parentales de 

manera independiente y su posterior ensamblaje por medio de un proceso denominado 

“intercambio controlado de brazo Fab”. Este proceso se basa en el uso de condiciones 

reductoras y mutaciones puntuales en los dominios CH3
36 (Figura 4). Otra estrategia para generar 

anticuerpos multiespecíficos es el formato TriMAb, que promueve la heterodimerización de dos 

cadenas pesadas distintas usando la tecnología KiH y el acoplamiento correcto de las cadenas 

ligeras de cada Fab mediante linkers adicionales (VL-CL-(G4S)6-VH-CH1). También se puede 

incorporar a esta estructura uno o dos scFv fusionados al Fc para generar variantes tri o 

tetraespecíficas16,37 (Figura 4). 

Otra estrategia para el desarrollo de este tipo de anticuerpos sería el formato OrthoMab. Esta 

se basa en la creación de una interfaz Fab ortogonal cadena pesada/cadena ligera que utiliza 

cambios entre los dominios CH1-CL y VH-VL para favorecer el correcto ensamblaje de las cadenas 

pesada y ligera que provienen del mismo anticuerpo parental, junto al uso de mutaciones en los 

dominios CH3 para promover el apareamiento entre cadenas pesadas de diferentes 

especificidades38. Además, este formato puede utilizarse para añadir fragmentos Fab adicionales 

a través del uso de linkers para generar más multiespecificidades (Figura 4). 
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d) Tecnología Trimerbody: 

Aún con todas las estrategias descritas anteriormente, el desarrollo de anticuerpos 

multipecíficos plantea importantes retos, ya que la estabilidad de algunas construcciones puede 

estar comprometida. Asimismo, la producción de anticuerpos multiespecíficos puede verse 

obstaculizada por subproductos no deseados debidos a un ensamblaje incorrecto16, además de 

la inmunogenicidad potencialmente asociada con las mutaciones introducidas, las cuales son 

necesarias para un ensamblaje correcto. 

Los trimerbodies son anticuerpos multiméricos que pueden solventar alguno de estos 

inconvenientes, ya que se basan en las propiedades funcionales y estructurales de los dominios 

de multimerización del colágeno XVIII o XV39. Estos dominios de trimerización (TIE) son de 

tamaño pequeño (menor de 60 aminoácidos) y no son inmunogénicos. La plataforma trimerbody 

permite el desarrollo de anticuerpos multivalentes (tri-, tetra- o hexavalentes) y mono- o 

multiespecíficos (bi- o tri-específicos).  

La primera generación de trimerbodies se basó en la fusión de scFvs en el extremo N-terminal o 

C-terminal de los dominios TIE del colágeno XV40 o del colágeno XVIII41,42, obteniendo 

anticuerpos monoespecíficos y trivalentes de 110 kDa (Figura 5). Posteriormente, se generaron 

anticuerpos hexavalentes, fusionando scFvs con la misma o diferente especificidad en ambos 

extremos N- y C-terminal del dominio TIE, obteniendo anticuerpos de un peso molecular de 190 

kDa. Además, también se generaron anticuerpos con VHH fusionados, o con una combinación de 

VHH y scFv en ambos extremos del TIE (denominados trimerbodies asimétricos)43,44(Figura 5). 

También se han generado trimerbodies asimétricos con scFvs frente a un AAT en el extremo N-

terminal y ribotoxina fúngica en el extremo C-terminal del TIE, que se han denominado 

trimertoxinas45.  

La tecnología trimerbody también permite la generación de moléculas multiespecíficas con una 

estequiometría definida y una orientación controlada en una sola cadena polipeptídica. El 

formato tandem trimerbody (TT) es una fusión de tres VHH y tres dominios TIEXVIII con linkers de 

glicina y serina intercalados, obteniendo una molécula que es capaz de reconocer sus antígenos 

con alta especificidad y afinidad46. La evolución más destacable del formato TT es el denominado 

ATTACK (del inglés, Asymmetric Tandem Trimerbody for T cell Activation and Cancer Killing), 

generado mediante la fusión de tres VHH dirigidos a un AAT en el extremo N-terminal, y un scFv 

individual anti-CD3 fusionado al extremos C-terminal del TIE, obteniendo un TT asimétrico con 

capacidad de activar células T en presencia del antígeno tumoral especifico47,48 (Figura 5).  
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Figura 5. Diagramas esquemáticos que muestran la estructura de diferentes trimerbodies multicadena 

y tandem trimerbodies. Los trimerbodies multicadena (recuadro gris) son moléculas generadas mediante 

la fusión de scFv y/o VHH (simétricos o asimétricos) con los extremos N- y/o C-terminal del dominio TIE. 

Las trimertoxinas son trimerbodies asimétricos con una especificidad tumoral en el extremo N-terminal y 

una toxina en el extremo C-terminal. Los tandem trimerbodies (recuadro azul) se generan fusionando al 

extremo N-terminal tres VHH conectados mediante linkers peptídicos con tres dominios TIE, en una sola 

cadena polipeptídica. Por último, la molécula ATTACK se genera mediante la fusión de un scFv anti-CD3 

en el extremo C-terminal de un tandem trimerbody con especificidad anti-tumoral. Figura adaptada de 

Compte et al48. 
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2. Aplicaciones de los anticuerpos en oncología. 

El cáncer es un reto considerable para la medicina moderna, ya que exige enfoques terapéuticos 

innovadores capaces de actuar eficazmente sobre las células tumorales y aprovechar, al mismo 

tiempo, las competencias del sistema inmunitario. Inducir respuestas inmunes anti-tumorales 

específicas y duraderas ha sido una tarea compleja debido a que, durante muchas décadas, se 

ha debatido sobre el papel del sistema inmune en la biología del cáncer. Algunos tumores 

pueden inhibir las respuestas inmunes mediante la generación de entornos inmunosupresores, 

o mediante el desarrollo de mecanismos de escape activo a la acción de las células del sistema 

inmunitario49,50. Por tanto, para desarrollar inmunoterapias anti-tumorales efectivas y seguras 

hay que superar numerosos obstáculos, como la selección de los antígenos diana, que pueden 

expresarse en tejidos normales y generar fenómenos de toxicidad; la inactivación o agotamiento 

de las células T; y el desarrollo de un microambiente tumoral inmunosupresor50,51. 

La inmunoterapia del cáncer utiliza diversos enfoques para modular el sistema inmune, entre 

los que se incluyen la estimulación de los mecanismos efectores y la inhibición de los 

mecanismos supresores. Existen diferentes estrategias de estimulación, como la vacunación con 

antígenos tumorales, el incremento de la presentación antigénica y los virus oncolíticos. 

Además, también se utilizan anticuerpos agonistas frente a miembros de la superfamilia de 

receptores del factor de necrosis tumoral (TNFRSF; del inglés, Tumor Necrosis Factor 

superfamily), los cuales proporcionan señales coestimuladoras a los linfocitos T. Para 

contrarrestar los mecanismos inmunosupresores, se han empleado anticuerpos para reducir la 

actividad o el número de células T reguladoras, o bloquear receptores inhibidores (puntos de 

control inmune), entre otras. El objetivo es interrumpir las señales que inhiben las respuestas 

inmunes, permitiendo así que las células T ataquen las células tumorales de manera más eficaz 
52,53. 

La identificación de antígenos apropiados ha sido uno de los principales desafíos en el desarrollo 

de terapias basadas en anticuerpos. Estas terapias pueden tener mecanismos de acción 

diversos, como modular la función de un antígeno o receptor (actuando como agonistas o 

antagonistas), o del sistema inmune (mediante modificaciones en la actividad efectora de la Fc 

y la activación de células T); o la administración de un fármaco conjugado con un anticuerpo 

dirigido a un AAT específico. Las terapias con mAbs focalizadas en un antígeno único tiene 

limitaciones, como son la aparición de resistencias debido a la pérdida de expresión del antígeno 

diana54. Para incrementar la eficacia terapéutica es necesario actuar sobre varios AAT 
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simultáneamente55. Por este motivo, en los últimos años, los anticuerpos biespecíficos han 

surgido como una alternativa a la terapia combinada. La finalidad de esta estrategia es actuar 

sobre múltiples moléculas implicadas en el proceso patogénico con un único fármaco.  Desde 

una perspectiva tecnológica y regulatoria, esto simplifica el desarrollo al reducir las etapas de 

fabricación y limitar las pruebas preclínicas y clínicas a una entidad molecular única.  

Según la Antibody Society56, hasta marzo de 2024 hay 206 anticuerpos terapéuticos aprobados 

en la Unión Europea (UE) y en Estados Unidos (EE.UU.) por la Agencia Europea del Medicamento 

(EMA; del inglés, European Medicines Agency) y por la Administración de Alimentos y 

Medicamentos (FDA; del inglés, Food and Drug Administration), respectivamente.  De estos, 96 

presentan indicaciones oncológicas (Tabla 1 y Anexo). Además, casi otra veintena de anticuerpos 

están en el proceso final de revisión y otros muchos se encuentran en distintas fases de ensayos 

clínicos.  

Tabla 1. Anticuerpos aprobados en la UE o EE.UU. para uso terapéutico en oncología (marzo de 2024). 

Nombre genérico Diana Fuente/Modificaciones Fc Primeras indicaciones Año 

Edrecolomab EpCAM Mur/No CCR 1995 

Rituximab CD20 Quim/No LNH 1997 

Trastuzumab HER2 Huz/No Cáncer de mama 1998 

Gemtuzumab 
ozogamicin CD33 Huz/S228P LMA 2000 

Alemtuzumab CD52 Huz/No Esclerosis múltiple; LMC 2001 

Ibritumomab tiuxetan CD20 Mur/No LNH 2002 

Cetuximab EGFR Quim/No CCR 2003 

Tositumomab-I131 CD20 Mur/No LNH 2003 

Bevacizumab VEGF-A Huz/No CCR 2004 

Panitumumab EGFR Hum/No CCR 2006 

Catumaxomab EPCAM, CD3 Híbrido rata-ratón/No Ascitis maligna 2009 

Ofatumumab CD20 Hum/No LLC-B 2009 

Brentuximab vedotin CD30 Quim/No LH, LACG 2011 

Ipilimumab CTLA-4 Hum/No Melanoma metastásico 2011 

Pertuzumab HER2 Huz/No Cáncer de mama 2012 

Ado-trastuzumab 
emtansine HER2 Huz/No Cáncer de mama 2013 

Obinutuzumab CD20 Huz/Bajo en fucosa LLC-B 2013 

Blinatumomab CD19, CD3 (tan-
scFv) 

Mur/No aplicable LLA-B 2014 

Nivolumab PD-1 Hum/S228P Melanoma, NSCLC 2014 

Pembrolizumab PD-1 Huz/S228P Melanoma 2014 

Ramucirumab VEGFR2 Hum/No Cáncer gástrico 2014 

Daratumumab CD38 Hum/No MM 2015 

Dinutuximab GD2 Quim/No Neuroblastoma 2015 
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Mur: murino; Quim: quimérico; Huz: humanizado; Hum: Humano; CCR: Cáncer colorrectal; LNH: linfoma 

no Hodgkin; LMA: leucemia mieloide aguda; LMC: leucemia mieloide crónica; LLC-B: leucemia linfoblástica 

Elotuzumab SLAMF7 Huz/No MM 2015 

Necitumumab EGFR Hum/No NSCLC 2015 

Atezolizumab PD-L1 Huz/Aglycosylado (N297A) Cáncer de vejiga 2016 

Olaratumab PDGFRα Hum/No Sarcoma tejido blando 2016 

Avelumab PD-L1 Hum/No CCM 2017 

Durvalumab PD-L1 Hum/L234F;L235E;P331S Cáncer de vejiga 2017 

Inotuzumab ozogamicin CD22 Huz/S228P LLA-B 2017 

Cemiplimab PD-1 Hum/S228P CCE 2018 

Emapalumab IFNg Hum/No LHH primaria 2018 

Mogamulizumab CCR4 Huz/Afucosilado Síndrome de Sézary 2018 

Moxetumomab 
pasudotox 

CD22 (inmunotoxina 
dsFv) Mur/No aplicable Leucemia de células pilosas 2018 

[fam-]trastuzumab 
deruxtecan HER2 Huz/No Cáncer de mama metastásico 

HER2+ 2019 

Enfortumab vedotin Nectin-4 Hum/No Cáncer urotelial 2019 

Polatuzumab vedotin CD79b Hum/No LCBGD 2019 

Belantamab mafodotin BCMA Hum/Afucosilado MM 2020 

Isatuximab CD38 Quim/No MM 2020 

Margetuximab-cmkb HER2 Quim/F243L; R292P; Y300L; 
V305I; P396L 

HER2+ cáncer de mama 
metastásico 2020 

Naxitamab-gqgk GD2 Huz/No Neuroblastoma 2020 

Sacituzumab govitecan TROP-2 Huz/No Cáncer de mama triple negativo 2020 

Tafasitamab CD19 Huz/S239D; I332E LCBGD 2020 

Amivantamab EGFR, cMET Hum/Bajo en fucosa; K409R; 
F405L 

NSCLC con mutaciones en el exon 
20 de EGFR 2021 

Dostarlimab PD-1 Huz/S228P Cáncer endometrial 2021 

Loncastuximab tesirine CD19 Huz/No LCBGD 2021 

Tisotumab vedotin Tissue factor Hum/No Cáncer cervical 2021 

Mirvetuximab 
soravtansine FRહ Huz/No Cáncer de ovario 2022 

Mosunetuzumab CD20, CD3 Huz/*a) Linfoma folicular 2022 

Relatlimab LAG-3 Hum/S228P Melanoma 2022 

Tebentafusp gp100, CD3 (scFv-
TCR) 

Huz/No Melanoma uveal metastásico 2022 

Teclistamab BCMA, CD3 Huz/*b) MM 2022 

Tremelimumab CTLA-4 Hum/No Cáncer hepático 2022 

Elranatamab BCMA, CD3 
Huz/IgG1RRR o IgG2deltaA-

RRRR;  IgG1EEE o 
IgG2deltaA-EEEE 

MM 2023 

Epcoritamab CD20, CD3 Huz/*c) LCBGD 2023 

Glofitamab CD20, CD3 (Fab-Fc 
x Fab-Fab-Fc) 

Huz/*d) LCBGD 2023 

Retifanlimab PD-1 Huz/S228P CCM 2023 

Talquetamab GPCR5D, CD3 Huz/*d) MM 2023 

Tislelizumab PD-1 Huz/S228P; E233P, F234V, 
L235A, D265A 

Carcinoma esofágico de células 
escamosas 2023 

Toripalimab PD-1 Huz/S228P Carcinoma nasofaríngeo 2023 
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crónica de células B; LH: linfoma Hodgkin; LACG: linfoma anaplásico de células grandes; LLA-B: leucemia 

linfoblástica aguda de células B; NSCLC: Cáncer de pulmón de células no pequeñas, (del inglés, Non-small 

cell lung cáncer); MM: mieloma múltiple;  CCM: carcinoma de células de Merkel;  CCE: cáncer de células 

escamosas; LHH: linfohistiocitosis hemofagocítica; LCBGD: linfoma de células B grandes difuso; *a) Hetero 

HH: T366W x T366S-L368A-Y407V (KiH); N297G (Fc-aglicosilado); *b) Hetero HH: F405L-R409K x WT 

(R409); ambas cadenas: S228P y F234A, L235A; *c) Hetero HH, HL intercambiado: L234F x K409R 

(ensamblaje biespecífico); ambas cadenas: L234F, L235E, D265A (Fc silenciado); *d) Hetero HH: S354C-

T366W x Y349C-T366S-L368A-Y407V (KiH y extra cisteínas); acoplamiento HL: CrossMab; ambas cadenas: 

L234A, L235A, P329G (Fc-silenciado).  

2.1 Anticuerpos dirigidos frente a antígenos asociados al tumor 

Para el desarrollo de tratamientos oncológicos basados en mAbs, se ha empleado una amplia 

variedad de AATs expresados en neoplasias hematológicas [CD19, CD20, CD22, CD30, CD33, 

CD38, CD52, CD79b, antígeno de maduración de célula B (BCMA; del inglés, B Cell Maturation 

Antigen), SLAMF7, miembro D del grupo 5 de la familia de receptores acoplados a proteína G 

(GPCR5D; del inglés, G protein-coupled receptor, class C group 5 member D)], y en tumores 

sólidos [receptor del factor de crecimiento epidérmico (EGFR; del inglés, Epidermal Growth 

Factor Receptor), receptor del factor de crecimiento epidérmico humano 2 (HER2/ErbB2/neu), 

molécula de adhesión de células epiteliales (EpCAM; del inglés, Epithelial Cell Adhesion 

Molecule), antígeno carcinoembrionario (CEA; del inglés, Carcinoembryonic Antigen), factor de 

crecimiento del endotelio vascular (VEGF-A; del inglés, Vascular Endothelial Growth Factor A), 

Nectina-4, GD2 y DLL3]18,56 (Figura 6). Para estos AATs se han desarrollado diferentes tipos de 

anticuerpos, aprobados o en revisión, los cuales se recogen en la Tabla 1 y Anexo.  

El cáncer colorrectal, de pulmón y de cabeza y cuello, presentan una incidencia alta y muestran, 

con frecuencia, una expresión elevada de factores de crecimiento y sus receptores, como la 

familia del factor de crecimiento epidérmico (EGF; del inglés, Epidermal Growth Factor). La 

sobreexpresión de dos de estos receptores, EGFR y HER2, se ha vinculado o relacionado con un 

comportamiento clínico más agresivo. Estos receptores se componen de un dominio de unión 

extracelular, un segmento transmembrana y un dominio intracelular proteína tirosina quinasa, 

que incluye un segmento regulador carboxilo terminal57. La activación de los receptores se 

produce mediante la homodimerización o formación de dímeros entre dos receptores idénticos; 

o mediante la heterodimerización de receptores diferentes de la misma familia. La formación de 

estos dímeros está promovida por la unión del ligando o por la sobreexpresión de receptores en 

la membrana celular57,58. Tras la dimerización del receptor, se activa la proteína tirosina quinasa 
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y se produce la autofosforilación en residuos de tirosina. Esto desencadena la señalización 

mitogénica y otras actividades celulares59,60.  

Por este motivo se han desarrollado anticuerpos dirigidos a bloquear el receptor EGFR. Por 

ejemplo, el mAb cetuximab, que bloquea la interacción entre el ligando EGF y el receptor EGFR 

e inhibe la activación RAS-ERK, es efectivo en el cáncer colorrectal (CCR) metastásico61. También 

han sido aprobados los anticuerpos anti-EGFR panitumumab y necitumumab, así como el 

anticuerpo biespecífico EGFR x c-MET amivantamab. En otras regiones geográficas distintas a 

EE.UU. y Europa, existen otros mAbs en el mercado como son nimotuzumab y cetuximab 

conjugado al fotosensibilizador IR70056. 

También se han desarrollado VHH inhibidores de EGFR, los cuales presentan ventajas frente a los 

mAbs, como la posibilidad de interaccionar con epítopos no accesibles para los anticuerpos 

convencionales, los cuales suelen presentar paratopos planos. Estos VHH pueden inhibir la 

activación del EGFR inducida por el ligando, empleando varios mecanismos: bloqueando la unión 

del ligando al EGFR de manera estérica, similar al cetuximab, como el VHH 7D12; o 

interaccionando con un epítopo próximo a la unión de los dominios II/III del EGFR, impidiendo 

así los cambios conformacionales necesarios en el receptor para la unión de alta afinidad con el 

ligando y la dimerización, como en el caso de los VHH EgA1 y 9G862,63.  

2.2 Terapia con inhibidores de puntos de control inmune 

Los inhibidores de los puntos de control inmune (ICI; del inglés, Immune Checkpoint Inhibitors) 

representan una de las estrategias de inmunoterapia anti-tumoral más prometedora. Durante 

la última década, la FDA ha aprobado múltiples mAbs de este tipo para el tratamiento de 

diferentes tipos de cáncer; y las dianas más destacadas son: PD-1 (del inglés, Programmed Death 

1), PD-L1 (del inglés, Programmed Death Ligand 1), CTLA-4 (del inglés, Cytotoxic T Lymphocyte 

4),  LAG3 (del inglés, Lymphocyte-Activation Gene 3), TIM3 (del inglés, T cell Immunoglobulin and 

Mucin-domain containing 3) y TIGIT (del inglés, T cell immunoreceptor with Ig and ITIM 

domains)53,56,64–66 (Tabla 1 y Anexo) (Figura 6). Este tipo de inmunoterapia ha demostrado un 

éxito clínico notable en pacientes que no respondían a terapias convencionales. Además, las 

respuestas duraderas observadas en algunos pacientes sugieren la posibilidad de inducir 

memoria inmune efectiva. 

Los tratamientos con mAbs anti-PD-1 y anti-PD-L1 han demostrado notable actividad clínica en 

múltiples tipos de cáncer. El mAb atezolizumab se convirtió en el primer anti-PD-L1 aprobado, 



Introducción 

46 

 

en el año 2017, para el tratamiento del carcinoma urotelial. Por otro lado, tanto el avelumab 

como el durvalumab han sido aprobados para el tratamiento de varios tipos de tumores 

sólidos67–71. Hasta marzo de 2024, en EE.UU. y Europa han sido aprobados para uso clínico, o 

están en revisión para ello, siete bloqueadores PD-L1 y ocho PD-1, los cuales previenen la 

interacción PD1/PD-L156. Además, la expresión de PD-L1 en el tumor se ha utilizado como 

biomarcador para identificar a los pacientes que podrían beneficiarse del tratamiento con ICIs. 

Sin embargo, existe un porcentaje significativo de pacientes que no responden a estos 

tratamientos y, además, es necesario abordar los efectos adversos asociados a estas terapias72. 

La proteína PD-1 contiene 288 aminoácidos y se expresa principalmente en los linfocitos T, 

aunque también se encuentra en linfocitos B, células NK y monocitos. Su función principal es 

autolimitar las respuestas inmunes para minimizar el daño de los tejidos sanos circundantes73. 

La proteína consta de un dominio intracelular, un dominio transmembrana, y un dominio 

inmunoglobulina extracelular. El dominio intracelular incluye una secuencia que forma un 

motivo de inhibición inmune basado en tirosina. El receptor PD-1 tiene dos ligandos principales, 

PD-L1 y PD-L2, formados por un dominio N-terminal que interacciona con PD-1, y un dominio C-

terminal, cuya función es desconocida74.  

La proteína PD-L1 se expresa a niveles bajos en tejidos humanos normales, con la excepción de 

la amígdala, la placenta y una pequeña población de células con características similares a 

macrófagos en el pulmón e hígado75,76. Además, la expresión de PD-L1 puede ser inducida por el 

interferón gamma (IFN-γ) en prácticamente cualquier célula nucleada, por lo que se incrementa 

en contextos inflamatorios75. La función fisiológica de la regulación positiva de PD-L1 es limitar 

la inflamación y reducir el daño tisular, inhibiendo tanto la proliferación como la producción de 

citocinas por parte de las células T activadas75. Sin embargo, en el entorno tumoral, la inducción 

de PD-L1 actúa como un mecanismo de retroalimentación negativa para suprimir respuestas 

inmunes anti-tumorales77. Además, las células cancerosas pueden expresar PD-L1 de forma 

intrínseca, independientemente de la presencia de IFN-γ. De hecho, la pérdida del gen PTEN, la 

señalización constitutiva de la quinasa del linfoma anaplásico (ALK) y las mutaciones del EGFR 

pueden aumentar directamente la expresión de PD-L1 en las células tumorales78–80. 

El objetivo de la “terapia anti-PD”, la cual engloba mAbs dirigidos tanto a PD-1 como a PD-L1,  

son las células del microambiente tumoral que expresan PD-L1, responsables de la inhibición de 

las células T efectoras PD-1+ 75–77.  Sin embargo, la importancia clínica de la expresión de PD-L1 

varía según la histología tumoral. En algunos tipos de cáncer, una alta expresión de PD-L1 se 

correlaciona con mejores resultados; mientras que, en otros tumores, no se asocia con mayor 
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supervivencia81,82. Otro pilar de la terapia anti-PD radica en su capacidad para reactivar 

respuestas inmunes preexistentes. Aunque es poco probable que los tumores con una baja 

infiltración de células inmunes se beneficien de la terapia anti-PD, esta situación podría mejorar 

al combinarla con tratamientos que promuevan la atracción de células inflamatorias hacia el 

tumor83. 

2.3 Anticuerpos coestimuladores 

Los mAbs dirigidos contra PD-1 o PD-L1 han demostrado respuestas clínicas efectivas en algunos 

pacientes, los cuales pueden experimentar un control duradero de la progresión tumoral; sin 

embargo, en la mayoría de los casos el beneficio es mínimo. Con el objetivo de aumentar la 

proporción de pacientes respondedores a la inmunoterapia, se ha explorado el uso de mAbs 

agonistas frente a diferentes receptores inmunomoduladores como OX40, CD27, CD40, GITR y 

4-1BB, los cuales se encuentran en desarrollo clínico84,85 (Figura 6). 

El receptor 4-1BB, también conocido como CD137, fue descubierto en el año 1989 y se 

caracterizó inicialmente como un gen inducible presente en linfocitos T activados. La interacción 

entre el 4-1BB y su ligando 4-1BBL, ejerce un efecto regulador positivo en la respuesta celular 

T86. Tras la activación de los linfocitos T a través de su receptor específico para el antígeno (TCR; 

del inglés, T Cell Receptor), el 4-1BB se expresa transitoriamente y, cuando interacciona con su 

ligando natural o un ligando sintético, se induce una coestimulación independiente de CD28. 

Esto origina la proliferación y producción de citocinas por parte de las células T a través de la 

señalización del factor de transcripción nuclear kappa B (NF-kB), además de proteger de la 

muerte celular programada y prolongar la supervivencia de las células T CD8+ activadas y de 

memoria43,85,87–90. El 4-1BBL se expresa en células presentadoras de antígeno (APC; del inglés, 

Antigen Presenting Cell) activadas, como las células dendríticas (CD), monocitos, células NK, 

neutrófilos, eosinófilos y macrófagos, así como linfocitos B91. 

Tras la interacción con mAbs agonistas, el 4-1BB se internaliza hacia un compartimento 

endosomal, desde donde continúa señalizando. Esta señalización induce la liberación de 

interleucina-2 (IL-2) e IFN-γ, además de aumentar la expresión de genes antiapoptóticos de la 

familia Bcl-292. De esta manera, los mAbs agonistas anti-4-1BB inducen y potencian la inmunidad 

anti-tumoral93–95, ya que estimulan y activan linfocitos T efectores CD8+ para que produzcan INF-

γ, linfocitos NKT y células presentadoras de antígeno96. Esto origina un aumento en el número y 

la actividad de los linfocitos T de memoria específicos para antígenos tumorales, lo que resulta 

en respuestas inmunes duraderas97. 
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Los mAbs urelumab (BMS-663513) y utomilumab (PF-05082566) han sido evaluados en ensayos 

clínicos98. Ambos son mAbs totalmente humanos, de tipo IgG4 (urelumab) o IgG2 (utomilumab). 

Urelumab mostró gran potencial en estudios preclínicos99. Sin embargo, se asoció con toxicidad 

hepática severa, lo que llevó a la suspensión de los ensayos clínicos100,101. En comparación con 

urelumab, utomilumab mostró un perfil de seguridad más favorable, ya que no se observaron 

toxicidades limitantes de dosis ni aumentos en los niveles de enzimas hepáticas en un grupo de 

27 pacientes102. La diferencia en la toxicidad de urelumab o utomilumab puede deberse a las 

diferentes propiedades de unión a 4-1BB103, ya que ambos mAbs reconocen epítopos diferentes, 

siendo utomilumab un agonista de 4-1BB menos potente que urelumab85,102. Sin embargo, 

ningún anticuerpo anti-4-1BB de tipo IgG ha sido aprobado para uso clínico en EE.UU. o EU 

debido a las toxicidades asociadas con las interacciones Fc-FcγR. 

 

Figura 6. Aplicaciones terapéuticas de los anticuerpos en oncología. a) Inhibición de la señalización 

mediante la unión de un mAb a un AAT. b) Coestimulación de células inmunes mediada por un anticuerpo 

biespecífico a través de la unión a simultánea a PD-L1 y 4-1BB. c) Bloqueo del punto de control inmune 

por un anticuerpo biespecífico mediante la unión simultánea a un AAT en las células tumorales. d) Bloqueo 

de los puntos de control inmune mediante un mAb con actividad ICI. e) Célula T modificada con un TCR 

transgénico (TCR-T), que reconoce el antígeno intratumoral expresado en el contexto de MHC. f) 

Coestimulación de células inmunes mediada por la interacción con un mAb agonista. g) Redirección de las 

células T mediante un anticuerpo que reconoce un AAT en la célula tumoral y CD3 de la célula T. h) Célula 

T modificada con un CAR (CAR-T) específico frente a un AAT que reconoce de forma MHC-independiente. 

i) Célula T modificada para la secreción de anticuerpos biespecíficos con actividad TCE (STAb-T). Ilustración 

generada con Biorender.  
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2.4 Anticuerpos T cell engagers (TCE) 

Los anticuerpos biespecíficos para la redirección de células T (TCE; del inglés, T Cell Engager) han 

experimentado un gran desarrollo en los últimos 20 años, encontrándose actualmente más de 

100 anticuerpos de este tipo en evaluación clínica. Los TCE se unen simultáneamente a un AAT 

expresado en la superficie tumoral y a la cadena CD3ε del complejo TCR/CD3, redirigiendo la 

función efectora de las células T hacia el tumor (Figura 6). La mayoría de este tipo de anticuerpos 

poseen un único sitio de unión a CD3, para evitar la activación sistémica de las células T 

independiente de antígeno (off-target), debido al agrupamiento (clustering) de complejos 

TCR/CD3104,105.  

El primer TCE aprobado fue el catumaxomab (2009), un anticuerpo biespecífico EpCAM x CD3ε 

híbrido ratón/rata106 (Tabla 1), para el tratamiento de la ascitis maligna  en pacientes con 

carcinomas EpCAM+ por vía exclusivamente intraperitoneal. Sin embargo, el catumaxomab 

inducía reacciones infusionales graves y era altamente inmunogénico, debido a su origen 

murino. Posteriormente, se diseñaron TCE de nueva generación que carecían de la región Fc. El 

blinatumomab es un anticuerpo biespecífico CD19 x CD3ε en formato tandem-scFv para el 

tratamiento de leucemia linfoide aguda de células B (B-ALL; del inglés, B cell Acute Lymphoid 

Leukemia) que se aprobó en el año 2014104 (Tabla 1). Sin embargo, al no disponer de dominio Fc 

su vida media sérica es muy corta debido a la ausencia de reciclaje mediado por el FcRn, lo que 

origina la necesidad de infusión continuada para obtener niveles terapéuticos. Por este motivo 

la mayoría de los TCE en desarrollo se basan en IgG que incorporan dominios Fc inertes o 

silenciados, o en fragmentos de anticuerpos que incorporan estrategias de extensión de vida 

media mediadas por la albúmina humana (HSA; del inglés, Human Serum Albumin). Los 

anticuerpos biespecíficos mosunetuzumab (CD20 × CD3ε)107 y  teclistamab (BCMA × CD3ε)108 

fueron los primeros anticuerpos TCE heterodiméricos 1+1 basados en IgG y aprobados en 2022 

para el tratamiento del linfoma no Hodgkin (LNH) folicular en recaída/refractario o el mieloma 

múltiple, respectivamente (Tabla 1). 

2.5 Anticuerpos en terapias celulares 

La terapia celular adoptiva (ACT; del inglés, Adoptive Cell Therapy) es una estrategia de 

inmunoterapia emergente que se basa en la capacidad efectora de los linfocitos para destruir 

células tumorales primarias y metastásicas. El proceso se inicia con el aislamiento de linfocitos 

de sangre periférica, de los ganglios linfáticos peritumorales o directamente del tejido tumoral; 

su expansión ex vivo y posterior reinfunsión en el paciente. Se han desarrollado diferentes ACTs 
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basadas en la infusión de TIL, células T modificadas genéticamente con TCR con especificidad 

anti-tumoral y células T modificadas con receptores de antígenos quiméricos (CAR; del inglés, 

Chimeric Antigen Receptor)66,109. Una estrategia adicional que se ha desarrollado en los últimos 

años se basa en la modificación de células T para que secreten TCE (STAb; del inglés, Secretion 

of T cell-engaging Antibodies) (Figura 6). 

La terapia con células T que expresan TCRs transgénicos (TCR-T) implica la expresión de las 

cadenas α y β del TCR y confieren a la célula T modificada la especificidad antigénica del TCR 

transferido. Esta terapia es potencialmente accesible a cualquier paciente cuyo tumor exprese 

el alelo HLA (del inglés, Human Leukocyte Antigen) reconocido por el TCR-T y el antígeno diana, 

que debe ser procesado y presentado en el contexto HLA. La estrategia ha demostrado potencial 

terapéutico en ensayos clínicos con TCR-T específicos para el CTA (del inglés, Cancer/Testis 

Antigen) NY-ESO-1, en pacientes con diferentes tipos de cáncer, como el mieloma múltiple, el 

melanoma y el sarcoma sinovial110. Sin embargo, el uso clínico de TCR-T frente a CTA se ha 

asociado a fenómenos de citotoxicidad debido a la destrucción de los tejidos sanos que expresan 

el antígeno diana y, además, se trata de una estrategia altamente personalizada53,66. 

Los CAR están formados por un dominio extracelular de reconocimiento antigénico, 

normalmente un scFv, un dominio transmembrana y una región de señalización intracelular, 

compuesta por uno o dos dominios de coestímulo (normalmente CD28 y/o 4-1BB) y un dominio 

de señalización derivado de la cadena ζ del TCR111. Las células CAR-T obtienen las propiedades 

de reconocimiento antigénico del anticuerpo y pueden reconocer AATs expresados en la 

superficie de la célula tumoral53,112. Este tipo de terapia ha mostrado una gran eficacia clínica en 

pacientes con linfomas y leucemias de células B CD19+, y en pacientes con mieloma múltiple, 

que expresa el antígeno BCMA. Sin embargo, la principal desventaja es una tasa de recaídas alta, 

que se ha relacionado con una expansión y persistencia in vivo subóptima, que podría depender 

de la viabilidad, eficacia de transducción y del fenotipo de las células CAR-T.  Además, la eficacia 

de las células CAR-T es muy limitada en tumores sólidos, debido a la alta heterogeneidad clonal  

y a la existencia de un microambiente inmunosupresor, que dificulta el tráfico y la funcionalidad 

de las células T en el tumor66,113,114. 

En la actualidad están en desarrollo otras estrategias basadas en la infusión de células T 

modificadas para la secreción de TCE, denominadas células STAb-T. Las terapias STAb-T se basan 

en la modificación genética de distintos tipos celulares con ácidos nucleicos o vectores virales 

que codifican TCEs específicos frente a diferentes AATs. Las células más utilizadas son las células 

T, ya que pueden actuar simultáneamente como factorías del TCE y como efectores. Las ventajas 
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potenciales de la terapia STAb-T frente a la terapia CAR-T son: que el reclutamiento de las células 

T no se restringe a las células modificadas, como en el caso de las células CAR-T, sino que es 

extensible a las células T no modificadas presentes en proximidad, generando respuestas  anti-

tumorales más intensas; además, la topología de la sinapsis inmune inducida por los TCE es muy 

similar a la fisiológica mediada por el TCR18,115. La actividad anti-tumoral de las células STAb-T ha 

sido demostrada a nivel preclínico en diferentes modelos de neoplasias hematológicas116–118.  

2.6 Combinación de anticuerpos para el tratamiento del cáncer  

La proliferación celular inducida por estímulos oncogénicos constituye el origen del desarrollo 

del cáncer. La supresión del crecimiento descontrolado mediante la inhibición de EGFR con el 

anticuerpo cetuximab tiene efectos muy significativos en algunos pacientes con CCR y cáncer de 

cabeza y cuello119. El efecto del cetuximab puede incrementarse con la administración 

combinada con un mAb agonista anti-4-1BB120. En las células NK activadas mediante cetuximab, 

aumenta la expresión de 4-1BB, lo que induce la activación de las células NK y de las células T de 

memoria. A su vez, el anticuerpo anti-4-1BB mejora la desgranulación y la citotoxicidad de las 

células NK, fortaleciendo así las respuestas inmunes102,121. Por otro lado, el bloqueo de la 

señalización de PD-1 resulta en la activación de los linfocitos T y potenciación de la inmunidad 

anti-tumoral en tratamientos combinados con mAbs bloqueantes PD-1/PD-L1 y mAbs agonistas 

anti-4-1BB16,102,122–127. También se han desarrollado estrategias basadas en anticuerpos 

biespecíficos 4-1BB x AAT, con el objetivo de confinar la coestimulación mediada por 4-1BB en 

el microambiente tumoral. Los AAT frente a los que se han desarrollado este tipo de anticuerpos 

biespecíficos han sido: EGFR, proteína de activación de fibroblastos (FAP), CD19, B7-H3 (CD276) 

y HER243,44,121,128–133.  

3. Aplicaciones de los anticuerpos en infecciones virales. 

La primera descripción de los anticuerpos, aún no denominados así, puede documentarse en los 

trabajo de Emil von Behring y Shibasaburo Kitasato, quienes  describieron en 1890 la presencia 

en la sangre de sustancias (“antitoxinas”) que neutralizaban la acción de las toxinas diftérica y 

tetánica134.  A fecha de hoy,  según la Antibody Society56, 17 anticuerpos han sido aprobados por 

la EMA y la FDA para el tratamiento de enfermedades infecciosas (Tabla 2). Es importante 

destacar que la generación de anticuerpos multiespecíficos no está limitada al campo de la 

inmunoterapia del cáncer, sino que son ampliamente utilizados para el tratamiento de 

infecciones virales. Trabajos recientes describen fusiones en tándem de tres o cuatro VHH 
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acoplados a una región Fc y dirigidos frente a la hemaglutinina del influenzavirus135 o frente a la 

espícula del SARS-Cov-2136.  

Tabla 2. Anticuerpos aprobados en la UE o EE.UU. para uso terapéutico en enfermedades infecciosas 
(marzo de 2024). 

Nombre genérico Diana Fuente/Modificaciones Fc Primeras indicaciones Año 

Nebacumab Endotoxina Hum/No SGN 1991 

Palivizumab VRS Huz/No Prevención VRS 1998 

Raxibacumab B. anthrasis  Hum/No Infección ántrax 2012 

Bezlotoxumab CDEB Hum/No Prevención RCD 2016 

Obiltoxaximab B. anthrasis  Quim/No Prevención ántrax 2016 

Ibalizumab (ibalizumab-
uiyk) CD4 Huz/No Infección HIV 2018 

Ansuvimab-zykl Virus ébola GP Hum/No Infección Ébola 2020 

Atoltivimab, maftivimab, 
and odesivimab-ebgn Virus ébola  Hum/No Infección Ébola 2020 

Casirivimab + imdevimab SARS-CoV-2 Hum/No COVID-19 2021 

Regdanvimab SARS-CoV-2 Hum/No COVID-19 2021 

Sotrovimab SARS-CoV-2 Hum/M428L, N434S COVID-19 2021 

Nirsevimab RSV Hum/M252Y, S254T, T256E Prevención VRS 2022 

Tixagevimab, cilgavimab SARS-CoV-2 Hum/L234F, L235E, M252Y, 
S254T, T256E, P331S COVID-19 2022 

Amubarvimab + 
Romlusevimab SARS-CoV-2 Hum/M252Y, S254T, T256E SARS-CoV-2 rev 

No INN; RabiShield Virus rabia GP  G Hum Exposición rabia rev 

Ormutivimab Virus rabia sGP 4 Hum/No Profilaxis post-exposición rabia rev 

Docaravimab and 
Miromavimab Virus rabia Mur/No Exposición rabia rev 

Mur: murino; Quim: quimérico; Huz: humanizado; Hum: Humano; SGN: sepsis Gramnegativa; VRS:  virus 

respiratorio sincitial; RCD: recurrencia de Clostridium difficile; CDEB: Enterotoxina B de Clostridium 

difficile; GP: glicoproteína; sGP: glicoproteína de superficie; rev: en revisión. 

En función de su mecanismo de acción, los anticuerpos antivirales pueden clasificarse en 

neutralizantes y no neutralizantes. Los anticuerpos no neutralizantes se unen a una zona de la 

superficie del virus sin impedir la infección ni eliminar la carga viral, pero que permite el 

reclutamiento de funciones efectoras, como son la ADCC o la fagocitosis mediada por 

anticuerpos137. Por otro lado, los anticuerpos neutralizantes interaccionan con un epítopo 

específico de la envoltura vírica y bloquean las interacciones con el receptor de la célula del 

huésped o inhiben la liberación del genoma vírico. Los anticuerpos neutralizantes pueden inhibir 

múltiples cepas de un mismo virus y pueden ofrecer una gran protección contra las infecciones 

agudas; sin embargo, en las infecciones crónicas su utilidad es limitada138. 
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3.1 Anticuerpos neutralizantes. 

Los virus con envoltura se internalizan mediante la adhesión a un receptor de superficie celular; 

mientras que los virus sin envoltura lo hacen a través de la lisis de la membrana de la célula 

huésped o creando estructuras similares a poros. Los anticuerpos pueden neutralizar los virus 

en el punto de entrada o en la fase posterior a la unión137,139:   

a) Inhibición en el punto de entrada 

Puede ocurrir mediante la unión del anticuerpo a epítopos en la envoltura viral (Figura 7a) 

necesarios para la internalización del virus en la célula del huésped; o bien mediante la 

interacción con receptores o correceptores en la membrana de la célula huésped (Figura 7b); 

impidiendo, en ambos casos, la unión ligando-receptor necesaria para la internalización viral.  

b) Inhibición posterior a la unión del complejo anticuerpo-virus 

Este proceso puede producirse por tres mecanismos diferentes:  

- La unión del anticuerpo a la envoltura del virus inhibe los cambios conformacionales 

necesarios para la fusión con la membrana celular (Figura 7c). En algunos virus, la unión a 

un receptor, correceptor o a ambos desencadena el cambio conformacional necesario para 

la fusión de la membrana. Un ejemplo es el virus de la inmunodeficiencia humana (VIH), 

donde la interacción de la gp120 del virus con el CD4 de la célula del huésped da lugar a 

cambios conformacionales en la envoltura viral, lo que resulta en la exposición de un sitio 

de unión transitoria para el correceptor CCR5. Esto promueve otros cambios 

conformacionales en gp41 que le permite insertar su péptido de fusión en la membrana de 

la célula huésped para iniciar la fusión de membranas e internalización viral. De esta manera, 

los anticuerpos neutralizantes dirigidos a gp41 puede evitar los cambios conformacionales 

necesarios para la fusión de membranas139.  

- En los virus que requieren un pH endosomal reducido para conseguir la fusión de la 

membrana viral, los anticuerpos neutralizantes unidos al virus en el interior del endosoma 

inhiben el cambio de pH, impidiendo así la liberación del virión (Figura 7d). 

- Por último, los anticuerpos neutralizantes pueden detectar el virión, evitando que su 

material genético se inserte en el genoma de la célula del huésped. 
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Figura 7. Mecanismos de acción de los anticuerpos neutralizantes. a) Interacción con un epítopo en la 

envoltura de la glicoproteína viral. b) Interacción con receptores de la célula del huésped. c) Interacción 

con el virus e inhibición del cambio conformacional que permite la fusión de la membrana. d) Inhibición 

del cambio de pH en el endosoma necesario para la fusión de la membrana, impidiendo así la liberación 

del virión.   

3.2 Aplicaciones clínicas de los anticuerpos neutralizantes  

Los anticuerpos neutralizantes son efectivos frente a infecciones virales agudas como el virus 

chikungunya, el virus del sarampión y el poliovirus; sin embargo, en infecciones crónicas como 

influenza, Ébola, VIH y virus Lassa, estos anticuerpos no ofrecen respuestas satisfactorias debido 

a la alta tasa de mutaciones en algunas cepas virales. 

En el contexto de la infección por el VIH, fue en el año 1989 cuando se desarrolló la primera 

molécula anti-viral formada por una fusión del fragmento extracelular del receptor CD4 con una 

región Fc. Los anticuerpos neutralizantes de “amplio espectro”, obtenidos en ciertos grupos de 

pacientes infectados por el VIH-1, producen buenos resultados terapéuticos y de prevención de 

la infección al administrarse a otros huéspedes. Actualmente conocemos que la neutralización 

se produce a través de la unión entre el dominio Fc y los FcγR de la célula del huésped, 

bloqueando así la internalización viral. Se están desarrollando ensayos clínicos donde se 

combinan anticuerpos que poseen una potente actividad neutralizadora del VIH con agentes de 

reversión de la latencia, reduciendo el conjunto de células que expresan el virus137,140.  

Por otro lado, el virus chikungunya (CHIKV) posee glicoproteínas de envoltura genéticamente 

conservadas, y es en los endosomas acidificados donde se permite que estas glicoproteínas se 
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fusionen con la membrana celular141. Por este motivo, los anticuerpos neutralizantes que se 

unen a los FcγR o a epítopos de las glicoproteínas bloquean eficientemente la internalización de 

este virus en la célula del huésped.  

Por último, el coronavirus del síndrome respiratorio agudo grave de tipo 2 (SARS-CoV-2, del 

inglés: Severe Acute Respiratory Syndrome Coronavirus 2), un patógeno zoonótico que ha 

causado la reciente enfermedad COVID-19 en el año 2019, ha originado el desarrollo de un gran 

número de mAbs neutralizantes, de los cuales, algunos han recibido la autorización de uso de 

emergencia en EE.UU.142. La glicoproteína Spike (S), que es la principal diana para la 

neutralización por anticuerpos, posee dos subunidades: dominio N-terminal y dominio C-

terminal. Para que el virus se internalice en la célula huésped, es necesario que esta 

glicoproteína se acople al receptor de la superficie celular de la enzima convertidora de 

angiotensina 2 (ACE2; del inglés, Angiotensin Converting Enzyme 2)143. Los anticuerpos 

neutralizantes contra el dominio de unión al receptor (RBD; del inglés, Receptor Binding Domain) 

en la proteína S o contra el receptor ACE2 han obtenido buenos resultados144. Sin embargo, la 

aparición de numerosas cepas con mutaciones en el dominio RBD evita la neutralización por 

este tipo de anticuerpos145. Por este motivo, se han desarrollado numerosas estrategias de 

multimerización basadas en el uso de VHH, para generar anticuerpos biespecíficos, anticuerpos 

biparatópicos, construcciones fusionadas a regiones Fc y trimerbodies146,147, consiguiendo no 

solo neutralizar el proceso de infección viral, sino suprimir la aparición de mutaciones de escape. 

Por último, se han descrito diferentes estrategias con anticuerpos con unión optimizada a 

receptores FcߛIIa y FcߛIIIa, que han mostrado mejores resultados para prevenir o tratar el 

COVID-19148.  
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El objetivo general de este trabajo ha sido la generación y caracterización de anticuerpos 

multiespecíficos terapéuticos mediante la plataforma trimerbody para su uso en cáncer y 

enfermedades infecciosas. Para ello, se plantearon los siguientes objetivos específicos: 

1. Diseño de anticuerpos hexavalentes monoespecíficos anti-EGFR; biespecíficos anti-PD-

L1 y anti-EGFR; y triespecíficos anti-4-1BB, anti-EGFR y anti-PD-L1. Este formato, 

denominado IgTT, se basa en la fusión de un tandem trimerbody (TT) con las regiones 

bisagra y Fc de la IgG1 humana.  
 

2. Estudios in vitro para determinar la capacidad de los anticuerpos IgTT para inducir 

proliferación, secreción de citoquinas y ADCC en las células T y NK humanas primarias 

en co-cultivo con diferentes líneas celulares con diferentes perfiles antigénicos.  
 

3. Estudios in vivo para determinar el efecto anti-tumoral del anticuerpo IgTT biespecífico 

en modelos murinos inmunodeficientes humanizados. 
 

4. Generación y caracterización de anticuerpos biespecíficos en formato trimerbody 

multicadena para neutralizar el virus SARS-CoV2 y redirigirlo hacia células dendríticas. 

Estudios in vitro e in vivo para determinar su potencial terapéutico. 
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Introducción: 

Los anticuerpos ICI han demostrado respuestas clínicas duraderas en varios tipos de cáncer; sin 

embargo, la tasa de respuesta global sigue siendo limitada. Los nuevos formatos de anticuerpos 

biespecíficos que combinan el efecto ICI y una acción directa sobre las células tumorales a través 

de un AAT podrían mejorar la eficacia de las inmunoterapias actuales. El EGFR es un AAT con un 

papel relevante en cáncer, ya que su desregulación favorece la proliferación, la inhibición de la 

apoptosis y la invasión de las células tumorales. Por lo tanto, los anticuerpos anti-EGFR marcan 

las células tumorales para su destrucción por efectores del sistema inmune, a la vez que inhiben 

la fosforilación de residuos de tirosina intracelulares clave, impidiendo así la señalización 

mitogénica mediada por ligando. En este trabajo se describe y caracteriza un nuevo formato 

anticuerpo biespecífico anti-PD-L1/EGFR simétrico, denominado IgTT, mediante la fusión de un 

tandem trimerbody con las regiones bisagra y Fc de la IgG1 humana.  

Objetivos: 

1. Diseño y generación de vectores de expresión que codifican para el anticuerpo 

monoespecífico anti-EGFR IgTT-E y el anticuerpo biespecífico anti-PD-L1/EGFR IgTT-1E. 

2. Expresión en células de mamífero y purificación mediante cromatografía de afinidad. 

3. Caracterización estructural y funcional de los anticuerpos purificados. 

4. Evaluación in vitro de la inhibición de la proliferación y viabilidad celular, capacidad de 

bloqueo de la interacción PD-1/PD-L1 e inducción de citotoxicidad por células T y células 

NK en co-cultivos con diferentes líneas celulares EGFR+/PD-L1+. 

5. Evaluación in vivo de la eficacia terapéutica del IgTT-1E en modelos de ratón 

humanizados. 

Conclusiones: 

1. Los anticuerpos recombinantes IgTT-E e IgTT-1E se secretaron eficientemente por 

células humanas y se purificaron mediante cromatografía de afinidad Strep-Tactin, 

eluyendo como un único pico.  Las fracciones presentaban un alto grado de pureza y el 

tamaño esperado mediante electroforesis en geles SDS-PAGE en condiciones 

reductoras. 

2. Ambos anticuerpos purificados demostraron ser funcionales, interaccionando 

específicamente con sus antígenos diana en solución de manera simultánea y en un 

contexto celular. 
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3. Ambos anticuerpos inhiben la fosforilación de EGFR y la proliferación de células 

tumorales mediada por EGF in vitro.   

4. El anticuerpo IgTT-1E bloqueó eficazmente la interacción PD-1/PD-L1 e indujo actividad 

citotóxica dependiente de anticuerpos específica de antígeno, así como la 

desgranulación de las células NK in vitro.  

5. El anticuerpo IgTT-1E mostró potente eficacia terapéutica en dos modelos de ratón 

humanizados portadores de xenoinjertos de cáncer de mama triple negativo y de cáncer 

de pulmón, donde el control del crecimiento tumoral se asoció a un incremento 

significativo de la proporción de células T CD8+. 

Publicación: 
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ABSTRACT
Immune checkpoint blockade (ICB) with antibodies has shown durable clinical responses in a wide range 
of cancer types, but the overall response rate is still limited. Other effective therapeutic modalities to 
increase the ICB response rates are urgently needed. New bispecific antibody (bsAb) formats combining 
the ICB effect and a direct action on cancer cells could improve the efficacy of current immunotherapies. 
Here, we report the development of a PD-L1/EGFR symmetric bsAb by fusing a dual-targeting tandem 
trimmer body with the human IgG1 hinge and Fc regions. The bsAb was characterized in vitro and the 
antitumor efficacy was evaluated in humanized mice bearing xenografts of aggressive triple-negative 
breast cancer and lung cancer. The IgG-like hexavalent bsAb, designated IgTT-1E, was able to simulta
neously bind both EGFR and PD-L1 antigens, inhibit EGF-mediated proliferation, effectively block PD-1/ 
PD-L1 interaction, and induce strong antigen-specific antibody-dependent cellular cytotoxicity activity 
in vitro. Potent therapeutic efficacies of IgTT-1E in two different humanized mouse models were observed, 
where tumor growth control was associated with a significantly increased proportion of CD8+ T cells. 
These results support the development of IgTT-1E for the treatment of EGFR+ cancers.
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Introduction

Modulating immune responses using monoclonal antibodies 
(mAbs) is one of the most promising approaches for cancer 
immunotherapy1]. Immune checkpoints are coinhibitory and 
costimulatory receptors that are crucial for maintaining self- 
tolerance and modulating immune responses2. However, inhi
bitory checkpoints can be “hijacked” by tumors to evade 
immune responses3. MAb-based blockade of coinhibitory 
immune receptors, such as cytotoxic T lymphocyte antigen 4 
(CTLA-4), programmed cell death-1 (PD-1) receptor, or PD-1 
ligand (PD-L1) has shown durable tumor clinical responses in 
a wide range of cancer types, but their efficacy is limited to 10% 
to 30% of patients4. Different factors, such as the tumor muta
tional burden and immunogenicity of cancer cells, the compo
sition of the tumor microenvironment (TME) and the degree 
of immune cell infiltration, influence the response to immune 

checkpoint blockade (ICB)5. Increasing the response rates to 
ICB is likely to require the design of therapeutic combinations 
that are tailored to the aforementioned factors6. On the other 
hand, EGFR is a receptor tyrosine kinase well-known as 
a tumor-associated antigen (TAA) with an important func
tional role, since EGFR deregulation promotes proliferation, 
apoptosis inhibition and invasion of cancer cells7. Therefore, 
mAb targeting EGFR not only mark tumor cells for immune 
killing but also may inhibit phosphorylation of key intracellular 
tyrosine residues, thus preventing ligand-mediated mitogenic 
signaling8.

As of January 2023, seven immune checkpoint blockers 
(ICB) preventing PD1/PD-L1 interaction had been approved 
for clinical use by the Food and Drug Administration (FDA) 
and the European Medicines Agency (EMA), and six others are 
in regulatory review, being atezolizumab the first anti-PD-L1 
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mAb in the market (2017). With respect to EGFR, three con
ventional mAbs [cetuximab, panitumumab –both approved for 
colorectal cancer (CRC)- and necitumumab -for non-small cell 
lung cancer (NSCLC)- and the bispecific antibody (bsAb) 
amivantamab (EGFR x c-MET, for NSCLC with EGFR exon 
20 insertion mutations) are currently in the market. Antibody 
therapeutics that are approved for marketing in regions other 
than the US or EU include two anti-EGFR (nimotuzumab and 
cetuximab conjugated to the photosensitizer IR700) and seven 
anti-PD19.

Designing agents that combine the immunomodulatory 
effect of an ICB and a direct action on cancer cells could 
open new perspectives in cancer immunotherapy. Here, we 
generated a novel PD-L1/EGFR bispecific antibody (bsAb) by 
fusing a dual-targeting tandem trimerbody (TT)10 with the 
human IgG1 hinge and Fc regions. The TT format has been 
previously described and is a single-chain fusion of three 
single-domain VHH antibodies with three collagen XVIII tri
merization domains (TIE)8–10, with intercalating glycine- 
serine-based linkers. Each VHH is encoded separately, allowing 
mono-, bi-, and tri-specific molecules to be produced7. Here, 
the first VHH was replaced by a PD-L1-specific scFv, and an 
EGFR-specific VHH was used in the second and third VHH 
positions. The resulting IgG-like hexavalent bsAb, designated 
IgTT-1E, simultaneously bound both targeted antigens, inhib
ited EGF-mediated proliferation, effectively blocked PD-1/PD- 
L1 interaction and induced potent antigen-specific antibody- 
dependent cellular cytotoxicity (ADCC) activity in vitro. 
A potent therapeutic effect of IgTT-1E was observed in huma
nized mice bearing aggressive EGFR+PD-L1+ human triple- 
negative breast cancer (TNBC) and lung cancer cell-line – 
derived xenografts (CDX). These data provide a promising 
basis for the further clinical development of IgTT-1E and 
similarly designed symmetric antibodies against different 
targets.

Materials and methods

Cell lines and culture conditions

HEK-293 (CRL-1573), A431 (CRL-1555), NIH/3T3 (CRL-1658), 
MDA-MB-231 (HTB-26) and CHO-K1 (CCL-61) cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
(Life Technologies, cat# 10313021) supplemented with 2  
mmol/l L-glutamine, 10% (v/v) heat-inactivated fetal bovine 
serum (FBS) (Merck Life Science, cat# F7524-500 ML), and 
antibiotics (100 units/mL penicillin, 100 mg/mL streptomycin; 
both from Life Technologies) at 37 ºC in 5% CO2 humidity. 
A549 (CCL-185) cells were cultured in RPMI-1640 (Lonza, cat# 
12-702Q) supplemented with 2 mmol/l L-glutamine, 10% (v/v) 
heat-inactivated FBS, and antibiotics. All these cell lines were 
obtained from the American Type Culture Collection. NIH/3T3 
cells expressing human EGFR (3T3EGFR) were kindly provided 
by Dr. A. Villalobo [Instituto de Investigaciones Biomédicas 
“Alberto Sols”. IIBm (CSIC-UAM), Madrid, Spain]. Jurkat 
T cells stably expressing human PD-1 and NFAT-induced luci
ferase (JurkatNFAT-RE−luc/PD-1) and CHO-K1 cells stably expres
sing human PD-L1 (PD-L1 aAPC/CHO-K1), were obtained 
from Promega (cat# J1250). CHO-K1 cells stably expressing 

human PD-L1 (CHOPD-L1) were obtained from Genlantis 
(xCELLerateTM PD-L1 Stable Cell Line, XCL-PDL1) and CHO- 
K1 cells stably expressing human EGFR (CHOEGFR), or both 
(CHOEGFR-PD−L1) were generated using human EGFR encoding 
commercial lentiviral particles (G&P Biosciences, cat# 
LTV0169). All cell lines were routinely screened for mycoplasma 
contamination by PCR using the Mycoplasma Plus TM Primer 
Set (Biotools B&M Labs, cat# 90022).

Construction of expression vectors

The plasmid pCR3.1-FLAG/Strep-αEGFR3-TIE-αCD3 was 
generated by cloning the insert OncoM-FLAG/Strep-αEGFR 
flanked by HindIII-NotI (GeneArt AG, Thermo Fischer) into 
the plasmid pCR3.1-αEGFR3-TIE-αCD3 encoding the bispeci
fic EGFR x anti-CD3 ATTACK11. Then, the FLAG/Strep- 
αEGFR VHH-based tandem trimerbody (TT) was subcloned 
as HindIII/BamHI into pCR3.1-hFc-His vector containing 
a human IgG1 hinge and Fc region, resulting in pCR3.1- 
FLAG/Strep-αEGFR3-hFc-His (IgTT-E). To generate the PD- 
L1/EGFR bispecific IgTT (IgTT-1E) expressing vector, the 
OncoM-FLAG/Strep-αPD-L1 fragment flanked by HindIII- 
NotI (GeneArt AG) was cloned into the plasmid pCR3.1- 
FLAG/Strep-αEGFR3-hFc-His. All the sequences were verified 
using primers FwCMV and RvBGH oligonucleotides 
(Table S1).

Expression and purification of recombinant antibodies

HEK-293 cells were transfected with the appropriated vectors 
by Lipofectamine 3,000 transfection kit (Fisher Scientific, cat# 
15292465) and selected in complete DMEM supplemented 
with 500 μg/ml of G418 to generate stable cell lines. 
Conditioned media were collected and processed using Strep- 
Tactin purification system (IBA Lifesciences) in an ÄKTA 
Prime plus system (Life Technologies). The purified antibodies 
were dialyzed overnight at 4 ºC against PBS pH 7.4 supple
mented with 150 mM NaCl and analyzed by sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) 
under reducing conditions.

Western blotting

Protein samples were analyzed by mean of 10–20% Tris- 
glycine SDS-PAGE under reducing conditions, transferred 
onto nitrocellulose membranes (Thermo Fisher Scientific, 
cat# IB23002) and probed with mouse anti-FLAG IgG1 (clone 
M2, Sigma-Aldrich, cat# F3165) (1 µg/ml), followed by incuba
tion with HRP-conjugated goat anti-mouse IgG (GAM-HRP) 
(1:10,000 dilution) (Sigma, cat# A2554). Visualization of pro
tein bands was performed with Pierce ECL Plus Western 
Blotting Substrate (Thermo Scientific, cat# 32132), using 
ChemiDoc MP Imaging System and Image Lab software 
(both from BioRad).

Enzyme-linked immunosorbent assay

The human EGFR-Fc (EGFR-Fc, R&D Systems, cat# 344-ER) 
or human PD-L1-Fc (PD-L1-Fc, Peprotech, cat# 310–35) 
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chimeras were immobilized (2.5 µg/ml in PBS) on Maxisorp 
96-well plates (NUNC Brand Products, cat# 44240) overnight 
at 4°C. After washing and blocking, conditioned media or 
purified protein solution (1 µg/ml) was added and incubated 
for 1 hour at room temperature. The wells were washed and 
HRP-conjugated anti-poly Histidine (Sigma-Aldrich, cat# 
A7058), HRP-conjugated anti-FLAG (M2 clone, Sigma- 
Aldrich, cat# A8592), mouse anti-Myc (clone 9E10, Millipore, 
cat# 05–419) or HRP-conjugated goat anti-human IgG (GAH) 
(Sigma-Aldrich, cat# A0170) were added (1 µg/ml). After 
washing, in the case of mouse anti-Myc, GAM-HRP (1:2,000 
dilution) (Jackson ImmunoResearch, cat# 115-085-166) was 
added for 1 hour at room temperature. Finally, after washing, 
the plate was developed using 100 μl 3,3′,5,5′- 
tetramethylbenzidine (TMB) (Sigma-Aldrich, cat# T0440) 
and stopped by 100 μl of 1 N H2SO4. Absorbance was read at 
450–620 nm using Multiskan FC photometer (Thermo 
Scientific).

Size exclusion chromatography-multiangle light 
scattering

The experiments were performed on a Superdex 200 Increase 
10/300 GL column (Cytiva) attached in-line to a DAWN EOS 
light scattering photometer (Wyatt Technology) and an ultra
violet light absorbance detector (ThermoFinnigan 
SpectraSYSTEM UV2000). The chromatography was run at 
room temperature and the scattering detector was thermosta
tized at 23 ºC. The column was equilibrated with running 
buffer (PBS pH 7.4 plus 150 mM NaCl, 0.1 μm filtered) and 
the size exclusion chromatography-multiangle light scattering 
(SEC-MALS) system was calibrated with a sample of BSA 
(Albumin, Monomer bovine, Sigma-Aldrich, cat#A1900) at 2  
mg/ml in the same buffer. 230 μl of the antibody solutions at 
0.3 or 0.4 mg/ml were injected into the column at a flow rate of 
0.5 ml/min. The column has an exclusion volume of 8.6 ml, 
and no absorbance (no aggregated proteins) was observed in 
the chromatograms at this volume. Data acquisition and ana
lysis were performed using ASTRA software (Wyatt 
Technology). The reported molar masses correspond to the 
center of the chromatography peaks. Based on numerous mea
surements on BSA samples under similar conditions the esti
mation of the experimental error in the molar mass is 
around 5%.

Molecular Modeling

The IgTT-E three-dimensional representation was built by 
homology modeling using MODELLER12. Two templates 
were combined to generate the model, the VHH-based mono
specific TT was built using as template the anti-CEA TT 
constructed in a previous work13, while the Fc domain was 
based on the human IgG1 B12 structure (pdb:1HZH.H)14, 
obtained from the Protein Data Bank15. The Fc template was 
obtained with BLAST16; with an e-value of 1e-169 and a 99% 
of sequence identity for the domain. The structure of 1HZH 
was also used to guide dimerization. The IgTT-1E model was 
built by combining the IgTT-E model and the interleukin 18 
receptor antagonist scFv (pdb:6NK9.D)17 for the anti-PD-L1 

scFv domain. The template was obtained through BLAST 
with and e-value of 2e-138 and 83% of sequence identity 
for the domain.

Biolayer interferometry

The binding of the IgTT-E to immobilized EGFR-Fc, and of the 
IgTT-1E to immobilized EGFR-Fc and PD-L1-Fc was mea
sured using biolayer interferometry (BLI) on an Octet RED96 
system (Fortebio). The binding to EGFR was compared to that 
of cetuximab (ctx) (Merck KGaA, Darmstadt, Germany), and 
the binding to PD-L1 was compared with atezolizumab (atz) 
(Fritz Hoffmann-La Roche, Basel, Switzerland). Both antigens 
were immobilized onto AR2G biosensors (Fortebio) at pH 5.0 
using amine reactive coupling. Antibodies in HEPES-buffered 
saline (HBS; 20 mM HEPES, 150 mM NaCl, pH 7.4) at 10 nM 
were associated with either immobilized antigen for 30 min
utes, after which the dissociation of antibody from the biosen
sor was measured for 30 minutes in HBS buffer only. After the 
IgTT-1E and ctx had bound to immobilized EGFR, bispecific 
binding to PD-L1-Fc in solution was then investigated by the 
subsequent treatment of the biosensors with 20 nM of PD-L1- 
Fc in HBS for 30 minutes. To determine binding kinetics to 
immobilized EGFR and PD-L1, the Octet Data Analysis 
(Fortebio) software was used to fit the experiment data to 
a 1:1 binding model with an asymptotic association phase 
and an exponential decay dissociation phase and regression 
to the chi^2 value.

Serum stability

Purified IgTT-1E was incubated in 60% (v/v) human serum 
(Sigma-Aldrich, cat# H4522) at 37°C for 96 hours. The binding 
activity of the sample at 0 time point was set as 100% to 
calculate the corresponding decay in PD-L1 and EGFR binding 
by enzyme-linked immunosorbent assay (ELISA). Samples 
were analyzed with Multiskan FC Photometer and GraphPad 
Prism software. Results correspond to one experiment per
formed in triplicate.

Flow cytometry

CHOEGFR or CHOPD-L1 cells (1 × 105 cells/well) were incubated 
for 1 hour on ice with purified antibodies (6.67 nM), washed 
and incubated for 30 minutes with a PE-conjugated F(ab’)2 
GAH IgG antibody (Jackson ImmunoResearch, cat# 109-116- 
170). Trastuzumab (tra) (Fritz Hoffmann-La Roche), atz and 
ctx (6.67 nM) were used as controls. After washing, DAPI 
(Sigma Aldrich, cat# D9542) was added and samples were 
analyzed with FACSCAnto II Flow Cytometer (Becton 
Dickinson).

Inhibition of EGFR-mediated cell proliferation and 
signaling

A431 cells were seeded in complete DMEM in 96-well plates. 
After 24 hours, the medium was replaced by DMEM 1% FBS 
containing equimolar concentrations (0.19–50 nM) of ctx, atz, 
IgTT-E or IgTT-1E and incubated for 72 hours. Viability was 
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assessed using the CellTiter-Glo luminescent assay (Promega, 
cat# G7570). For EGFR signaling studies, A431 cells were 
starved overnight in DMEM 1% FBS and then incubated for 
4 hours in serum-free DMEM in the presence of 0.1 µM ctx, 
atz, IgTT-E or IgTT-1E, followed by 5 min incubation with 25  
ng/ml of human EGF (MiltenyiBiotec, cat# 130-093-825). After 
stimulation, cells were lysed in Laemmli lysis buffer, separated 
under reducing conditions on 4–12% Tris-glycine gels, trans
ferred to nitrocellulose membrane and incubated with the 
rabbit anti-human phosphor-EGFR (Tyr1068) mAb (clone 
D7A5; Cell Signaling Technology, cat# 3777) followed by incu
bation with an IRDye800CW-conjugated donkey anti-rabbit 
antibody (LI-COR Biosciences, cat# 925–32213). 
Simultaneously, anti-β-actin mouse mAb (Abcam, cat# 
ab8226) was added as a loading control, followed by 
IRDye680RD-conjugated donkey anti-mouse (LI-COR 
Biosciences, cat# 925–68072). Visualization and quantitative 
analysis of protein bands were carried out with the Odyssey 
system (LI-COR Biosciences).

PD-1/PD-L1 Blockade Bioassay

The PD-1/PD-L1 Bioassay (Promega, cat# J1250) was used 
following manufacturer´s instructions. Briefly, 2.5 × 104 PD- 
L1 aAPC/CHO-K1 cells/well were seeded in 96-well white 
plates in DMEM 10% FBS and incubated overnight at 37 ºC. 
Then, medium was removed and different final concentrations 
(400; 66.7; 6.67; 0.667 and 0.0667 nM) of atz, ctx, IgTT-E or 
IgTT-1E were added in 40 µl RPMI 1% FBS/well. Then, 1.25 ×  
105 Jurkat PD-1 cells/well were added in 40 µl RPMI 1% FBS/ 
well and incubated 6 hours at 37 ºC. Then, 80 µl of BioGlo 
Reagent (Promega, cat# G7941) were added and biolumines
cence, as an indicator of activation, was measured in a Tecan 
Infinite F200 Fluorescence Microplate Reader (Life Sciences, 
Tecan).

ADCC reporter bioassay

The ADCC reporter Bioassay (Promega, cat# G7010) was used 
following manufacturer´s instructions. Briefly, 1.2 × 104 CHO 
and CHOEGFR cells/well were seeded in 96-well white plates in 
DMEM 10% FBS and incubated overnight at 37 ºC. Then, 
medium was removed and different final concentrations (400, 
66.7; 6.67; 0.667; 0.0667 nM) of atz, ctx or IgTT-1E were added 
in 25 µl RPMI 1% FBS/well. Then, 7.5 × 104 ADCC JurkatCD16 

effector cells/well were added in 25 µl RPMI 1% FBS and 
incubated 6 hours at 37 ºC. Finally, 75 µl/well of BioGlo 
Reagent (Promega) were added and bioluminescence, as an 
indicator of ADCC activity, was measured in a Tecan Infinite 
F200 Fluorescence Microplate Reader.

Cytotoxicity assay

Peripheral blood mononuclear cells (PBMC) were isolated 
from peripheral blood of volunteer healthy donors by density 
gradient centrifugation using lymphoprep (Axis – Shield, cat# 
AXS-1114544). All donors provided written informed consent 
in accordance with the Declaration of Helsinki. For cytotoxi
city assay, EGFR+ and PD-L1+ MDA-MB231Luc and A549 cells 

were co-cultured with freshly isolated PBMC at two different 
effector-to-target (E:T) ratios (5:1 and 10:1) in presence of atz, 
ctx, IgTT-1E or polyclonal control human IgG (6.67 nM). After 
48 hours, cells were stained for 30 minutes at 4 ºC with V450- 
conjugated anti-CD45 mAb (Becton Dickinson, cat# 560367) 
and 7-AAD (BD Biosciences, cat# 559925) in 50 µl of PBS 2% 
FBS using TruCount Absolute Counting Tubes (BD 
Biosciences, cat# 663028). Finally, the samples were diluted 
by adding 450 µl of PBS before proceeding to flow cytometry 
analysis. Cytotoxicity was determined by recording the residual 
live target cells (7AAD− and CD45−).

NK cells degranulation assay

Degranulation of NK cells following in vitro stimulation was 
assessed by a flow cytometry-based assay. CHO, CHOPD-L1 and 
CHOEGFR cells were seeded in 96-well U-bottom plates at 5 ×  
105 cells/well and co-cultured with 2.5 × 106 PBMC/well (5:1 E: 
T ratio) in the presence of monensin and PE-labeled anti- 
CD107a mAb (clone H4A3, BD Biosciences, cat# 555801). 
Then, IgTT-1E, ctx and atz were added to final concentrations 
of 6.67; 0.667 and 0.0667 nM. As basal degranulation control, 
PBMC were plated without target cells. A staining control well 
received neither degranulation stimuli nor the anti-CD107a 
mAb. After incubating for 4 hours, plates were centrifuged 
and cells were resuspended in PBS 0.5% FBS and stained with 
FITC-labeled anti-human CD3 (clone SK7, BD Biosciences, 
cat# 345763) and APC-labeled anti-human CD56 (clone 
B159, BD Pharmingen, cat# 555518) mAbs, and analyzed by 
a FACSCAnto II Flow Cytometer (BD Biosciences). NK cells 
were identified as CD3−CD56+ events with light scatter char
acteristics of lymphocytes.

Mice

NOD.Cg-PrkdcSCIDIL2rgtm1Wjl/SzJ (NSG, The Jackson 
Laboratory) female mice were housed under pathogen-free 
conditions with daily cycles of 12 hours light/12 hours dark
ness, and sterilized water and food were available ad libitum. 
All animal procedures conformed to European Union 
Directive 86/609/EEC and Recommendation 2007/526/EC, 
enforced in Spanish law under RD 1201/2005. Animal proto
cols were approved by the respective Ethics Committee of 
Animal Experimentation of the participant institutions 
(imas12 and Instituto Investigación Sanitaria Puerta de Hierro- 
Segovia de Arana); they were performed in strict adherence to 
the guidelines stated in the International Guiding Principles for 
Biomedical Research Involving Animals, established by the 
Council for International Organizations of Medical Sciences. 
The experimental study protocols were additionally approved 
by local government (PROEX 166/19). Mice were kept under 
anesthesia during all manipulations and all efforts were made 
to minimize suffering.

Therapeutic studies

MDA-MB-231luc cells were resuspended in 30% (v/v) matrigel 
(Corning, cat#356231) in PBS. Cells were injected directly into 
the second left mammary fat pad of NSG female mice (2 × 106/ 
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mouse), followed by an intraperitoneal (i.p.) injection of 
freshly isolated human PBMC (1 × 107/mouse). Tumor growth 
was evaluated weekly by bioluminescence imaging. Mice were 
treated every three days with five intraperitoneal injections of 
PBS, atz, ctx or IgTT-1E (4 mg/kg), or atz/ctx (2 mg/kg) in 
combination. Mice weights were measured twice a week to 
monitor toxicity and animals were euthanized at any sign of 
distress and/or due to 20% of weight loss. For in vivo biolumi
nescence imaging, mice were anesthetized using inhaled iso
flurane, injected intraperitoneally with 125 mg/kg D-luciferin 
(Promega, cat# E1605) dissolved in 200 µl of sterile PBS. 
Animals were imaged 10 minutes after D-luciferin injection 
using the Bruker In-Vivo Xtreme (Bruker). The photon flux 
emitted by the luciferase-expressing cells was measured as an 
average radiance (photons/sec/cm2/sr). Imaging analysis was 
performed using Bruker Molecular Imaging Software (Bruker). 
At the end of the experiment anesthetized animals were sacri
ficed and the different organs (liver, spleen, and tumor) were 
rapidly harvested and processed. A549 cells (2 × 106/mouse) 
resuspended in 30% (v/v) matrigel in PBS were implanted 
subcutaneously (s.c.) into the dorsal space of NSG mice, fol
lowed by an intraperitoneal injection of freshly isolated human 
PBMC (1 × 107 cells/mouse). Tumor growth was monitored by 
caliper measurements twice a week. Mice were treated every 
three days with five intraperitoneal injections of PBS, IgTT-1E 
(4 mg/kg) or atz/ctx (2 mg/kg) in combination. Mice weights 
were measured as described above. Mice were euthanized when 
the weight loss was≥15% compared to baseline, when tumor 
size reached a diameter of 1.0 cm in any dimension, when 
tumors ulcerated, or at any sign of distress.

Immunohistochemistry

Tumors from different treatment groups were collected at 
different times after implantation, fixed in 10% neutral buf
fered formalin (Sigma-Aldrich, cat#HT501128) for 48 hours 
and after extensive washing in PBS, tissues were embedded in 
paraffin. Four-µm-thick sections were incubated with mouse 
mAbs listed in Table S2 on a BondTM Automated System (Leica 
Microsystems) according to the manufacturer’s instructions. 
Nuclei were counter stained with Harris’ hematoxylin. Whole 
digital slides were acquired with a slide scanner (AxioScan Z1, 
Zeiss), and total versus positive cells were automatically quan
tified (AxioVision 4.6 software package, Zeiss).

Statistical analysis

All plots were created using GraphPad Prism 9.0, which was 
also used to perform statistical analysis. In general, the in vitro 
experiments were done in triplicates and values are presented 
as mean ± SD. Significant differences (P value) were identified 
using a two-tailed, unpaired Student’s t test assuming a normal 
distribution, or a one-way analysis of variance (ANOVA), 
adjusted by Dunnett’s test for multiple comparisons, as indi
cated. P values are shown in the corresponding figures. Two- 
way ANOVA was used to analyze experiments that evaluated 
the interaction of two variables, such as cell type and therapy, 
following multiple comparison testing using either Dunnett or 
Tukey, as appropriate. Mean tumor volumes are presented for 

each group using a scatter plot as mean ± SD. To assess the 
differences between treatment groups, P values were deter
mined by one-way ANOVA adjusted by the Bonferroni correc
tion for multiple comparison tests. Survival curves were 
estimated for each group using the Kaplan-Meier method 
and individual curves were analyzed by Log-rank (Mantel- 
Cox) test. Significant differences were calculated by comparing 
each group to the others.

Results

Generation and characterization of monospecific and 
bispecific IgTTs

In this study, we generated an EGFR-specific IgTT (Figure 1a) 
by fusing a VHH-based monospecific TT (Figure 1b), consisting 
of three identical EGFR-specific VHH (clone EGa1)13-TIE 
modules connected by two glycine-serine-based linkers on 
a single-chain molecule7, to the human IgG1 hinge-Fc regions 
(IgTT-E, Figure 1c). This antibody was further modified 
(Figure 1d) by replacing the N-terminal VHH with an anti-PD- 
L1 scFv derived from atezolizumab (atz) (Figure 1e) to generate 
a PD-L1/EGFR bispecific IgTT (IgTT-1E, Figure 1f). The mod
els presented in Figure 1 are snapshots of dynamic conforma
tions in which the flexible connectors confer the VHH and scFv 
binding domains variable distances and areas of influence 
around the Fc region. IgTT antibodies were purified from 
conditioned medium from stably transfected HEK-293 cells 
by Strep-Tactin affinity chromatography, and both molecules 
eluted as single peaks (Fig. a, b). Protein yields for IgTT-E and 
IgTT1E were 5.7 and 3.4 mg/L, respectively (Fig. S1a). SEC- 
MALS measurements for IgTT-E and IgTT-1E resulted in 
major symmetric peaks with molar masses of 227 and 240 
kDa, respectively (Fig. S1a, b), close to the calculated values 
for each dimeric species in solution (202 and 223 kDa, respec
tively). In reducing SDS-PAGE, two main bands correspond
ing to the IgTT-E and IgTT-1E monomers can be identified 
(Fig. S1c). The smaller minority bands are most likely result of 
linker cleavage that does not disturb the structural organization 
of the molecule, as is evident from the observation of single 
peaks in SEC (Fig. S1a).

The binding of both IgTT antibodies to their cognate anti
gens was investigated using biolayer interferometry (BLI). 
Monospecific IgTT-E and bispecific IgTT-1E were found to 
bind immobilized human EGFR-Fc (EGFR) similarly to cetux
imab (ctx) (Figure 2a,b), and IgTT-1E bound to human PD-L1- 
Fc (PD-L1) comparably to atz (Figure 2c). In all four interac
tions, less than 5% dissociation was measured during a period 
of 30 minutes, which was not sufficient to accurately determine 
the dissociation rate constant (KD). The upper bound for their 
dissociation rate constant is 3 × 10−5/s and the lower bound for 
the half-life of their interactions is 7 hours. Therefore, these 
kinetic experiments demonstrate picomolar affinity or stronger 
for all the measured interactions, as is expected for bivalent and 
trivalent antibodies in an experiment which permits multiva
lent antigen binding, but do not determine precise KD values 
(Table S3). Additionally, after the binding of IgTT-1E and ctx 
to immobilized EGFR, the ability of the antibodies to simulta
neously bind PD-L1 was investigated by additionally 
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associating the antibody-loaded biosensors with PD-L1 in solu
tion. IgTT-1E, but not ctx, showed a clear simultaneous bind
ing to PD-L1 while maintaining its interaction with EGFR 
(Figure 2d), further demonstrating its bispecificity and a lack 
of steric hindrance between its two cognate interactions. The 
ability of both antibodies to specifically detect human EGFR 
and PD-L1 in a cellular context was analyzed by flow cytome
try, using ctx and atz as binding controls, and trastuzumab 
(tra) as negative control (Figure 2e). Furthermore, IgTT-1E 
demonstrated high stability in physiological-like conditions 
with no significant loss of binding activity after incubation at 
37 ºC for 96 hours in human serum (Figure S1d).

Effect of IgTT-1E on EGFR-mediated signaling and PD-1/ 
PD-L1 blockade

We next studied the capacity of IgTT-1E to inhibit prolifera
tion and EGFR phosphorylation using the ligand-competitive 
inhibitor ctx as a positive control and the anti-PD-L1 atz as 
a negative control. The epidermoid carcinoma A431 cell line is 
EGFR gene-amplified (1.2 × 106 sites/cell) and mostly depend 
on the EGFR/MAPK pathway for continuous proliferation18,19. 
The anti-EGFR EgA1 VHH binds an epitope close to junction of 
EGFR domains II/III, hindering the conformational changes in 
EGFR necessary for high-affinity ligand binding and receptor 
dimerization20. As shown in Figure 3a, IgTT-E, IgTT-1E and 
ctx, but not atz, inhibited A431 cell proliferation in a dose- 
dependent manner (P = <0.0001, 0.0049 and<0.0001; respec
tively, for the highest doses of both IgTTs, vs. equimolar doses 

of control antibody). The phosphorylation status of tyrosine 
1068 (Tyr1068) was determined, as this tyrosine is the docking 
site for Grb2 and its phosphorylation allows the initiation of 
EGFR mitogenic cascade. Correspondingly, the inhibitory 
effect on cell proliferation correlated mechanistically with 
a reduction of EGFR phosphorylation (Figure 3b). The IgTT- 
1E efficiently blocked PD-1/PD-L1 interaction, as shown by 
the significant induction of luciferase activity on APC/CHO- 
K1 cells (P < 0.0001), similar to observed with the PD-L1 
blocking antibody atz (P < 0.0001). In contrast, no PD-1/PD- 
L1 blocking activity was observed in the presence of ctx or 
IgTT-E (Figure 3c).

Determination of Fc-mediated effector functions

For measuring ADCC activity, Jurkat cells constitutively 
expressing human FcγRIIIa (CD16) on the cell surface and 
a luciferase reporter driven by a NFAT response element 
(JurkatCD16) were co-cultured with CHO cells stably expres
sing human EGFR (CHOEGFR) or nontransfected CHO cells 
as negative control. As shown in Figure 3d, the activation of 
JurkatCD16 cells by ctx and IgTT-1E in co-cultures with 
CHOEGFR cells led to a significant increase in luciferase 
activity (P < 0.0001 and P = 0.0074, respectively). In the 
absence of EGFR-mediated interactions (co-cultures with 
nontransfected CHO cells), ctx and IgTT-1E showed no 
induction over untreated JurkatCD16 cells (Figure 3d). 
Similarly, atz showed no activation in co-cultures with 
CHOEGFR or CHO cells (Figure 3d). The atz Fc region has 

Figure 1. Molecular diagrams and models of the IgTT-E and IgTT-1E antibodies. Gene layout of the monospecific IgTT-E (a), bearing a signal peptide from oncostatin 
M (white box), three anti-EGFR VHH (green boxes), three collagen-derived trimerization (TIE) domains (yellow boxes) flanked by peptide linkers and the Fc encoding 
element (gray boxes). N-terminal FLAG-Strep and C-terminal Myc-His tags (blue boxes) were appended for purification and immunodetection purposes. Schematic 
diagram showing the three-dimensional model of the TT (b), the molecular diagram and the three-dimensional modelizations of the IgTT-E, in front and top views (c). 
Gene layout of the bispecific IgTT-1E (d), bearing a signal peptide from oncostatin M (white box), one anti-PD-L1 scFv (red box) and two anti-EGFR VHH genes (green 
boxes), three TIE domains (yellow boxes) flanked by peptide linkers and the Fc encoding element (gray boxes). N-terminal FLAG-Strep and C-terminal Myc-His tags (blue 
boxes). Schematic diagram showing the three-dimensional model of the TT (e), the molecular diagram and the three-dimensional modelizations of the IgTT-1E in front 
and top views (f).
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been engineered to reduce binding to Fcγ receptors and 
minimize ADCC21,22. EGFR+PD-L1+ cancer cells (MDA- 
MB231 or A549) were co-cultured with human PBMC at 
two different E:T ratios (5:1 and 10:1) in the presence of 
atz, ctx, IgTT-1E or control human IgG (6.67 nM). 
A significant decrease in the residual live target cells was 
observed with IgTT-1E and ctx compared to atz and control 
IgG at both E:T ratios. IgTT-1E eliminated nearly 55% of the 
A549 cells and 70% of the MDA-MD23Luc cells at the highest 
E:T ratio (Figure 3e). Furthermore, the IgTT-1E-mediated 
degranulation by NK cells was studied after co-culturing 
CHO and CHOEGFR cells with PBMC at a 5:1 E:T ratio in 
the presence of different antibody concentrations. Both ctx 
and IgTT-1E increased CD107a cell surface expression 

compared to PBMC co-cultured CHOEGFR cells in the pre
sence of atz. No changes in CD107a cell expression were 
detected when PBMC were co-cultured with CHO cells 
(Figure 3f, Figure. S2 and Table S4).

Therapeutic effect of IgTT-1E in vivo

The therapeutic potential of IgTT-1E was first investigated in 
PBMC-driven humanized NSG mice bearing human MDA-MB 
-231 TNBC CDXs. MDA-MB-231Luc cells were injected into 
the second right mammary fat pad (MFP) and human PBMC 
intraperitoneally (i.p.). Mice were treated every three days for five 
i.p. injections in total, atz, ctx, IgTT-1E or the atz/ctx combination 
(combo) (Figure 4a). IgTT-1E monotherapy reduced tumor 

Figure 2. Binding characteristics of mono- and bispecific IgTT antibodies to EGFR, PD-L1, and both antigens simultaneously. (a) BLI-derived sensorgrams (in black) for 
the interaction between cetuximab (ctx) or IgTT-E and immobilized human EGFR-Fc. (b) Human EGFR-Fc was immobilized onto biosensors and 10 nM of either the IgTT- 
1E (black trace) or ctx (blue trace) was associated for 30 minutes, followed by 30 minutes of dissociation in buffer only. (c) as in the previous panel, binding to 
immobilized human PD-L1-Fc was investigated using atezolizumab (atz, blue trace) as a comparison antibody. The results of fitting to a 1:1 binding model are shown as 
red traces. Kinetic rate parameters from fitting are given in Table S3. A single experimental sensorgram of each antibody is shown; duplicate biosensors were included in 
the experiment and showed negligible variation. (d) Simultaneous binding to both immobilized human EGFR-Fc and human PD-L1-Fc in solution was demonstrated for 
IgTT-1E (black trace) but not ctx (blue trace). Human EGFR-Fc-coated biosensors were loaded with either IgTT-1E or ctx (as in the panel b), after which biosensors were 
immersed in 20 nM of human PD-L1-Fc or kept in buffer (red trace). (e) the binding to human EGFR and PD-L1 on the cell surface of CHO, CHOEGFR, CHOPD-L1 and 
CHOEGFR-PD−L1 cells by trastuzumab (tra), ctx, atz, IgTT-E and IgTT-1E at 6.67 nM was measured by FACS. Cells incubated with PE-conjugated isotype control mAb are 
shown as gray-filled histogram. The y-axis shows the relative cell number, and the x-axis represents the intensity of fluorescence expressed on a logarithmic scale.
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bioluminescence in 4 out of 5 treated mice, similar to what was 
found in the groups receiving atz or combination therapy 
(Figure 4b,c). Consistent with these antitumor results, 
a significant overall survival benefit was observed for the mice 
that had been treated with atz (P = 0.0122) or IgTT-1E (P =  
0.0054) compared to ctx (Figure 4d). To further validate the 
antitumor activity of IgTT-1E, we performed a second study 
with PBMC-driven humanized NSG mice bearing human A549 
lung cancer CDXs. When tumors reached approximately 0.2 cm 
in diameter, mice were randomized into groups with similar mean 
tumor sizes and SDs and treated every three days for five i.p. 
injections in total of IgTT-1E or the atz/ctx combination 
(Figure 4e). IgTT-1E monotherapy was able to reduce tumor 
growth by approximately 85% (P = 0.0001), while the 

combination therapy showed an approximately 90% tumor 
growth reduction (P = 0.0001) (Figure 4f). There were no signifi
cant body weight decreases in any group (Figure 4g). In both 
treatment groups, inhibition of tumor growth was associated with 
significantly increased numbers of intratumoral CD8+ T cells 
(Figure 4h, i and Figure S3), while no CD56+ NK cells were 
detected on tumor tissues (Fig. S4).

Discussion

In recent years, new cancer immunotherapy strategies have 
been developed based on the generation of bsAb with 
improved properties over conventional mAbs8,12,14,23. 
Currently, there are five FDA-approved bsAbs for cancer 

Figure 3. IgTT-1E reduces cell proliferation and induces cytotoxicity. (a) Inhibition of A431 cell proliferation through blocking of EGF/EGFR signaling. The cells were 
treated with the indicated doses of IgTT-E, IgTT-1E, ctx (positive control) or atz (negative control). Viable cells after 72 hours of treatment were plotted relative to 
untreated controls. Results are expressed as a mean ± SD (n = 3). Significance was measured by one-way ANOVA with Dunnett’s multiple comparisons test. (b) Inhibition 
of EGFR phosphorylation was assessed by western blotting. After pre-incubation with 50 nM of each antibody for 4 hours, cells were stimulated for 5 minutes with EGF 
or vehicle. Using the β-actin as load and signal control, the percentages of each phosphorylation band with respect to the positive control were calculated. (c) PD-1/PD- 
L1 blockade bioassay assesses the inhibitory activities of PD-L1 blocking antibody IgTT-1E. Y-axis represents reporter gene fold induction. Ctx was used as negative 
control and atz as positive control. Results are expressed as mean ± SD (n = 3). Significance was measured by one-way ANOVA with Dunnett’s multiple comparisons test. 
(d) ADCC reporter bioassay response to ctx, atz and IgTT-1E, using ADCC bioassay effector JurkatCD16 cells against CHO and CHOEGFR target cells. Target cells were 
incubated with ctx (positive control), atz (negative control) and IgTT-1E followed by addition of ADCC bioassay effector cells at a 6:1 E:T ratio. After 6 hours of 
coincubation at 37°C Bio-Glo™ Luciferase Assay Reagent was added for luminescence determination. Data shown represent the mean ± standard deviation of triplicates. 
Data are presented as the mean ± SD (n = 3). Quantification shown as mean ± SD, (n = 3). Significance was determined by two-way ANOVA with Tukey’s multiple 
comparisons test. (e) the number of alive (7AAD−) target A549 and MDA-MB231 cells determined after 48 hour co-culture with PBMC cells at 5:1 and 10:1 E:T ratios in 
presence of control human IgG, atz, ctx and IgTT-1E. Results are shown as mean ± SD (n = 3). Significance was determined by two-way ANOVA with Dunnett’s multiple 
comparisons test. (f) Human PBMC were incubated with ctx, atz and IgTT-1E (0.667 nM) for 4 hours prior to flow cytometry evaluation of CD107a cell surface expression 
on NK cells, gated as CD3−CD56+ cells.
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treatment, blinatumomab for acute B cell lymphoblastic leuke
mia, amivantamab-vmjw for NSCLC, tebentafusp-tebn for 
uveal melanoma, mosunetuzumab-axgb for follicular lym
phoma, and teclistamab-cqyv for multiple myeloma12,15, and 
more than 120 candidates are in clinical development16. 
Despite advances in antibody engineering, the generation of 
IgG-like bsAb remains challenging when the antigen-binding 
sites are Fab-like with the variable regions of both the heavy 

chain (VH) and light chain (VL), as this makes it difficult to 
obtain functional bsAb from the random assembly of ten 
possible H2L2 combinations (this is commonly referred to as 
the chain-association issue)17–20. Therefore, to overcome this 
and other limitations a wide variety of antibody engineering 
strategies have been developed in recent years9,23. Symmetric 
bsAbs are generated by the assembly of antibodies with unmo
dified heavy chain (HC) constant (CH) regions21,23. Most 

Figure 4. IgTT-1E treatment promoted significant tumor growth inhibition in NSG mouse models. (a) Timeline of experimental design. MDA-MB-231Luc cells were 
implanted into the right mammary fat pad (MFP) of NSG mice, and human PBMC were injected intraperitoneally (i.P.). Mice were treated with five i.P. injections of PBS, 
atz, ctx, atz + ctx (combo) or IgTT-1E. (b) Weekly bioluminescence imaging showing tumor progression. (c) Quantification of tumor burden (as bioluminescence fold 
induction from each mouse) at the indicated time points. (d) Kaplan-Meier plot of survival data. (e) Timeline of experimental design. NSG mice were subcutaneously (s. 
C.) inoculated with A549 tumor cells and i.P. with human PBMC, follow by five i.P. injections of PBS, atz + ctx combo or IgTT-1E. Tumor progression was monitored 
weekly by diameter measuring. (f) Average tumor volume growth in each mice group. Data are presented as the mean ± SD. Significance was determined by one-way 
ANOVA adjusted by the Bonferroni correction for multiple comparison test. (g) Change in mouse body weight over time for each group. (h) Quantitative analysis of 
intratumoral CD8+ T cells in paraffin-embedded mouse tumor tissue (PBS n = 4, combo n = 6, IgTT-1E n = 6) by immunohistochemistry. Data were calculated as 
percentage of CD8+ versus total cell number and presented as mean ± SD. Significance was measured by one-way ANOVA with Dunnett’s multiple comparisons test. (i) 
Immunohistochemical staining for CD8 of representative tissue slides from the tumor of mice treated with PBS, atz + ctx combo or IgTT-1E. Scale bars (100 µm) are 
shown.
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symmetric bsAbs in clinical development are bulky molecules 
with tetravalent (2 + 2) designs in which extra antibody frag
ments are fused to homodimeric antibody molecules22,23. 
Otherwise, the generation of asymmetric IgG-like bsAbs con
tinues to be challenging because two critical issues need to be 
simultaneously addressed: the heterodimerization of two dif
ferent HC chains and the discrimination between the two L/H 
chain interactions21,23,24. Correct HC heterodimerization is 
facilitated using engineering strategies such as knobs-into- 
holes and crossMAb technologies23,25–28. However, most of 
these strategies employ multiple mutations within the CH 

domains, which can negatively affect the favorable properties 
associated with native Fc regions, such as high stability and 
solubility, as well as increasing their immunogenicity29.

Here, we generated a novel PD-L1/EGFR IgG-like bsAb by 
novel antibody engineering that solves some of the problems 
associated with bispecific heterodimeric IgG antibody genera
tion, such as the chain-association issue17–20. The IgTT format 
is based on the fusion of a mono or multispecific TT7 with the 
human IgG1 hinge and Fc region, generating a hexavalent IgG- 
like antibody capable of bivalently recognizing up to three 
different antigens. We initially generated a monospecific 
IgTT molecule targeting EGFR, a well-characterized TAA 
that is the one of the most commonly overexpressed membra
nous oncogenic protein in epithelial cancers30. In addition, we 
have demonstrated the suitability of the IgTT format for dual- 
targeting strategies combining TAA-recognition with an ICB, 
in a single molecule. Both IgTT molecules specifically bind to 
their targeted antigens, and the IgTT-1E displayed simulta
neous binding to both antigens. As previously described, the 
interaction of EGa1 VHH with EGFR inhibited EGFR phos
phorylation and cell proliferation7,11,31. Furthermore, the bis
pecific IgTT-1E efficiently blocked PD-1/PD-L1 interaction 
and promoted efficient EGFR-mediated ADCC.

The combined PD-L1 and EGFR targeting by bsAbs has 
been shown to enhance PD-L1 blockade selectively in the 
TME, due to EGFR overexpression in cancer cells, and to 
reduce potential off-tumor binding to PD-L1-expressing 
normal cells32. Because of its distinctive properties includ
ing tetravalent binding to EGFR, bivalent binding to PD-L1, 
and a molecular mass similar to IgG, the IgTT-1E is 
expected to demonstrate improved tumor localization com
pared to previously generated bsAbs. Furthermore, EGFR 
overexpression and activation promotes PD-L1 expression 
by cancer cells33. Therefore, EGFR is a particularly suitable 
TAA for the development of next-generation bispecific ICB. 
Compared to other IgG-like bsAbs simultaneously targeting 
EGFR and PD-L134,35, the IgTT-1E is based on an IgG1 
wild-type homodimeric Fc region retaining ADCC activity 
as in Li et al.35. Indeed, IgTT-1E might induce ADCC 
activity in the intratumoral space reducing the tumor bur
den and priming immune responses, as has been shown 
with cetuximab36. The concomitant presence of PD-L1 
blocking domains in the same spatial location would be 
essential to overcome immunosuppressive counter- 

mechanisms in the TME and fully mobilize the adaptive 
and innate immunity against tumor cells. In addition, the 
presence of a functional Fc region in the molecule, as in the 
case of cetuximab, has been shown to induce NK cell- 
dendritic cell (DC) crosstalk, promoting DC maturation 
and leading to CD8+ T cell priming37–47. Therefore, IgTT- 
1E may provide sustained CD8+ T activity by inducing NK- 
DC crosstalk and blocking PD-1/PD-L1 interaction, leading 
to a more prolonged function of tumor-infiltrating 
lymphocytes.
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Figure S1. Purified IgTT-E and IgTT-1E elute in a single peak. (a) SEC-MALS 

analysis of IgTT-E and IgTT-1E molecules. The black line corresponds to the UV 

absorbance at 280nm (left axis) and the red line to the measured molar mass (right axis). 

Experiments were performed once after checking the performance of the apparatus on a 

BSA sample at 2 g/L under the same conditions (b). The absolute molar masses of the 

eluted antibodies (indicated in the graphs) were calculated from the intensity of the 

scattered light at 18 angles, which is independent on the elution volume, the shape of the 

antibody, or the potential interaction of the protein with the matrix of the column. The 

theoretical masses calculated from the amino acid sequences (assuming the formation of 

dimers) were 202 and 223 kDa. The theoretical mass of the BSA monomer is 66 kDa. 

The inset in (a) shows the reducing SDS-PAGE analysis of the central fraction of the 

major peak from a chromatogram done before the SEC-MALS experiment, using the 

same column and the same buffer. (a) SDS-PAGE analysis of purified IgTT-E and IgTT-

1E in reducing conditions. (d) Serum stability of purified IgTT-1E was analyzed by 

relative binding to immobilized PD-L1 or EGFR after sample incubation in human serum 

at 37 °C for different time periods. Experiments were performed in triplicates. 

 

 

 

 

 

 



 

 

 

 

Figure S2. Antibody-mediated NK cells degranulation assay. Fresh isolated PBMC 

from healthy donor were cocultured with different concentrations of atz, ctx, or IgTT-1E 

for 4 hours in presence of CHO or CHOEGFR cells. CD107a surface expression on NK 

cells (CD3- and CD56+) was evaluated by flow cytometry.  

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S3. Immunohistochemical staining for CD8 of tumor tissue slides of mice 
treated with PBS, atz/ctx combination therapy (combo) or IgTT-1E. Scale bars (50 m) 
are shown. 



 

 

 

Figure S4. Immunohistochemical staining for CD56 of tumor tissue slides of mice 
treated with PBS, atz/ctx combination therapy (combo) or IgTT-1E. Scale bars are 
shown. 

 

 

  



 

Table S1. Oligonucleotides used in this study  

Name Sequence (5´-3´) 
FwCMV CGCAAATGGGCGGTAGGCGTG 
RvBGH TAGAAGGCACAGTCGAGG 

Oligonucleotides were synthesized by Thermo Scientific.  

  



 

Table S2.  Antibodies used for immunohistochemistry 

 
 

 
 
 
 

Table S3.  Equilibrium and kinetics constants determined from biolayer 

interferometry. 

Antigen Antibody KD (M) ka (M-1s-1) kd (s-1) 

EGFR 
IgTT-1E <1.0E-12 2.77E+05 <1.0E-07 

ctx (IgG) 1.16E-11 6.80E+05 7.90E-06 

PD-L1 
IgTT-1E <1.0E-12 2.46E+05 <1.0E-07 

atz (IgG) <1.0E-12 2.57E+05 <1.0E-07 
 
 
 

Table S4.  Number of CD107a+ cells in NK degranulation assay.  

Conditions Antibodies 
Total No. cells CD3-CD56+  

No. cells 

CD107a+  

No. cells 

Basal 

degranulation 

atz 20,000 1,957 200 

ctx 20,000 2,073 152 

IgTT-1E 20,000 2,195 143 

CHO 

atz 20,000 1,805 158 

ctx 20,000 1,728 133 

IgTT-1E 20,000 1,907 191 

CHO-EGFR 

atz 20,000 1,911 175 

ctx 20,000 1,317 364 

IgTT-1E 20,000 1,524 363 

 
 

Antibody Clone Species Clonality Reference 
number Supplier Dilution 

anti-huCD45 X16/99 mouse monoclonal LCA-L-CE Leica 1:40 

anti-huCD3 LN10 mouse monoclonal CD3-565-L-CE Leica 1:25 

anti-huCD8 4B11 mouse monoclonal CD8-4b11-l-ce-h Leica 1:50 

anti-huCD56 504 mouse monoclonal CD56-504-L-CE Leica 1:80 
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Introducción: 

Los ICIs son efectivos en muchos tipos de cáncer, pero la tasa general de repuesta es baja (20-

30%). La combinación de ICIs con anticuerpos inmunoestimuladores de células T es una 

estrategia que ha demostrado una mejora en la actividad antitumoral en numerosos estudios. 

Sin embargo, el desarrollo clínico de los anticuerpos anti-4-1BB inmunoestimuladores se ha visto 

obstaculizado por el desarrollo de toxicidades significativas, mediadas por la interacción entre 

la región Fc y los receptores FcγR.  En este trabajo hemos generado un anticuerpo triespecífico 

anti-4-1BB/EGFR/PD-L1 para combinar el bloqueo del eje PD-L1/PD-1 con la coestimulación 4-

1BB confinada específicamente al microambiente tumoral, basado en la plataforma IgTT y con 

una región Fc silenciada.  

 Objetivos: 

1. Diseño y generación de vectores de expresión que codifican para los anticuerpos 

triespecíficos IgTT-4E1 e IgTT-4E1-S. 

2. Expresión de los anticuerpos recombinantes en células de mamífero y purificación 

mediante cromatografía de afinidad.  

3. Caracterización estructural y funcional de los anticuerpos purificados. 

4. Evaluación in vitro de la capacidad de bloqueo de la interacción PD-1/PD-L1, de inducir 

co-estimulación a través de la unión a 4-1BB y de generar actividad citotóxica mediada 

por la Fc silenciada.  

5. Estudio de la secreción de IFNγ en un contexto de co-cultivo con células T primarias y 

líneas celulares tumorales EGFR+/PD-L1+. 

Conclusiones: 

1. Los anticuerpos recombinantes IgTT-4E1 e IgTT-4E1-S (con la región Fc silenciada) se 

secretaron eficientemente por células humanas y se purificaron mediante 

cromatografía de afinidad Strep-Tactin, eluyendo como un único pico.  Las fracciones 

presentaban un alto grado de pureza y el tamaño esperado mediante electroforesis en 

geles SDS-PAGE en condiciones reductoras. 

2. Ambos anticuerpos purificados reconocieron específicamente los antígenos diana en 

solución de manera simultánea y en un contexto celular.  

3. El anticuerpo IgTT-4E1-S mostró una actividad ADCC significativamente más baja en 

comparación con el anticuerpo IgTT-4E1.
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4. El anticuerpo IgTT-4E1-S bloqueó eficazmente la interacción PD-1/PD-L1 e indujo una 

potente coestimulación mediada por 4-1BB sólo en co-cultivos con células que 

expresaban EGFR, pero no en co-cultivos con células que expresaban PD-L1.

5. La IgTT-4E1-S potencia la activación y funciones efectoras de células T primarias 

humanas co-cultivadas con células tumorales doble positivas para EGFR y PD-L1. 

Graphical abstract: 
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Abstract: Immune checkpoint blockade has changed the treatment paradigm for advanced solid
tumors, but the overall response rates are still limited. The combination of checkpoint blockade
with anti-4-1BB antibodies to stimulate tumor-infiltrating T cells has shown anti-tumor activity in
human trials. However, the further clinical development of these antibodies has been hampered by
significant off-tumor toxicities. Here, we generated an anti-4-1BB/EGFR/PD-L1 trispecific antibody
consisting of a triple-targeting tandem trimerbody (TT) fused to an engineered silent Fc region.
This antibody (IgTT-4E1-S) was designed to combine the blockade of the PD-L1/PD-1 axis with
conditional 4-1BB costimulation specifically confined to the tumor microenvironment (TME). The
antibody demonstrated simultaneous binding to purified EGFR, PD-L1, and 4-1BB in solution,
effective blockade of the PD-L1/PD1 interaction, and potent 4-1BB-mediated costimulation, but only
in the presence of EGFR-expressing cells. These results demonstrate the feasibility of IgTT-4E1-S
specifically blocking the PD-L1/PD-1 axis and inducing EGFR-conditional 4-1BB agonist activity.

Keywords: cancer immunotherapy; trispecific antibody; epithelial growth factor receptor; immune
checkpoint blockade; 4-1BB costimulation

1. Introduction

One of the most promising strategies for enhancing anti-tumor immune responses is
the blockade of inhibitory immune checkpoints, such as cytotoxic T lymphocyte antigen 4
(CTLA-4), programmed cell death protein 1 (PD-1), or PD-1 ligand (PD-L1) [1]. Immune
checkpoint blockers have transformed cancer treatment for a wide range of tumor types, but
the overall response rates are still limited, as many patients have no response or only a tran-
sient response [2,3]. As of January 2024, seven PD-L1 blockers and eight PD-1 blockers have
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been approved for clinical use in the United States and Europe, with atezolizumab being
the first anti-PD-L1 monoclonal antibody (mAb) on the market (2017) [4]. Another strategy
involves targeting costimulatory pathways, such as 4-1BB, also known as CD137, a member
of the TNF receptor (TNFR) superfamily (TNFRSF9), which is an activation-induced surface
receptor that provides antigen-primed T cells with augmented survival, proliferation and
effector functions, as well as metabolic advantages [5]. Anti-4-1BB agonistic mAbs have
shown considerable potential in promoting tumor rejection in preclinical cancer models [6].
However, the clinical development of full-length anti-4-1BB antibodies has been hampered
by off-tumor toxicity, which is mainly due to Fc-FcγR interactions [6–8]. Therefore, to fully
exploit their therapeutic potential, novel approaches are being developed that generally
aim to confine 4-1BB costimulation to the TME and draining lymph nodes by adding tumor-
specific moieties to generate bispecific 4-1BB agonistic antibodies [8–10]. Tumor-associated
antigens (TAAs), such as epidermal growth factor receptor (EGFR), fibroblast activation
protein (FAP), CD19, B7-H3 (CD276), carcinoembryonic antigen (CEA), and EGFR 2 (HER2)
have been targeted to develop 4-1BB bispecifics [8–15]. Recently, a range of bispecific
constructs targeting 4-1BB-mediated T cell costimulation to PD-L1-overexpressing tumor
cells and simultaneously blocking the PD-1/PD-L1 axis have been generated [16–22] and
are being clinically evaluated.

Here, we generated and characterized a multispecific antibody by fusing a trispecific
4-1BB/EGFR/PD-L1 tandem trimerbody (TT) [23] with the human IgG1 hinge and Fc
regions based on a previously described IgTT platform [24]. We used an engineered
silenced Fc region to inhibit the binding of FcγR but retain the binding of FcRn for IgG-
like pharmacokinetics [25]. The trispecific and hexavalent antibody was designed to
simultaneously modulate two key pathways to enhance anti-tumor immune responses:
PD-L1 blockade and tumor-specific 4-1BB costimulation. Our choice of TAA was the EGFR,
a well-characterized tyrosine kinase receptor whose dysregulation promotes cancer cell
proliferation, inhibits apoptosis, and promotes invasion [26].

2. Materials and Methods

2.1. Cell Lines and Culture Conditions

Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies, Carlsbad, CA, US;
cat# 10313021) supplemented with antibiotics (100 units/mL of penicillin, 100 µg/mL
of streptomycin; both from Life Technologies), 10% (v/v) heat-inactivated fetal bovine
serum (FBS) (Merck Life Science, Darmstadt, Germany; cat# F7524-500 ML), and 2 mmol/L
L-glutamine was used to culture HEK-293 (CRL-1573), NIH/3T3 (CRL-1658), CHO-K1
(CCL-61), and MDA-MB-231 (HTB-26) cells at 37 ◦C in 5% CO2. All these cell lines were
obtained from the American Type Culture Collection. NIH/3T3 cells expressing human
EGFR (3T3EGFR) were kindly provided by Dr. A. Villalobo (Instituto de Investigaciones
Biomédicas “Alberto Sols”, IIBm CSIC-UAM, Madrid, Spain). Expi293F cells (from Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) were cultured in Expi293 expression medium
in a humidified, 8% CO2 incubator rotating at 95 rpm at 37 ◦C. Jurkat T cells (TIB-152) were
cultured in RPMI-1640 (Lonza Bioscience, Basel, Switzerland; cat# 12-702Q) supplemented
with 10% (v/v) heat-inactivated FBS, 2 mmol/L of L-glutamine, and antibiotics. Jurkat T
cells stably expressing human PD-1 and NFAT-induced luciferase (JurkatNFAT-PD-1) and
CHO-K1 cells stably expressing human PD-L1 (PD-L1 aAPC/CHO-K1) were obtained from
Promega (Madison, WI, USA; cat# J1250). Jurkat T cells stably expressing human 4-1BB
and NFAT-induced luciferase (JurkatNFAT-4-1BB) were obtained from Promega (cat# JA2351).
CHO-K1 cells stably expressing human PD-L1 (CHOPD-L1) were obtained from Genlantis
(xCELLerateTM PD-L1 Stable Cell Line, XCL-PDL1), and CHO-K1 cells stably expressing
human EGFR (CHOEGFR) were generated using human EGFR-encoding lentiviral particles
(G&P Biosciences, Santa Clara, CA, US; cat# LTV0169). Jurkat T cells expressing GFP-
tagged 4-1BB (Jurkat4-1BB) were generated by lentiviral transduction using commercial
lentiviral particles (Origene, Rockville, MD, USA; cat# RC200664L4V). The ORF present in
the lentivirus contains 4-1BB sequence followed by mGFP sequence in the C-terminus, a
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P2A cleavage site, and a puromycin resistance gene, all in frame. Briefly, 1 × 104 cells were
incubated with the lentiviral particles (titer of 5.5 × 107 TU/mL) at a MOI (multiplicity
of infection) of 20 for 8 h in retronectin-coated 24-well plates (20 µg/cm2). The cells were
allowed to recover for 48 h and subsequently selected in 2 µg/mL of puromycin. The cells
were maintained in culture in the presence of 1 µg/mL of puromycin. All cell lines were
routinely screened for mycoplasma contamination by PCR using the Mycoplasma Plus TM
Primer Set (Biotools B&M Labs, Madrid, Spain; cat# 90022).

2.2. Construction of the Expression Vectors

To generate the 4-1BB/EGFR/PD-L1 trispecific IgTT Fcwt (IgTT-4E1) expression vector,
the plasmid pCR3.1-FLAG/Strep-α4-1BB-αEGFR-αPD-L1-hFcwt-Myc-His was generated
by cloning the insert OncoM-FLAG/Strep-α4-1BB scFv SAP3.28 [13] flanked by HindIII-
NotI sites (GeneArt AG, Thermo Fischer, Waltham, MA, USA) and the insert αPD-L1 VHH
(Nb6p generated in llama immunized with human PD-L1 ectodomain [27]) flanked by
AfeI-SacII sites (GeneArt AG, Thermo Fischer) into the plasmid from pCR3.1-FLAG/Strep-
αPD-L1-αEGFR-hFcwt-Myc-His encoding the bispefic IgTT-1E [24]. Then, to generate
the 4-1BB/EGFR/PD-L1 trispecific IgTT Fcsilent (IgTT-4E1-S), the insert hFcsilent-Myc-His
flanked by SacII-XbaI sites (GeneArt AG, Thermo Fischer) was subcloned into the plasmid
pCR3.1-FLAG/Strep-α41BB-αEGFR-αPD-L1-hFcwt-Myc-His. Finally, to generate the 4-
1BB/PD-L1/EGFR trispecific IgTT Fcsilent (IgTT-41E-S), the insert αPD-L1 VHH/αEGFR
VHH flanked by XhoI-SacII sites (GeneArt AG, Thermo Fischer) was cloned into the plasmid
pCR3.1-FLAG/Strep-α41BB-αEGFR-αPD-L1-hFcsilent-Myc-His. All the sequences were
verified using the FwCMV and RvBGH oligonucleotide primers (Table S1).

2.3. Expression and Purification of the Recombinant Antibodies

HEK-293 cells (4 × 105 cells/well) were transfected with different vectors (2.5 µg
of DNA/well) using a Lipofectamine 3000 kit (Fisher Scientific, Waltham, MA, USA;
cat# 15292465) and cultured at 37 ◦C. The cells were then selected in complete DMEM
supplemented with 500 µg/mL of G418 to generate stable cell lines. To produce large
amounts of protein, 5.8 × 108 Expi293F cells were transfected with 180 µg of DNA using
the Expifectamine 293 transfection reagent (Life Technologies) in 180 mL of medium and
cultured at 37 ◦C for four days. The conditioned media were collected and processed using
the Strep-Tactin purification system (IBA Lifesciences, Göttingen, Germany) in an ÄKTA
Prime plus system (Life Technologies). The purified antibodies were then dialyzed at 4 ◦C
with PBS pH 7.4 supplemented with 150 mM NaCl, analyzed by sodium dodecyl sulphate
(SDS)–polyacrylamide gel electrophoresis (PAGE) under reducing conditions, and assayed
for endotoxin levels using a limulus amebocyte lysate (LAL) endotoxin quantitation kit
according to the manufacturer’s specifications (Thermo Fisher Scientific, Waltham, MA,
USA; cat# A39552S). The endotoxin levels were <0.25 EU/mL.

2.4. Enzyme-Linked Immunosorbent Assay

To determine the binding activity of the purified or secreted protein, human EGFR-
Fc (hEGFR-Fc, R&D Systems, Minneapolis, MN, USA; cat# 344-ER), human PD-L1-Fc
(hPD-L1-Fc, R&D Systems, cat# 156-B7-100), or human 4-1BB-Fc (h4-1BB-Fc, R&D Systems,
cat# 838-4B-100) chimeras were immobilized (2.5 µg/mL in PBS) on Maxisorp 96-well
plates (NUNC Brand Products, Thermo Fisher Scientific; cat# 44240) overnight at 4 ◦C.
After washing and blocking with PBS–5% BSA, the conditioned medium or the purified
protein solution (1 µg/mL) was added, and the plates were incubated for 1 h at room
temperature. After washing, proteins were detected with HRP-conjugated anti-FLAG mAb
(M2 clone, Sigma-Aldrich, Burlington, MA, USA; cat# A8592) (1 µg/mL) for 45 min at room
temperature. The plates were then developed with 100 µL of 3,3′,5,5′-tetramethylbenzidine
(TMB) (Sigma-Aldrich, cat# T0440), and the reaction was stopped with 100 µL of 1 N H2SO4.
Absorbance was read at 450–620 nm using a Multiskan FC photometer (Thermo Scientific,
Waltham, MA, USA).
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2.5. Western Blotting

Conditioned medium samples containing 0.1% (v/v) FBS were analyzed by 10–20%
tris-glycine SDS-PAGE under reducing conditions and transferred onto nitrocellulose
membranes (Thermo Fisher Scientific, cat# IB23002). They were incubated with mouse
anti-FLAG mAb (clone M2, Sigma-Aldrich, cat# F3165) (1 µg/mL) and probed with HRP-
conjugated goat anti-mouse polyclonal antibody (GAM-HRP) (Sigma-Aldrich, Burlington,
MA, USA; cat# A2554) (1:10,000 dilution). The visualization of protein bands was performed
with Pierce ECL Plus Western Blotting Substrate (Thermo Scientific, cat# 32132) using the
ChemiDoc MP Imaging System and Image Lab software (version 6.0.1, both from BioRad,
Hercules, CA, USA).

2.6. Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) was performed on a Superdex 200 Increase
10/300 GL column (Cytiva) on an ÄKTA go chromatography system (Cytiva). The column
was equilibrated in 0.22 µm filtered PBS. Analytical runs of the antibody were performed
at room temperature at a flow rate of 0.75 mL/min, injecting 20 µg of protein. The column
was calibrated using the Gel Filtration HMW Calibration Kit from Cytiva (cat# 28403842).
Data acquisition and analysis were performed using ASTRA software (version 7.6, Wyatt
Technology, Santa Barbara, CA, USA). The reported molar mass corresponds to the center
of the chromatography peaks.

2.7. Molecular Modeling

The three-dimensional representation of IgTT-4E1 was built by comparative homology
modeling using MODELLER [28]. The model was created by using different templates
for the different domains. The VHH monospecific TT model was generated utilizing as a
template the monospecific anti-CEA TT from a prior study [23]. The Fc region was modeled
based on the human IgG1 B12 structure (pdb:1HZH.H) [29], obtained from the Protein Data
Bank [30] (99% sequence identity, e-value of 1 × 10−169 as calculated by BLAST (version
2.2.24) [31]). The 1HZH structure also guided the dimer modeling. The scFv domain was
modeled using the interleukin 18 receptor antagonist scFv (pdb:6NK9.D) [32] as a template
(83% sequence identity, e-value of 2 × 10−138 as calculated by BLAST). Ultimately, the final
representation was generated by merging the models.

2.8. Biolayer Interferometry

The simultaneous binding of all three cognate antigens by IgTT-4E1 was investigated
using biolayer interferometry (BLI) on an Octet RED96 system (Fortebio, Fremont, CA,
USA). We immobilized 5 g/L of hEGFR-Fc onto AR2G biosensors (Fortebio) at pH 5.0
using amine-reactive coupling. Then, IgTT-4E1 in HEPES-buffered saline (HBS; 20 mM
HEPES, 150 mM NaCl, pH 7.4) at 20 nM was allowed to associate with the hEGFR-Fc-coated
biosensors for 20 min, after which the dissociation of the antibody from the biosensors
was measured for 5 min in HBS buffer only. The biosensors were then moved into HBS
containing 50 nM hPD-L1-Fc for 20 min and subsequently into HBS containing 50 nM
h4-1BB-Fc for 20 min, followed by 5 min of dissociation in HBS.

2.9. Flow Cytometry

The purified antibody IgTT-4E1 or control monospecific mAbs (6.67 nM) were in-
cubated with CHO, CHOEGFR, CHOPD-L1, 3T3, 3T3EGFR, Jurkat, or Jurkat4-1BB T cells
(1 × 105 cells/well) for 30 min on ice. After washing, PE-conjugated F(ab’)2 goat anti-
human (GAH) polyclonal antibody (Jackson ImmunoResearch, West Grove, PA, USA;
cat# 109-116-170) was added and incubated for 30 min. Rituximab (Fritz Hoffmann-La
Roche, Basel, Switzerland), urelumab (MedChemExpress, Monmouth Junction, NJ, USA;
cat# HY-p99055), atezolizumab (Fritz Hoffmann-La Roche), and cetuximab (Merck KGaA,
Darmstadt, Germany) (6.67 nM) were used as monospecific controls. To immunophenotype
MDA-MB-231 cells and peripheral blood mononuclear cells (PBMC), the following mAbs
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were used: PE-conjugated anti-EGFR (Becton Dickinson, Franklin Lakes, NJ, USA; cat#
555997), APC-conjugated anti-PD-L1 (BD, cat# 563741), FITC-conjugated anti-PD-1 (BD,
cat# 557860), PE-conjugated anti-CD137 (BD, cat# 555956), PE-conjugated isotype IgG1
(BD, cat# 554680), APC-conjugated isotype IgG1 (BD, cat# 554681), and FITC-conjugated
isotype IgG1 (ImmunoTools; Friesoythe, Germany; cat# 21275513) and incubated for
30 min. Finally, after washing, DAPI (Sigma Aldrich, cat# D9542) was added, and the
samples were analyzed with a FACSCanto II flow cytometer (Becton Dickinson).

2.10. ADCC Reporter Bioassay

The ADCC reporter bioassay (Promega, cat# G7010) was performed according to the
manufacturer’s instructions. Briefly, 3T3 or 3T3EGFR cells (1.2 × 104/well) were seeded
in 96-well white plates in DMEM-10% FBS and incubated overnight at 37 ◦C. Then, the
medium was removed, and different amounts of rituximab, IgTT-4E1, or IgTT-4E1-S (final
concentrations 66.7; 6.67; 0.667 nM) were added in 40 µL of RPMI-1% FBS/well. Then,
JurkatNFAT-CD16 effector cells (7.5 × 104/well) were added to RPMI-1% FBS (40 µL/well)
and incubated for 6 h at 37 ◦C. Finally, 80 µL/well of BioGlo Reagent (Promega) was added,
and bioluminescence was measured in a Tecan Infinite F200 Fluorescence Microplate Reader
(Life Sciences, St. Petersburg, FL, USA; Tecan).

2.11. PD-1/PD-L1 Blockade Bioassay

The PD-1/PD-L1 Bioassay (Promega, cat# J1250) was used following the manufac-
turer’s instructions. Briefly, PD-L1 aAPC/CHO-K1 cells (2.5 × 104/well) were seeded
in 96-well white plates in DMEM-10% FBS and incubated overnight at 37 ◦C. Then, the
medium was removed, and different amounts of atezolizumab, cetuximab, or IgTT-4E1-
S (final concentrations 66.7; 6.67; 0.667 nM) were added in RPMI-1% FBS (40 µL well).
Then, JurkatNFAT-PD-1 cells (1.25 × 105/well) were added to RPMI-1% FBS (40 µL/well)
and incubated for 6 h at 37 ◦C. Finally, 80 µL/well of BioGlo Reagent was added, and
bioluminescence was measured in a Tecan Infinite F200 Fluorescence Microplate Reader.

2.12. Antigen-Dependent Jurkat 4-1BB Activation Assay

The 4-1BB Bioassay (Promega, cat#. J2332) was used, following the manufacturer´s
instructions. Briefly, CHO, CHOEGFR, or CHOPD-L1 cells (3 × 104/well) were seeded in 96-
well white plates in DMEM-10% FBS and incubated overnight at 37 ◦C. Then, the medium
was removed, and different amounts of urelumab, rituximab, purified IgTT-4E1-S (final
concentrations 66.7; 6.67; 0.667 and 0.0667 nM), or conditioned media containing IgTT-1E,
IgTT-4E1-S, and IgTT-41E-S were added. Then, JurkatNFkB-4-1BB cells (1.25 × 105/well) were
added to RPMI-1% FBS (40 µL/well) and incubated for 6 h at 37 ◦C. Finally, 80 µL/well of
BioGlo Reagent was added, and bioluminescence was measured in a Tecan Infinite F200
Fluorescence Microplate Reader.

2.13. IFNγ Secretion Analysis

Human peripheral blood mononuclear cells (PBMCs) were isolated from healthy
donors by density gradient centrifugation (Lymphoprep, Axis–Shield, Dundee, UK; cat#
AXS-1114544). All donors provided a written informed consent in accordance with the
Declaration of Helsinki. PBMCs were activated overnight with 0.3 µg/mL of anti-CD3
mAb (OKT3; BD, cat#. 566685) and co-cultured with MDA-MB-231 cells (5 × 104/well) at
an effector/target (E/T) ratio of 1:1 (5 × 104 cells/well) and 2:1 (1 × 105 cells/well) in the
presence of 6.67 nM control polyclonal human IgG (Griffols, Barcelona, Spain), urelumab,
atezolizumab, or IgTT-4E1-S for 48 h. The supernatants were collected, and IFNγ levels
were analyzed by ELISA (Bionova, Fremont, CA, USA; cat# 851.560.010) following the
manufacturer’s instructions. The experiment was performed in triplicate.
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2.14. Statistical Analysis

All graphs and statistical analyses were performed using GraphPad Prism 9.0. Most
in vitro experiments were performed in triplicate, and the values are presented as
mean ± SD. Significant differences (p value) were identified using one-way analysis of
variance (ANOVA), adjusted by Dunnett’s test for multiple comparisons, as indicated.
p values are shown in the corresponding figures. Two-way ANOVA was used to ana-
lyze experiments that evaluated the interaction of two variables, such as cell type and
therapy, following multiple comparison testing using either Dunnett’s or Tukey’s test,
as appropriate.

3. Results

3.1. Generation of IgTT-4E1 and IgTT-4E1-S

In this study, we generated a trispecific 4-1BBxEGFRxPD-L1 IgTT by replacing the
N-terminal scFv from IgTT-1E [24] with an anti-4-1BB agonistic scFv [13], and the C-
terminal anti-EGFR VHH with an anti-PD-L1 blocking VHH [27] (IgTT-4E1, Figure 1a). This
antibody was further modified by replacing the parental wild-type IgG1 Fc region with an
engineered Fc region containing P329G L234A/L235A (PGLALA) mutations attenuating
FcγR binding [33] (IgTT-4E1-S, Figure S1a). As shown in Figure 1b,c, the middle VHH
(green) and the C-terminal VHH (blue) were each connected to the trimerization domains
by two linkers, whereas the N-terminal scFv (magenta) had a single linker, providing the
binding domains with variable distances and broad areas of action around the central
Fc region. Both IgTT-4E1 and IgTT-4E1-S antibodies were purified from the conditioned
medium of transfected Expi293 cells by Strep-Tactin affinity chromatography and eluted
as a single and an symmetrical peak with protein yields of approximately 13 mg/L. The
analysis of the purified IgTT-4E1-S by SEC showed a major symmetric peak with an elution
volume corresponding to an experimental molecular mass of 305 kDa, in accordance with
the calculated value for the dimeric species in solution (240 kDa) (Figure S1b). A major
band corresponding to the IgTT-4E1-S monomer was identified by visual inspection of
the reducing SDS-PAGE analysis after SEC (Figure S1c). Both IgTT-4E1 and IgTT-4E1-S
specifically recognized human 4-1BB-Fc (4-1BB), human EGFR-Fc (EGFR), and human
PD-L1 Fc (PD-L1) (Figure S1d).

BLI experiments were used to investigate whether IgTT-4E1 could simultaneously
bind to all three antigens. First, IgTT-4E1 was found to interact with EGFR immobilized
onto biosensors. Then, the IgTT-4E1-loaded biosensors were incubated with PD-L1 and
subsequently with 4-1BB, which resulted in cumulative increases in the signal (Figure 1d).
The signal increases were not observed when the antigens were incubated with EGFR-
coated biosensors not loaded with IgTT-4E1, demonstrating that they in fact represented
complex formation with IgTT-4E1 and not non-specific interactions with EGFR or the
biosensor surface. Complex formation between IgTT-4E1 and all three antigens showed
that IgTT-4E1 is functionally trispecific, demonstrating a lack of steric hindrance between
its three cognate interactions in this experimental context.

The ability to specifically detect antigens in a cellular context was studied by flow cy-
tometry, using urelumab, cetuximab, and atezolizumab as binding controls, and rituximab
as a negative control (Figure 1e). With Jurkat4-1BB cells, a specific displacement in fluo-
rescence intensity was observed with IgTT-4E1 and urelumab compared to untransfected
Jurkat cells. A specific increase in fluorescence intensity was observed upon the addition
of both IgTT-4E1 and cetuximab to EGFR-positive cells (3T3EGFR and CHOEGFR) when
compared to EGFR-negative cells (3T3 and CHO). For CHOPD-L1 cells, a shift is shown
with IgTT-4E1 and atezolizumab, with respect to CHO cells. Moreover, with IgTT-4E1 and
atezolizumab, a shift was observed in both Jurkat and Jurkat4-1BB cells with respect to the
control, due to PD-L1 expression in Jurkat cells.
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Figure 1. Gene construct, molecular model, and binding characteristics of the IgTT-4E1 antibody.
(a) Gene layout of the IgTT-4E1 antibody bearing a signal peptide from oncostatin M (white box),
one anti-4-1BB scFv (magenta boxes), one anti-EGFR VHH (green box), one anti-PD-L1 VHH (blue box),
three collagen-derived trimerization (TIE) domains (yellow boxes) flanked by peptide linkers, and the
Fc-encoding element (gray box). N-terminal FLAG-Strep and C-terminal Myc-His tags (orange boxes)
were appended for purification and immunodetection purposes. (b) Schematic diagram showing
the three-dimensional model of the anti-4-1BB/EGFR/PD-L1 tandem trimerbody (TT). (c) Molecular
diagram of the IgTT-4E1 antibody and its three-dimensional modelizations, in front and top views.
(d) Human EGFR-Fc (EGFR) was immobilized onto four different biosensors; three biosensors were
incubated in 20 nM IgTT-4E1 for 20 min (red trace), while the fourth was kept in HBS as a negative
control (gray trace). Then, 50 nM human PD-L1-Fc (PD-L1) was added to two of the IgTT-4E1-loaded
biosensors (blue trace) and the control biosensor for 20 min. Also, 50 nM human 4-1BB-hFc (4-1BB)
was then added to one PD-L1- and IgTT-4E1-treated biosensor (black trace) and the control biosensor.
The cumulative signal increases on the biosensor receiving IgTT-4E1, PD-L1, and 4-1BB demonstrate
that all three antigens can be bound by the IgTT-4E1 antibody simultaneously. (e) The binding to
human EGFR, PD-L1, and 4-1BB on the cell surface of 3T3, 3T3EGFR, CHO, CHOEGFR, CHOPD-L1,
Jurkat, and Jurkat4-1BB cells by rituximab (rtx), cetuximab (ctx), atezolizumab (atz), urelumab (url),
and IgTT-4E1 at 6.67 nM was measured by FACS. Cells incubated with PE-conjugated GAH antibody
(GAH-PE) are shown as non-filled histogram. The y-axis shows the relative cell number, and the
x-axis represents the intensity of fluorescence expressed on a logarithmic scale.

3.2. Determination of Fc-Mediated Effector Functions

To measure differences in ADCC activity, Jurkat cells constitutively expressing human
FcγRIIIa (CD16) on the cell surface (JurkatNFAT-CD16) and a luciferase reporter driven by
an NFAT response element were co-cultured with 3T3EGFR cells or with 3T3 cells as a
negative control. IgTT-4E1 induced the activation of JurkatNFAT-CD16 cells in co-cultures
with 3T3EGFR cells, as evidenced by a significant increase in luciferase activity (p < 0.0001;
Figure 2a), while the IgTT-4E1-S protein and rituximab (negative control) did not show an
increase in luciferase activity. In the absence of EGFR-mediated interactions (co-cultures



Antibodies 2024, 13, 34 8 of 13

with 3T3 cells), rituximab and both IgTT-4E1 and IgTT-4E1-S showed no induction on
JurkatCD16 cells.

ff
ff
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Figure 2. Effect of IgTT-4E1-S on PD-L1/PD-1 blockade, 4-1BB costimulation, and IFNγ secretion.
(a) ADCC reporter bioassay response to rituximab (rtx), IgTT-4E1, and IgTT-4E1-S, using ADCC
bioassay effector JurkatNFAT-CD16 cells co-cultured with 3T3 or 3T3EGFR target cells at a 6:1 E/T ratio
for 6 h at 37 ◦C. After incubation, Bio-Glo™ Luciferase Assay Reagent was added for luminescence
determination. Data shown represent the mean ± standard deviation of triplicates. Data are presented
as the mean ± SD (n = 3). Significance was determined by two-way ANOVA with Tukey’s multiple
comparison test. (b) PD-L1/PD-1 blockade bioassay assesses the inhibitory activities of IgTT-4E1-S.
Y-axis represents reporter gene fold induction. Cetuximab (ctx) was used as a negative control, and
atezolizumab (atz) as a positive control. Fold induction relative to negative control (ctx)-incubated
cells. Results are expressed as mean ± SD (n = 3). Significance was measured by one-way ANOVA
with Dunnett’s multiple comparison test. (c) Costimulation of JurkatNFkB-4-1BB cells co-cultured
with CHO cells, CHOEGFR, or CHOPD-L1 cells in the presence of 10-fold increasing concentrations
of IgTT-4E1-S, urelumab (url), and rituximab (rtx) antibodies for 6 h at 37 ◦C. After incubation,
luminescence was determined. Data are presented as fold induction relative to the values obtained
from unstimulated JurkatNFkB-4-1BB cells. Representative dose–concentration curves are presented
and expressed as mean ± SD (n = 3). Significance was determined by two-way ANOVA with
Tukey’s multiple comparison test. (d) Flow cytometry analysis of EGFR and PD-L1 expression in
MDA-MB-231 cancer cells. Cells incubated with PE-conjugated and APC-conjugated isotypes are
shown as gray-filled histogram. (e) Flow cytometry analysis of PD-1 and 4-1BB expression in PBMCs
preactivated with anti-CD3 mAb for 24 h. PBMCs incubated with FITC-conjugated and PE-conjugated
isotypes are shown as gray-filled histogram. (f) Anti-CD3 preactivated PBMCs were co-cultured with
MDA-MB231 target cells at effector/target (E/T) ratios of 1:1 and 2:1. Control human polyclonal
IgG (control hIgG), urelumab (url), atezolizumab (atz), and IgTT-4E1-S were added at 6.67 nM. The
IFNγ concentrations in supernatant after 48 h were analyzed and expressed as mean ± SD (n = 3).
Significance was determined by two-way ANOVA with Tukey’s multiple comparison test.
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3.3. Effect of IgTT-4E1-S on PD-1/PD-L1 Blockade

To demonstrate the ability of IgTT-4E1-S to block PD-1/PD-L1 interactions, Jurkat cells
expressing human PD-1 and a luciferase reporter driven by an NFAT response element
(JurkatNFAT-PD-1) were co-cultured with APC/CHO-K1 cells, which express human PD-L1,
and an engineered cell surface protein designed to activate cognate TCRs in an antigen-
independent manner. As shown in Figure 2b, IgTT-4E1-S efficiently blocked PD-1/PD-L1
interactions, leading to a significant induction of luciferase activity in JurkatNFAT-PD-1 cells
(p = 0.0429), similar to that observed with the PD-L1 blocking antibody atezolizumab
(p = 0.0442). In contrast, no PD-1/PD-L1 blocking activity was observed in the presence of
cetuximab.

3.4. Costimulatory Activity of IgTT-4E1-S

The agonist activities of IgTT-4E1-S and urelumab were assessed using Jurkat cells
stably transfected with NFκB-inducible luciferase and 4-1BB (JurkatNFkB-4-1BB), co-cultured
with target cells expressing either EGFR (CHOEGFR) or PD-L1 (CHOPD-L1), and untrans-
fected CHO cells as a negative control. In the absence of EGFR- or PD-L1-mediated
cross-linking at the target cell surface (CHO cells), IgTT-4E1-S showed no induction in
untreated JurkatNFkB-4-1BB cells at all tested concentrations, whereas urelumab showed
an approximately 25-fold induction (EC50 = 0.3115 nM, Figure 2c). In the presence of
EGFR-mediated cross-linking (i.e., using CHOEGFR as target cells), IgTT-4E1-S induced an
NFκB dose-dependent activation with a 15-fold induction (p < 0.0001). Effective costimula-
tion was achieved at concentrations that were an order of magnitude lower than those of
urelumab (EC50 = 0.02635 nM) (Figure 2c). In contrast, in co-cultures with PD-L1-positive
cells (CHOPD-L1), IgTT-4E1-S showed no induction of luciferase at any concentration tested
(Figure 2d). The negative control rituximab showed no activation (Figure 2c,d).

Thus, IgTT-4E1-S demonstrated potent and conditional costimulation that was de-
pendent on EGFR but not on PD-L1 expression. To further investigate this issue, we
generated an additional IgTT silent molecule with the order of the VHH domains reversed
(Figure S1a). This construct (IgTT-41E-S) was also efficiently secreted, and Western blot anal-
ysis under reducing conditions showed a migration pattern consistent with the molecular
weight calculated from their amino acid sequence (Figure S2a). ELISA analysis demon-
strated that IgTT-41E-S specifically recognized 4-1BB, EGFR, and PD-L1 (Figure S2b). In
the presence of PD-L1-expressing cells, IgTT-41E-S also showed no induction of luciferase
in JurkatNFkB-4-1BB cells. However, in the presence of EGFR cells, IgTT-41E-S showed a fold
induction similar to that observed with IgTT-4E1-S (Figure S2c). These results show that
EGFR but not PD-L1 enabled cross-linking-mediated 4-1BB signaling with two different
configurations of the PD-L1- and EGFR-binding VHHs, indicating that the issue did not
arise from steric hindrance of the PD-L1-binding domain.

3.5. IgTT-4E1-S Enhances the Activation of Primary Human T Cells

The triple-negative breast cancer MDA-MB-231 cells expressing both EGFR and PD-L1
(Figure 2d) were co-cultured for 48 h at two different effector/target ratios (1:1 and 2:1) with
anti-CD3-prestimulated PBMCs expressing PD-1 and 4-1BB (Figure 2e). The agonistic anti-
4-1BB mAb (urelumab) and anti-PD-L1 blocking mAb (atezolizumab) had a modest effect
on IFNγ production (Figure 2f). In contrast, the IgTT-4E1-S antibody strongly enhanced
IFNγ secretion levels, which were significantly higher (p < 0.0001) than those observed in
the single-treated co-cultures (Figure 2f).

4. Discussion

The design of multi-specific antibodies against a combination of immunomodulatory
targets is a promising approach to enhance the clinical benefit of conventional checkpoint
blockers. Here, we generated a trispecific IgG-like antibody by fusing an anti-4-1BB x
anti-EGFR x anti-PD-L1 TT with an engineered Fc silent region to abrogate FcγR binding.
This molecule was based on the previously described IgTT platform, which is a fusion of a
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mono- or multispecific TT with an Fc region to generate a hexavalent IgG-like antibody
capable of bivalently recognizing up to three different antigens [24]. The binding domains
of IgTT-4E1 are positioned around the human collagen homodimerization domain, and
BLI studies showed that IgTT-4E1 could bind all three antigens simultaneously in solution.
Furthermore, IgTT-4E1 was able to recognize the antigens in a cellular context. These
results suggest that the binding domains are predominantly sterically unhindered and
available for antigen binding.

Anti-4-1BB agonistic mAbs can be classified as either strong or weak agonists. Here,
we confirmed in a 4-1BB-reporting cell line that urelumab, a strong agonist, could induce
signaling activation without FcγR-mediated cross-linking. The anti-4-1BB antibody used to
generate IgTT-4E1-S is a weak agonist [13], and therefore 4-1BB signaling was only induced
with additional cross-linking. IgTT-4E1-S exhibited conditional 4-1BB agonist activity de-
pendent on the cross-linking with EGFR but not with PD-L1. This finding was independent
of the position of the anti-EGFR and anti-PD-L1 VHH domains in the TT, suggesting that
the agonist activity was not influenced by steric hindrance issues. These results are not
consistent with those published for other anti-4-1BB × anti-PD-L1 antibodies [19–22,34,35],
where conditional 4-1BB agonist activity dependent on PD-L1 cross-linking was reported.
These differences in the ability of IgTT to induce 4-1BB-mediated costimulation may be
related to structural determinants or to the epitopes recognized by the binding domains.
The anti-4-1BB antibody binds to the N-terminal CRD1 domain [36]; anti-EGFR VHH binds
in the cleft formed between domains II and III [37], while the epitope recognized by anti-
PD-L1 VHH has not been characterized. In the IgTT molecule, each TT is trispecific, and the
three binding domains are very close and spatially restricted, which may limit the potential
for the simultaneous recognition of distally located epitopes and epitopes more proximal
to the membrane [38], as might occur with 4-1BB (86 kDa) and PD-L1 (30 kDa) interactions.
This would probably not be a limitation with conventional bispecific antibodies, where
each arm recognizes a different antigen, and the area of influence is significantly greater. In
the context of simultaneous interactions between 4-1BB and EGFR (134 kDa) mediated by
IgTT-4E1-S, available structural data suggest that the epitopes may be in closer proximity
to each other. The ability to block the PD-L1/PD-1 interaction in a CHO cell system was
similar to that obtained with atezolizumab. This was also previously observed with a
dimeric version of the same anti-PD-L1 VHH by using an ELISA-type blocking assay [27].
Simultaneous targeting of PD-L1 and EGFR by bispecific antibodies promotes PD-L1 block-
ade selectively in the TME due to EGFR overexpression in malignant cells, while reducing
potential off-tumor binding to normal PD-L1-expressing cells [35]. In addition, EGFR
overexpression and activation enhances PD-L1 expression by tumor cells [39]. IgTT-4E1-S
enhanced the activation and effector functions of human primary T cells co-cultured with
EGFR+/PD-L1+ cancer cells. However, to determine the ability of IgTT-4E1-S to restrict
4-1BB costimulation to EGFR-expressing tumors while minimizing off-target costimulation,
further studies are required in cancer cell lines expressing different levels of EGFR and
PD-L1, as well as in humanized mouse models carrying patient-derived xenografts. In
addition, IgTT-4E1-S carries a silenced Fc domain to avoid or minimize anti-4–1BB-induced
hepatic damage, which is partly explained by Fc-FcγRs interactions [6–8], but studies in
non-human primates are warranted to further explore its toxicity profile.

In summary, here we described the generation of IgTT-4E1-S, the first IgG-like trispecific
antibody designed to provide EGFR-conditional 4-1BB stimulation to antigen-experienced T
cells while constitutively blocking the PD-1/PD-L1 inhibitory axis. This apparent asymmetry
between conditional 4-1BB agonism and PD-L1 blockade may be relevant when comparing
our antibody to other bispecific antibodies already on the market [17,20,22,35], but further
studies are needed to determine the efficacy and safety of the IgTT-4E1-S antibody.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antib13020034/s1, Figure S1: Gene constructs and structural
characterization of the IgTT-4E1-S antibody; Figure S2: Characterization of the IgTT-41E-S antibody;
Table S1: Oligonucleotides used in this study.
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Figure S1. Gene constructs and structural characterization of IgTT-4E1-S antibody. (a) Gene layout of the 

IgTT-4E1, IgTT-4E1-S and IgTT-41E-S bearing a signal peptide from oncostatin M (white box), one anti-4-

1BB scFv (magenta boxes), one anti-EGFR VHH (green box), one anti-PD-L1 VHH (blue box), three collagen-

derived trimerization (TIE) domains (yellow boxes) flanked by peptide linkers and the Fc encoding element 

(gray boxes). N-terminal FLAG-Strep and C-terminal Myc-His tags (orange boxes) were appended for 

purification and immunodetection purposes. (b) SEC analysis of IgTT-4E1-S molecules in Superdex 200 

Increase 10/300 GL column. Experiments were performed once after calibrating the column using a Gel 

Filtration HMW Calibration Kit from Cytiva. ▽ Corresponds to the elution volumes of the well-defined 

protein standards used for calibrating, from left to right: thyroglobulin (8.73ml), ferritin (9.89 ml), aldolase 

(12.11 ml), conalbumin (13.59 ml) and ovalbumin (14.60 ml). (c) Reducing SDS-PAGE analysis of the central 

fraction of the major peak from SEC experiment. (d) ELISA analysis where both purified protein IgTT-4E1 

and IgTT-4E1-S specifically recognized human 4-1BB-Fc (4-1BB), human EGFR-Fc (EGFR) and human PD-

L1- Fc (PD-L1) followed by anti-FLAG-HRP detection. 

 



 
Figure S2. Characterization of IgTT-41E-S antibody. (a) Conditioned media (0.1% FBS) from negative 

control (vehicle), IgTT-1E, IgTT-4E1-S and IgTT-41E-S were analyzed by Western blot and probed with 

mouse anti-FLAG IgG1, followed by incubation with GAM-HRP. Three proteins were efficiently secreted 

by Expi293 cells and exhibited a migration pattern consistent with the molecular weight calculated from the 

amino acid sequences. (b) ELISA analysis where three purified proteins specifically recognized ELISA 

analysis where both purified protein IgTT-4E1 and IgTT-4E1-S specifically recognized human 4-1BB-Fc (4-

1BB), human EGFR-Fc (EGFR) and human PD-L1- Fc (PD-L1) followed by anti-FLAG-HRP detection. (c) T 

cell co-stimulation of JurkatNFkB-4-1BB cells co-cultured with CHO cells, CHOEGFR or CHOPD-L1 cells in the 

presence of conditioned media of negative control (vehicle), IgTT-1E, IgTT-4E1-S and IgTT-41E-S, and after 

6 hours at 37 °C luminescence determined. Data were presented as fold induction relative to the values 

obtained from unstimulated JurkatNFkB-4-1BB cells. Results are expressed as mean ± SD (n = 3). Significance 

was measured by one-way ANOVA with Dunnett’s multiple comparison test. 

 

 

Table S1. Oligonucleotides used in this study 

Name Sequence (5 -́3 )́ 

FwCMV 

 

CGCAAATGGGCGGTAGGCGTG 

RvBGH 

 

TAGAAGGCACAGTCGAGG 

Oligonucleotides were synthesized by Thermo Scientific. 
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Introducción: 

Numerosas estrategias basadas en los anticuerpos neutralizantes han demostrado eficacia para 

proporcionar protección inmediata contra el virus SARS-CoV-2. Sin embargo, la aparición de 

múltiples variantes del virus provoca evasión inmune y exige el desarrollo de terapias más 

efectivas, ya que las mutaciones en la región RBD evitan el reconocimiento y la neutralización 

mediada por anticuerpos. En este trabajo se ha desarrollado una estrategia dual que combina la 

neutralización del virus y el cross-priming de células dendríticas para inducir estimulación 

inmune y potenciar respuestas específicas de células T citotóxicas.  

Objetivos: 

1. Diseño y generación de vectores de expresión que codifican para los trimerbodies TNT y 

TNTDNGR1. 

2. Expresión de los anticuerpos recombinantes en células de mamífero, purificación y 

caracterización estructural y funcional. 

3. Evaluación in vitro de la capacidad del anticuerpo TNTDNGR1 de dirigir al virus hacia las 

células dendríticas y promover su internalización.  

4. Evaluación in vivo de la capacidad del anticuerpo TNTDNGR1 para proteger contra la 

infección letal del SARS-CoV-2 en ratones transgénicos K18-hACE2. 

Conclusiones: 

1. Los anticuerpos recombinantes TNT y TNTDNGR1 se secretaron eficientemente por 

células humanas y se purificaron mediante cromatografía de afinidad. Las fracciones 

presentaban un alto grado de pureza y el tamaño esperado mediante electroforesis en 

geles SDS-PAGE en condiciones reductoras. 

2. Ambos anticuerpos purificados son funcionales, ya que se unen específicamente a su 

antígeno diana y bloquean la interacción con hACE2, interaccionando simultáneamente 

con tres dominios RBDs de la proteína S gracias a su estructura trimérica. Esto permite 

mejorar la neutralización del SARS-CoV-2.  

3. El anticuerpo TNTDNGR1 moviliza el virus hacia las células dendríticas y promueve su 

internalización. 

4. El anticuerpo TNTDNGR1 demostró una potente actividad in vivo en ratones 

transgénicos K18-hACE2 sometidos a una infección letal por el SARS-CoV-2, potenciando 

respuestas específicas tanto humorales como de células T CD8+. 
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Dendritic Cell-Mediated Cross-Priming by a Bispecific
Neutralizing Antibody Boosts Cytotoxic T Cell Responses
and Protects Mice against SARS-CoV-2

Rodrigo Lázaro-Gorines, Patricia Pérez, Ignacio Heras-Murillo, Irene Adán-Barrientos,
Guillermo Albericio, David Astorgano, Sara Flores, Joanna Luczkowiak, Nuria Labiod,
Seandean L. Harwood, Alejandro Segura-Tudela, Laura Rubio-Pérez, Yudhi Nugraha,
Xiaoran Shang, Yuxing Li, Carlos Alfonso, Kaylin A. Adipietro,
Dinendra L. Abeyawardhane, Rocío Navarro, Marta Compte, Wenbo Yu,
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Administration of neutralizing antibodies (nAbs) has proved to be effective by
providing immediate protection against SARS-CoV-2. However, dual strategies
combining virus neutralization and immune response stimulation to enhance
specific cytotoxic T cell responses, such as dendritic cell (DC) cross-priming,
represent a promising field but have not yet been explored. Here, a broadly
nAb, TNT, are first generated by grafting an anti-RBD biparatopic tandem
nanobody onto a trimerbody scaffold. Cryo-EM data show that the TNT

structure allows simultaneous binding to all six RBD epitopes, demonstrating
a high-avidity neutralizing interaction. Then, by C-terminal fusion of an
anti-DNGR-1 scFv to TNT, the bispecific trimerbody TNTDNGR-1 is generated
to target neutralized virions to type 1 conventional DCs (cDC1s) and promote
T cell cross-priming. Therapeutic administration of TNTDNGR-1, but not TNT,
protects K18-hACE2 mice from a lethal SARS-CoV-2 infection, boosting
virus-specific humoral responses and CD8+ T cell responses. These results
further strengthen the central role of interactions with immune cells in the
virus-neutralizing antibody activity and demonstrate the therapeutic potential
of the Fc-free strategy that can be used advantageously to provide both
immediate and long-term protection against SARS-CoV-2 and other viral
infections.
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1. Introduction

Coronavirus disease 2019 (COVID-19),
caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), has
given rise to one of the worst pandemics
in recent history. As July 2023, the virus
has infected more than 767 million individ-
uals, causing over 6.9 million deaths
(https://covid19.who.int/). Although
multiple effective vaccines preventing
COVID-19 are being widely administered
worldwide,[1–3] the emergence of multiple
SARS-CoV-2 variants causing increased
viral dispersion and immune evasion
requires the continual development of ef-
fective therapeutics against COVID-19.[4–6]

In this context, monoclonal antibodies
(mAb) have shown efficacy in animal
models of SARS-CoV-2 infection[7–9] and
several mAb-based therapeutics received
Emergency Use Authorization.[10–12]

SARS-CoV-2 infection requires the
spike (S) protein receptor-binding domain
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(RBD) docking to the cell surface receptor angiotensin-
converting enzyme 2 (ACE2) for viral entry into host cells,[13–15]

so most SARS-CoV-2-neutralizing antibodies (nAb) block this
interaction by direct binding to the RBD.[16 ,17 ] Accordingly,
viral strains with mutations altering the RBD surface can avoid
antibody recognition and neutralization. A particularly negative
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effect has been attributed to the K417N/T, L452R, T478K, and
E484K/Q mutations, as seen in the B.1.351 (beta), P.1 (gamma),
B.1.617.2 (delta), or B.1.1.529 (omicron) variants of concern
(VOCs). The spread of these VOCs has reduced the efficacy of
vaccines and mAb-based therapeutics,[4,18,19] making it manda-
tory to update them against present and future SARS-CoV-2
variants.

Camelid-derived single-domain antibodies, also known as
VHHs or nanobodies, combine antigen-binding affinities that
are comparable to conventional antibodies with a smaller size
(15 kDa), high stability, and engineering simplicity.[20,21] Their po-
tential for use against SARS-CoV-2 infection has been widely re-
ported both in vitro[22–25] and in vivo.[26–28] Many multimerization
strategies have been used to increase their potency, such as bispe-
cific and biparatopic fusions,[23,29,30] VHH-Fc constructs[22,24] and
N-terminal VHH-based trimerbodies.[31] Some of these multimer-
ized VHHs completely neutralize the infectivity of SARS-CoV-2
and even suppress the emergence of escape mutants.[23,29,31]

Dendritic cells (DCs) are professional antigen-presenting cells
that play a central role in the induction of antigen-specific adap-
tive immune responses during infection.[32] C-type lectin recep-
tors (CLR), such as DEC-205, DCIR-2 and DC-SIGN, have been
increasingly used in preclinical models for in vivo targeting of
antigens to DCs.[33–36] Dendritic cell natural killer lectin group
receptor-1 (DNGR-1), encoded by the gene Clec9a, is a CLR selec-
tively expressed at high levels by mouse CD8𝛼+[37] and CD103+

DCs,[38] and by their human equivalents.[39] In this DC subset,
defined as conventional type 1 DCs (cDC1s), DNGR-1 promotes
cross-priming of cytotoxic CD8+ T cell (CTL) responses by divert-
ing of necrotic cell cargo into a recycling endosomal compart-
ment, preferentially resulting in major histocompatibility com-
plex class I cross-presentation to CTLs.[40,41] Therefore, DNGR-1
may be used as a target to enhance anti-viral CTL responses by
specific-priming of cDC1s with viral components, such as anti-
gens or whole virions.[42]

Here, we report the development of TNT, a SARS-CoV-2-nAb
comprising an anti-RBD biparatopic tandem-nanobody (TN) in-
tegrated in a trimerbody scaffold.[43] It neutralized Wuhan-Hu-
1/B.1 lineage S protein-pseudotyped vesicular stomatitis virus
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(VSV) and live SARS-CoV-2 viruses 10- and 20-fold more effec-
tively, respectively, than the monomeric TN and demonstrated
potent neutralization of the K417N/T, E484K, N501Y, and L452R
antibody-escape mutations found in the beta, gamma, and delta
VOCs. In a second engineering step, the DNGR-1-specific 7H11
single-chain variable fragment (scFv) was C-terminally fused to
TNT to target SARS-CoV-2 neutralized virions to DCs and induce
virus-specific CTL responses. This bispecific TNTDNGR-1 anti-
body selectively targeted viral antigens to DCs expressing DNGR-
1, promoting their receptor-mediated internalization. In a prime-
boost regime coadministration in mice of TNTDNGR-1 and S
protein significantly improved antiviral S-specific responses, en-
hancing the generation of SARS-CoV-2 S-specific CD8+ T cells
and the polarization of the humoral responses towards the pro-
Th1 response IgG2c subclass. Remarkably, intraperitoneal ad-
ministration of TNTDNGR-1, but not of TNT, in SARS-CoV-2
infected K18-hACE2 mice protected all mice from lethal SARS-
CoV-2 challenge. TNTDNGR-1 reduced viral load in the lungs, in-
creased IgG and IgM antibody titers against S protein and other
viral antigens in serum samples and mediated effective SARS-
CoV-2 neutralizing activity. Particularly, TNTDNGR-1 treatment
boosted the generation of S-specific CD8+ T cells in the lungs, in-
dicating an enhancement of T cell-mediated antiviral responses.

2. Results

2.1. Design of a Broadly Neutralizing Biparatopic Trimeric
Antibody Targeting the SARS-CoV-2 S Protein RBD

For the generation of the biparatopic VHH-tandem neutralizing
antibody (TN), we used two well-characterized neutralizing VHHs
(E and V) that recognize two non-overlapping epitopes on the
SARS-CoV-2 Wuhan-Hu-1/B.1 RBD as building blocks,[23] fus-
ing them with a 15-amino acid-long (G4S)3 linker. To improve
TN’s binding to RBD through multivalency (i.e., the avidity effect)
and to increase RBD occupancy within the S protein trimer, TN
was integrated into a trimerbody scaffold by fusing it to a human
collagen XVIII-derived homo-trimerization (TIE) domain[44] gen-
erating a biparatopic VHH-based trimerbody (TNT) (Figure 1A).
TN and TNT were purified from HEK-293 conditioned media,
showing migration patterns in SDS-PAGE under reducing con-
ditions consistent with their theoretical molecular weights (29.6
and 38 kDa, respectively) (Figure S1A, Supporting Information).
In a size exclusion chromatography-multiangle light scattering
(SEC-MALS) analysis TN eluted as a major peak with a molar
mass of 31 kDa and TNT as a single peak with 118 kDa (calculated
masses are 29.6 and 114 kDa, respectively) (Figure S1B, Support-
ing Information). Circular dichroism (CD) spectra (Figure S1C,
Supporting Information) display minima at 217 nm, character-
istic of 𝛽-sheet secondary structure. The cooperative thermal de-
naturation curves, with mid-point temperatures >60 °C (Figure
S1D, Supporting Information), indicate stable three-dimensional
structures in both antibodies.

2.2. TN-Based Antibodies Bind SARS-CoV-2 S Protein RBD with
High Affinity and Efficiently Block the RBD-ACE2 Interaction

Biolayer interferometry (BLI) analysis confirmed the ability of TN
and TNT to bind B.1 RBD and block its interaction with human

ACE2 (hACE2). Treating the biosensor-immobilized B.1 RBD
with any of the two antibodies prevented nearly all (>95%) sub-
sequent binding of hACE2 (Figure 1B). Moreover, TN and TNT

exhibited similar reactivity against B.1.351 (beta), P.1 (gamma),
B.1.617.1 (kappa), and B.1.617.2 (delta) RBDs compared to the
B.1 RBD, as measured by enzyme-linked immunosorbent as-
say (ELISA) (Figure S1E, Supporting Information). BLI analy-
sis confirmed that TN and TNT bind with high affinity to im-
mobilized B.1 RBD (Figure S1F, Supporting Information) and
demonstrated negligible dissociation over one hour of measure-
ment. This precluded a precise determination of their disso-
ciation rate but was indicative of high-affinity sub-nanomolar
dissociation constants (KD). As expected from their respective
monomeric and trimeric natures, TNT association rate constant
was approximately threefold greater than for TN (ka values of ≈16
and ≈6 × 104 M−1 s−1, respectively). A similar study was per-
formed where both TN and TNT bound the beta variant RBD
essentially identically to the B.1 RBD (Figure S1G, Supporting
Information).

2.3. Biparatopic TNT Binds Simultaneously to all Three S Protein
RBDs

The stoichiometry of the interaction between S protein and
TNT was studied by microfluidic diffusional sizing (MDS) anal-
ysis. The hydrodynamic radius (Rh) of TNT (5.06 nm) is con-
sistent with its trimeric form, increasing to 16.6 nm when
mixed with equimolar amount of HexaPro S protein. This in-
dicates that TNT binds to trimeric S protein at a 1:1 stoichiom-
etry (Figure S2A,B, Supporting Information). Cryo-electron mi-
croscopy (cryo-EM) was used to determine the structure of the
HexaPro S protein/TNT complex (Figure S2C–H; see Experimen-
tal Section in the Supporting Information for details). An electron
density map with 3.8 Å resolution was used to build a consis-
tent model of the S protein ectodomain (yellow, blue and green,
Figure 1C). While the isolated S protein exists predominantly in a
closed RBD conformation,[14] the TNT-bound S protein is mainly
in the prefusion state with all three RBDs in the open conforma-
tion (Figure 1C; Figure S3A,B, Supporting Information). The TIE
domain and the linkers of TNT were not observed (likely due to
their flexibility and lack of direct binding to the S protein), but
there were densities in the map that made it possible to model
the six TNT VHHs bound to their RBD epitopes (Figure 1C,D;
Figure S3A,B, Supporting Information). As the length of the 15-
amino acid linker connecting the C-terminus of E VHH and the
N-terminus of V VHH (53 Å in an extended conformation) is com-
patible with this distance between the E and V VHHs binding to
the same RBD (43 Å), but not compatible with those bound to
different RBDs (>90 Å), each tandem VHH must interact with
a single RBD. In concert, the three tandem VHHs of TNT com-
pletely block all of the S protein’s sites of interaction with the
hACE2 receptor. The RBD binding by the E and V VHHs within
the TNT is very similar to that of the monomeric tandem VHHs,
which was previously described (PDB: 7B18),[23] although in the
S protein/TNT model there is a major shift in the position of one
of the RBDs relative to the other two in the complex (Figure S3C,
Supporting Information).
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Figure 1. The TNT trimerbody efficiently blocks RBD-hACE2 interaction by simultaneous binding to the three RBDs of the SARS-CoV-2 S protein causing
broad effective neutralization activity. A) Hypothetical model of the TNT trimerbody displayed in lateral and top views showing VHHs and TIE trimerization
domain disposition. Each monomer was colored differently (blue, red and purple). B) The ability of TN and TNT antibodies to block the interaction of ACE2
with RBD was investigated using BLI. TN (black) or TNT (blue) were associated with immobilized B.1 RBD, after which ACE2 was added. Unblocked
control is also shown (red). C) Side and top views of sharpened cryo-EM map corresponding to the trimeric S protein ectodomain after incubation
with TNT. The map is shown in pale grey and the S protein/TNT modelization is included in the map as cartoon representation. Each protomer of the
S protein (3-up RBD) is colored differently (yellow, blue, and green) and the docked domains, E and V VHHs forming the three-arms of the TNT, bound
simultaneously to the three RBDs are shown in purple and magenta, respectively. D) The alignment of the three RBDs bound to E and V VHHs from our
model illustrates the similar way of interaction between the three arms of TNT and each RBD. E) Neutralization of SARS-CoV-2 S-pseudotyped rVSV-luc.
Twofold serial dilutions of control nAb (SB-40592 or sotrovimab), TN or TNT were incubated with pseudoviruses expressing S protein from different
variants prior to Vero E6 cells infection. Normalized values from three independent experiments ± SEM are plotted. Overall, there was an excellent
correlation between the three neutralization assays (R2 = 0.92).

2.4. Trimerization Enhances SARS-CoV-2 Neutralization by the
TN Antibody and Prevents Escape Caused by Mutations Found in
Most VOCs

The neutralizing activity of TN and TNT was assessed us-
ing replication-deficient G-luciferase VSV pseudotyped with the
SARS-CoV-2 S protein. SB-40592 and sotrovimab biosimilar
were used as control mAbs. SB-40592 neutralized S protein-
pseudotyped particles with half-maximal effective concentration
(EC50) of 37 × 10−12 m for B.1, 47 × 10−12 m for VOC B.1.1.7
(alpha) and 41 × 10−12 m for VOC delta, but was ineffective
against beta, gamma, and kappa strains (Figure 1E). Sotrovimab
EC50 values were between 156 and 335 × 10−12 m for all assayed
strains (Figure 1E). TN neutralized infection strongly in a dose-
dependent manner, with EC50 values of 147 and 182 × 10−12 m for
the B.1 and delta pseudoviruses, respectively; however, its efficacy
was significantly decreased against beta (approximately tenfold),
kappa (approximately eightfold), and gamma (approximately five-

fold) variants (Figure 1E). The trimerization-conveyed avidity of
TNT reduced the EC50 concentration against B.1 pseudovirus to
26 × 10−12 m (approximately sixfold) and it retained this effi-
cacy against all the variants studied. Specifically, TNT was nearly
70- and 30-fold more effective than TN against beta and gamma
VOCs (EC50 of 23 and 24 × 10−12 m, respectively) (Figure 1E).

2.5. Design of a SARS-CoV-2-Neutralizing Trimerbody Targeting
Dendritic Cells

To allow TNT to prime adaptive immune responses in addi-
tion to its short-term virus-neutralizing capacity, we aimed to
deliver the TNT-bound virus to cDC1s, which excel at priming
anti-viral responses. With this purpose, we generated a bispe-
cific trimerbody (TNTDNGR-1) by fusing the anti-DNGR-1 7H11
scFv[37] to the C-terminus of TNT through a flexible 15-amino acid
linker (Figure 2A). SDS-PAGE analysis of purified TNTDNGR-
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Figure 2. The bispecific TNTDNGR-1 trimerbody combines potent and broad SARS-CoV-2 neutralization with specific targeting of viral antigens to
DNGR-1-expressing DCs for boosting systemic S-specific effector CD8+ T cell responses. A) TNTDNGR-1 hypothetic model showing VHH-tandem, TIE
trimerization domain and anti-DNGR-1 7H11 scFv antibody. Each polypeptide chain is represented in one different color (blue, red and purple). B)
Bispecificity of TNTDNGR-1 was investigated using BLI by incubating RBD-coated biosensors first with antibody, and then with DNGR-1. Control RBD-
coated biosensors with TNTDNGR-1 but without DNGR-1 and just with DNGR-1 were also included. C) Neutralization of SARS-CoV-2 S-pseudotyped
rVSV-luc. Twofold serial dilutions of each trimerbody were incubated with SARS-CoV-2 S-pseudotyped rVSV-luc expressing S protein from beta and delta
variants prior to infecting Vero E6 cells. D) B.1, beta and delta SARS-CoV-2 virus neutralization of infection. Five-fold serial dilutions of sotrovimab,
TN, TNT or TNTDNGR-1 were incubated with live viruses prior to infecting Vero E6/TMPRSS2 cells. E) Flow cytometry analysis of Flt3-L BMDCs after
incubation at 4 or 37 °C with TNTDNGR-1 or control TNT and subsequent stained with AF647-RBD staining and antibodies to discriminate DC subsets.
Upper histograms represent actual staining for the different cell subsets at 1 h and 4 °C. Lower data represent geometric mean fluorescence intensity
(gMFI) for the cDC1, cDC2, and pDC subsets at the different conditions. F) Representative pictures of MuTu-DC cells incubated with TNTDNGR-1 or
control TNT and AF647-RBD at 4 °C and then for different times at 37 °C before fixation and visualization using confocal microscopy. G) Immunization
of C57BL/6 mice using a prime-boost scheme with either: (1) PBS; (2) S protein + adjuvants (poly I:C + CpG); (3) S protein + TNT + adjuvants; or (4) S
protein + TNTDNGR-1 + adjuvants. One representative from two independent experiments (n = 3–5 mice/group /experiment) is shown. Spleens were
harvested on day 14 and stained for S-specific CD8+ T cells using specific S protein tetramer, H-2Kb (539-VNFNFNGL-546) (S-Tet). H) Frequency of
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1 revealed a single band consistent with its estimated molec-
ular weight (64.7 kDa) (Figure S4A, Supporting Information)
and SEC-MALS analysis showed one major symmetric peak with
a molar mass of 175 kDa (Figure S4B, Supporting Informa-
tion), close to its theoretical trimeric mass of 194 kDa. BLI stud-
ies proved that TNTDNGR-1 bound to immobilized B.1 RBD
with high affinity (Figure 2B) and could bind soluble DNGR-1
while remaining bound to the immobilized RBD, demonstrat-
ing its ability to bind both antigens simultaneously (Figure 2B).
TNTDNGR-1 bound B.1 RBD in ELISA assays and HEK-293 cells
expressing B.1 S protein as efficiently as TNT (Figure S4C,D, Sup-
porting Information). Furthermore, in accordance with its high-
affinity binding to immobilized RBD protein, TNTDNGR-1 neu-
tralized pseudovirus infection as efficiently as TNT, with EC50
values of 49.2, 36.9, and 42.6 × 10−12 m for B.1, beta and delta
variants, respectively (Figure 2C). Moreover, TN inhibited SARS-
CoV-2 infection of Vero E6/TMPRSS2 cells in a similar way to
sotrovimab for B.1 and delta strains, but its EC50 was 5-fold in-
creased against beta VOC. Comparatively, TNTDNGR-1 and TNT

promoted a higher neutralization effect than monomeric TN and
sotrovimab for all assayed variants (Figure 2D). Both trimerbod-
ies avoid viral escape with EC50 of 0.3 and 0.7 × 10−12 m for B.1
strain, 0.15 and 1 × 10−12 m for VOC beta, and 2.3 and 0.64 ×
10−12 m for VOC delta, respectively (Figure 2D). Comparatively
sotrovimab EC50 values for these strains were 21, 11, and 16 ×
10−9 m, respectively (Figure 2D).

2.6. TNTDNGR-1 Trimerbody Targets RBD to DNGR-1-Expressing
Dendritic Cells Promoting its Internalization

To test the specificity of TNTDNGR-1 we stained B3Z and
B3ZDNGR-1 cells with AF647-conjugated B.1 RBD (AF647-RBD)
preincubated with TNT or TNTDNGR-1 and found that B3ZDNGR-1

cells were labeled by AF647-RBD only in the presence of
TNTDNGR-1 but not the TNT control (Figure S4E, Supporting
Information). To address whether TNTDNGR-1 (as well as neu-
tralized RBD or virions) is internalized by DCs, we incubated
Flt3L bone marrow-derived dendritic cells (BMDCs) with TNT

or TNTDNGR-1 for up to two hours at 4 or 37 °C and then
added AF647-RBD for detecting cell surface-bound trimerbodies.
DNGR1-expressing DCs, mainly cDC1s but also plasmacytoid
(pDCs), were stained with AF647-RBD when DCs were preincu-
bated with TNTDNGR-1, but not with TNT, at 4 °C (Figure 2E;
Figure S4F, Supporting Information). Notably, after 1- or 2-h in-
cubation with TNTDNGR-1 at 37 °C, the AF647-RBD signal was
reduced 4-fold in these subpopulations, suggesting its internal-
ization (Figure 2E, lower graphs). The ability of TNTDNGR-1 to
promote cell internalization of soluble RBD was confirmed in
MuTu-DCs (a mouse DC cell line expressing DNGR-1) by confo-
cal microscopy. Only cell preparations treated with TNTDNGR-1,
but not with TNT, followed by immediate AF647-RBD incubation
showed specific staining and internalization of the TNTDNGR-

1/AF647-RBD complex after 2 h of incubation at 4 or 37 °C
(Figure 2F).

2.7. TNTDNGR-1 Trimerbody Increases S Protein-Specific CD8+

T Cells in Immunocompetent Mice

We investigated whether TNTDNGR-1 could increase the gen-
eration of adaptive immunity by specific targeting of captured
SARS-CoV-2 S protein towards cDC1s. We treated immunocom-
petent C57BL/6 mice in a prime-boost scheme with the follow-
ing stimuli: 1) PBS; 2) S protein + adjuvants (poly I:C + CpG);
3) S protein + TNT + adjuvants; or 4) S protein + TNTDNGR-
1 + adjuvants (Figure 2G). Immunization with S protein, like S
protein + TNT, led to a significant increase in the generation of
systemic S protein-specific effector CD8+ T cells quantified by
S protein-specific tetramer (S-Tet) staining, compared to PBS-
treated control mice (Figure 2H,I; Figure S4G, Supporting In-
formation). Notably, immunization with S protein in the pres-
ence of TNTDNGR-1 resulted in a further increase of the fre-
quency and number of S protein-specific effector CD8+ T cells
(Figure 2H,I; Figure S4G, Supporting Information). Moreover,
ELISA analysis in serum samples reveals that all the S pro-
tein treated mice groups induced potent S protein-specific IgM
and total IgG antibody responses compared to PBS-treated mice
(Figure S4H, Supporting Information). By contrast, RBD-specific
IgM and total IgG antibody responses were only induced in mice
immunized with S protein and with S protein + TNTDNGR-1,
but not in animals immunized with S protein + TNT or PBS-
treated mice (Figure S4I, Supporting Information). Interestingly,
the measurement of S protein-specific IgG1 and IgG2c responses
(Figure S4H, Supporting Information) showed that S protein +
TNTDNGR-1 administration induced lower levels of S protein-
specific IgG1, increasing the ratio of IgG2c to IgG1, suggesting
a fostered Th1-polarized antibody profile response (Figure 2J).
RBD-specific IgG1 and IgG2c responses were only enhanced
compared PBS by the immunization with S protein, but no sig-
nificant differences were found for TNT and TNTDNGR-1 coad-
ministration groups (Figure S4I, Supporting Information).

2.8. TNTDNGR-1 Trimerbody Protects Against a Lethal
SARS-CoV-2 Challenge

To evaluate the capacity of the TNTDNGR-1 trimerbody to pro-
tect against SARS-CoV-2 infection, we performed an in vivo pro-
tection study in K18-hACE2 transgenic mice, which express the
human ACE2, and are therefore susceptible to SARS-CoV-2 in-
fection (Figure 3).[45] K18-hACE2 mice (n = 8/group) were chal-
lenged intranasally (i.n.) with a lethal dose (1 × 105 plaque-
forming units (PFUs)/mouse) of SARS-CoV-2 (isolate MAD6, a
prototypic B.1 strain) and 17 h later were treated by intraperi-
toneal (i.p.) injection of TNT, TNTDNGR-1, sotrovimab or PBS

CD44+ S-Tet+ cells within the T CD8 gate and I) total number of CD44+ S-Tet+ CD8+ T cells are shown. *p < 0.05; **p < 0.01 by one-way ANOVA followed
by Tukey’s multiple comparison test. CD44+ S-Tet+ representative dot plots gated on CD8+ T cells for the different treatment groups are presented in
Figure S4F in the Supporting Information, G,J) The S-specific IgG2c/IgG1 ratio by mean of serum S-specific subclass IgG determination by ELISA at a
1/250 dilution in serum samples obtained on day 14. Raw data for IgG1 and IgG2c, in serum samples diluted 1/250 are presented in Figure S4H in the
Supporting Information. *p < 0.05 by one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 3. Therapeutic application of TNTDNGR-1, but not TNT, protects mice of SARS-CoV-2 lethal infection by reducing viral load in the lungs. A) Efficacy
experiment in K18-hACE2 mice was done using a single antibody (Ab) intraperitoneal (i.p.) administration 17 h after intranasal (i.n.) viral challenge (105

PFUs/mouse). Experimental groups (n = 8 mice/group, 1 experiment) included: uninfected control group (black) and infected groups treated with PBS
(grey), sotrovimab biosimilar (green), TNT (red), and TNTDNGR-1(blue). On day 5 p.c. 4 mice per group were euthanized to obtained serum samples
and lungs (n = 3 in the case of the TNT group). Serum was collected on day 5 and 20 post-challenge (p.c.) for humoral immune response analysis.
Lungs were harvested on day 5 p.c. for viral load determination and on day 20 p.c. for the analysis of S-specific T cell responses. B) Weight change
after B.1 (isolate MAD6) SARS-CoV-2 challenge followed by antibody administration (mean ± SEM) expressed as percentage of initial body weight. C)
Kaplan-Meyer survival representation of the efficacy experiment. D) Viral mRNA levels at day 5 p.c. in the right lung measured for E (envelope) and
RNA-dependent RNA polymerase (RdRP) genes. E) Infective virus in the lungs at day 5 p.c. represented as PFUs/g of lung tissue. All graphs represent
individual values plus mean ± SEM for a single experiment. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple
comparison test.

(as a nontreated infected control). In addition, noninfected and
nontreated mice were used as a control group of healthy ani-
mals (Figure 3A). Mice were monitored for 20 d to determine
body weight loss and survival (Figure 3B,C). All treated animals
lost approximately 5% to 8% of their initial body weight during
the first days postchallenge (p.c.), 10% to 13% in the case of the
control PBS-treated group, but by day 6 p.c. mice treated with
TNTDNGR-1 or sotrovimab began to recover body weight reach-
ing the baseline body weight by day 9 p.c. (Figure 3B) and all
survived (Figure 3C). However, PBS- and TNT-treated mice con-
tinue to lose body weight (Figure 3B) and succumbed or were
euthanized on day 7 p.c. (Figure 3C). Next, to assess the im-
pact of TNTDNGR-1 treatment on the replication of SARS-CoV-
2, four mice per group were sacrificed on day 5 p.c., the lungs
were harvested and processed, and the presence of SARS-CoV-
2 subgenomic E and genomic RdRp RNA (Figure 3D), and in-
fectious virus (Figure 3E) analyzed. Treatment with TNTDNGR-
1 and sotrovimab significantly reduced the subgenomic and ge-
nomic SARS-CoV-2 RNA levels in the lungs compared to PBS-
or TNT-treated mice (Figure 3D). Live infectious virus determina-
tion showed that TNTDNGR-1 induced a more potent reduction
than sotrovimab in virus titers in the lungs, whereas PBS- and
TNT-treated mice show similar titers (Figure 3E).

2.9. TNTDNGR-1 Trimerbody Induces SARS-CoV-2-Specific
Humoral and Cellular Immune Responses

Next, to study whether TNTDNGR-1 could promote SARS-CoV-2-
specific adaptive immunity, we analyzed the humoral and cellular
immune responses induced in K18-hACE2 mice. On day 5 p.c.,
mice treated with TNTDNGR-1 and sotrovimab induced signifi-
cantly higher titers of S-specific IgM (Figure 4A; Figure S5A, Sup-
porting Information) and S-, RBD-, and N-specific IgG antibod-
ies than nontreated or TNT-treated mice (Figure 4B; Figure S5B–
D, Supporting Information). Furthermore, on day 20 p.c., mice
treated with TNTDNGR-1 or sotrovimab both elicited similar
high titers of S-, RBD-, and N-specific IgG antibodies (Figure 4C;
Figure S5E–G, Supporting Information), which were highly in-
creased when compared to the levels induced on day 5 p.c. Treat-
ment with TNTDNGR-1 and sotrovimab led to higher titers of
serum nAb against live SARS-CoV-2 on day 5 p.c, than PBS- or
TNT-treated mice. (Figure 4D; Figure S6A, Supporting Informa-
tion). Consistently and similar to IgG antibody titers at day 20
p.c., neutralizing antibody titers increased highly in TNTDNGR-
1- and sotrovimab-treated mice compared to day 5 p.c. levels
(Figure 4E; Figure S6B, Supporting Information). To assess the
contribution of the administrated antibodies to this neutralizing
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Figure 4. TNTNDGR-1 mediates an effective humoral and cellular immune response against SARS-CoV-2, specifically by providing enhanced S-specific
cytotoxic T CD8+ cell responses in the lungs. A) Anti-S IgM levels in serum 5 d p.c. expressed as absorbance summation. B) Quantification of S-, RBD-,
and N-specific total IgG levels at 5 d p.c. expressed as absorbance summation. C) Quantification of S-, RBD-, and N-specific total IgG levels at 20 d
p.c. expressed as absorbance summation. D,E) SARS-CoV-2 neutralization. Serum neutralization of live SARS-CoV-2 (B.1 strain), expressed as NT50,
at day 5 (D) and 20 (E) p.c. Lungs were harvested on day 20 p.c. and stained for S-specific CD8+ T cells using specific S protein tetramer H-2Kb (539-
VNFNFNGL-546) (S-Tet). F) Frequency of CD44+ S-Tet+ cells within the T CD8 gate. G) Frequency of S-specific T CD4+ (left panel) and T CD8+ cells
(right panel) in the lungs at 20 d p.c. and evaluated by an intracellular cytokine staining assay measuring expression of CD107a, and secretion of IFN-𝛾 ,
TNF-𝛼, and IL-2. All graphs represent individual values plus mean ± SEM (n = 4 mice/group; n = 3 mice in the case of TNT at day 5 p.c.) for a single
experiment. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05 for S-specific CD8+ T cells
analysis (G) was done by Dunn’s multiple comparisons test following Friedman test.

activity, we determined the concentration of TNT, TNTDNGR-
1 and sotrovimab in mice serum at day 5 and 20 p.c., obtain-
ing significant higher levels for sotrovimab (8.26 μg mL−1 and
12.72 ng mL−1, respectively) than for TNTDNGR-1 (38.73 and
0.11 ng mL−1, respectively) and TNT (0.32 ng mL−1 and unde-
termined, respectively) (Figure S6C, Supporting Information).

The study of T cell responses by S-Tet staining in the lungs
obtained on day 20 p.c. showed that TNTDNGR-1 treatment se-
lectively induced a significant local increase of S protein-specific

effector CD8+ T cells compared to non-infected mice (Figure 4F).
Notably, the magnitude of this effect was superior to that pro-
moted by sotrovimab in the same non-infected mice (Figure 4F).
In addition, the presence of S-specific CD4+ and CD8+ T cell
immune responses was further assessed by an intracellular
cytokine staining (ICS) assay in lungs cells obtained on day 20
p.c. and restimulated in vitro with SARS-CoV-2 S peptide pools.
Treatment with TNTDNGR-1 and sotrovimab induced S-specific
CD4+ and CD8+ T cells expressing the cytotoxic marker CD107a
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and/or secreting IFN𝛾 , TNF𝛼, and/or IL-2 cytokines (Figure 4G).
While TNTDNGR-1 and sotrovimab elicited similar levels of
S-specific CD4+ T cells, TNTDNGR-1-treatment specifically
triggered a significantly increased number of S-specific CD8+

T cells compared to non-treated group (Figure 4G). In detail,
TNTDNGR-1 triggered a trend towards a higher amount of
S-specific CD8+ T cells individually secreting IFN𝛾 , TNF𝛼, or
expressing CD107a compared to sotrovimab, but did not show
any differences in the CD4+ T cell subset (Figure S7E, Sup-
porting Information). Together, these results suggest that the
addition of DNGR-1 specificity to the TNT moiety redirects the
virus to cDC1s and favors cross-priming and a boosted adaptive
response against the S protein of SARS-CoV-2.

3. Discussion

To date, most mAb-based therapeutic strategies against SARS-
CoV-2 have focused on virus neutralization and clearance, either
with conventional mAbs or by implementing multispecificity
through Fc fusion or other multimerization strategies.[10,29,46–48]

Furthermore, it has been widely demonstrated in SARS-CoV-2
infection in vivo models that virus-neutralizing antibody activ-
ity depends on Fc-Fc𝛾R interactions.[49–51] Different approaches
of nAbs with Fc-optimized binding to Fc𝛾IIa and Fc𝛾IIIa recep-
tors have been described with superior potency to prevent or treat
COVID-19 disease.[10,52] Nonetheless, the lately emergence of
SARS-CoV-2 strains, showing reduced sensitivity to both vaccine-
elicited and clinically administrated nAbs, or the upcoming emer-
gence of other viruses with pandemic potential demands the de-
velopment of innovative approaches for the effective treatment of
viral infections.

In this study, we evaluated the potential of an Fc-free bis-
pecific antibody, TNTDNGR-1, incorporating an anti-RBD VHH-
tandem (TN) and an anti-DNGR-1 scFv into a trimerbody scaf-
fold, for priming virus-specific CD8+ T cell responses and pro-
tect transgenic K18-hACE2 mice against SARS-CoV-2 infection.
Although vaccine-like approaches targeting specific tumor or vi-
ral antigens to DCs by fusing them to mAbs have been previ-
ously described,[37,53] a strategy that combines immediate virus
neutralization with specific cDC1s targeting, aiming to acceler-
ate and boost adaptive immune responses during infection, has
never been explored.

RBD-targeted VHHs have shown effective in neutralizing
SARS-CoV-2 infection in vitro and in protecting animals from
SARS-CoV-2 challenge,[23,25,27,28,54] making them a valuable al-
ternative for the development of multivalent and multiparatopic
agents (targeting multiple viral epitopes) with improved neu-
tralization efficiency and decreased vulnerability to escape
mutations.[29,55,56] Here, we used the high-affinity biparatopic
VHH-tandem, TN, previously described to potently neutralize
SARS-CoV-2 strain Wuhan-Hu-1 and prevent the emergence of
escape mutants.[23] To maximize its neutralizing efficacy instead
of generating a conventional Ig-like Fc-fusion,[24,26,56] we gener-
ated an anti-RBD hexavalent nAb, TNT, made by fusing TN to
the human collagen XVIII homo-trimerization domain, an effec-
tive scaffold for the generation of trimeric antibodies for clinical
use.[44]

TNT demonstrated a complete, potent blocking of the RBD-
hACE2- interaction and a strong similar binding to beta, gamma,

kappa, and delta variants RBDs. Furthermore, compared to TN,
TNT revealed a significant improvement in neutralization effi-
cacy against all tested VOCs (six- and fivefold for B.1 and delta,
respectively), but especially for those containing E484K/Q mu-
tation, as beta and gamma (70- and 30-fold superior, respec-
tively). Compared to sotrovimab,[10,57] the only formerly clini-
cally used nAb active against all VOCs, TNT shows three- to
tenfold induction in neutralization potency against all studied
VSV-pseudotyped strains and TNTDNGR-1 efficacy was almost
identical to the parental TNT antibody (B.1, 49 vs 26 × 10−12 m;
beta, 36 vs 22 × 10−12 m, and delta, 42 vs 38 × 10−12 m, respec-
tively). Similar results were obtained in live-virus neutralization,
where TNTDNGR-1 and TNT trimerbodies exhibited a more po-
tent neutralization activity than TN and sotrovimab against B.1,
beta and delta VOCs, with 10- to 100-fold and 6- to 50-fold re-
ductions in EC50 values. Together with the structural data for
the S protein:TNT complex, showing an equimolar (1:1) interac-
tion mechanism between TNT and the trimeric S protein, where
both VHHs of each TN arm bind simultaneously to the 3-RBDs,
our functional results demonstrate that TNT scaffold represent
an optimal design for the neutralization of viruses presenting
trimeric proteins for receptor attachment, such as SARS-CoV-
2, influenza, respiratory syncytial virus and human immunod-
eficiency 1 virus.[58–60] Thereby, although TNT, and subsequently
TNTDNGR-1, are not active against the latest emerged VOC (omi-
cron and subsequent emerging linages) because of its VHHs bind-
ing limitations, TNT scaffold provides efficient epitope accessi-
bility for biparatopic VHH-tandem assuring a broad and efficient
neutralization of mutational variants, superior to other previ-
ously described trimeric or multimeric designs.[31,61]

TNTDNGR-1 shows specific binding to mouse BMDC cDC1s
and pDCs, but not to the DNGR-1-negative cDC2 subset in vitro,
mediating RBD delivery and internalization into cDC1 DNGR-
1-positive cells. Remarkably, TNTDNGR-1 contributes to the ac-
tivation of adaptive immunity in vivo by the specific targeting of
captured SARS-CoV-2 S protein towards cDC1s. In a prime-boost
immunization experiment in immunocompetent C57BL/6 mice,
the coadministration of S protein and TNTDNGR-1 resulted in a
significant increase in the frequency and number of S-specific
effector CD8+ T cells and suggest a more Th1-polarized anti-
body profile response, compared to the administration of protein
S alone or coadministered with TNT. Furthermore, our results
emphasize that the neutralizing capacity of an antibody is not
sufficient for effective protection when applied therapeutically,
with interactions with immune system receptors, such as Fc𝛾Rs
or DNGR-1 on DCs or other antigen-presenting cells, being es-
sential for the development of effective immunity and disease
control.[51,52] In this sense, even with exceptional neutralizing ac-
tivity in vitro, the absence of effective interactions with immune
receptors would explain why TNT did not prevent viral spread
in the lungs, elicit virus-specific adaptative immune responses
or prevent the death of mice. The protective effect against lethal
SARS-CoV-2 challenge is rescued for TNTDNGR-1 by targeting
neutralized virions to cDC1, triggering their clearance and pro-
moting adaptive immune responses, specifically CTL activity.

Accordingly, TNTDNGR-1 also reduced virus load in the lungs,
indicating that DNGR-1-targeting provides an effective control of
the infection spread as conventional Fc-containing nAbs.[50–52,62]

TNTDNGR-1 induced an early and efficient S-specific IgM and
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S-, RBD-, and N-specific IgG antibody response, while TNT treat-
ment did not increase endogenous antibody induction over non-
treated animal levels. The superior serum neutralizing activity at
day 5 p.c. for the sotrovimab group, relates with its higher serum
concentration compared to TNTDNGR-1 and TNT (8.26 μg mL−1,
12.72 and 0.32 ng mL−1, respectively), because of the longer half-
life of IgG,[44] and does not indicate a higher level of induction
of endogenous nAbs. By day 20 p.c. the induction of endogenous
nAbs shows a potent effect for both TNTDNGR-1 and sotrovimab
treatment groups.

Finally, TNTDNGR-1 and sotrovimab induced a significant in-
crease in S protein-specific CD4+ and CD8+ T cells in the lungs
at day 20 p.c. But, while both treatments elicited similar levels
of S-specific CD4+ T cells, TNTDNGR-1-treatment specifically
triggered a higher magnitude of S-specific CD8+ T cells, char-
acterized by secretion of IFN𝛾 , TNF𝛼, and IL-2 or CD107a ex-
pression. The TNTDNGR-1 protective effect, via cDC1s targeting
through DNGR-1 receptor, appears superior to that observed with
a conventional neutralizing IgG, previously described to be me-
diated by CCR2+ monocytes, as well as cytotoxic CD8+ T cells
infiltrating the lung.[51] Taken together, in the context of a res-
piratory viral infection, TNTDNGR-1 elicits efficient humoral re-
sponses and suggest an improved effect on local expansion of
virus-specific CD8+ T cells due to its alternative mechanism of
action. In summary, we have generated a bispecific trimeric an-
tibody that, in addition to its potent and broad SARS-CoV-2 neu-
tralization activity, delivers virus antigens or whole virions to
cDC1s in an Fc-independent manner, priming systemic virus-
specific humoral and local CD4+ and CD8+ T cell responses in
vivo. The therapeutical administration of TNTDNGR-1 antibody
in SARS-CoV-2-infected K18-hACE2 mice provided full protec-
tion against SARS-CoV-2 morbidity and mortality, causing re-
duced viral load in the lungs and increased S-specific humoral
and CD4+ and CD8+ T cell immune responses. Therefore, the
strategy provides a bridge between passive immunotherapy with
nAbs and a DC vaccination-like action for the induction of en-
hanced adaptive immunity without the involvement of Fc𝛾Rs.
Our results indicate that TNTDNGR-1is a promising candidate
for the development of improved viral treatments, and readily
adaptable to other SARS-CoV-2 VOCs or other viruses, given the
modular nature of the molecule.

4. Conclusions

In summary, our study addresses a novel strategy based on a
broadly neutralizing bispecific anti-SARS-CoV2 antibody that tar-
gets virions to type 1 conventional DCs (cDC1s) for promoting in
vivo T cell cross-priming. The strategy was shown to be thera-
peutically effective in protecting K18-hACE2 mice from a lethal
viral challenge while enhancing protein S-specific CD8+ T cell
responses.

5. Experimental Section
Cell Lines: HEK-293 (# ACC-305, DSMZ) and 293T (# CRL-3216,

ATCC) cells were obtained from the ATCC and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Lonza) supplemented with 2 mmol
L−1 l-glutamine (Gibco), 10% v/v heat-inactivated fetal bovine serum
(FBS) (Merck Life Science), and antibiotics (100 units mL−1 penicillin,

100 mg mL−1 streptomycin; Life Technologies) referred as to DMEM
complete medium (DCM) As previously described, the parental B3Z
cell line[63] and its derived mouse cell line expressing CLEC9A/DNGR-
1 (B3ZDNGR-1) were cultured in Roswell Park Memorial Institute (RPMI)
medium (Gibco) supplemented with 2 mmol L−1 l-glutamine, 10% v/v
heat-inactivated FBS, antibiotics (100 units mL−1 penicillin, 100 mg mL−1

streptomycin), herein referred as RCM, and 1 mmol L−1 sodium pyruvate
(Gibco), 0.1 mmol L−1 MEM nonessential amino acids (NEAA) (Gibco),
55 pmol L−1 𝛽-mercaptoethanol (Gibco), and. Generation and character-
ization of the B3ZDNGR-1 cell line was previously described.[40,64] BHK-
21/WI-2 (# EH1011, Kerafast) cells, used for recombinant VSV genera-
tion, were grown in DCM. Vero E6 (# 60 476, BCRC) cells used in the
S-pseudotyped neutralization experiments were grown in DCM supple-
mented with 0.1 mmol L−1 NEAA and 12.5 units mL−1 Nystatin (penicillin-
streptomycin-nystatin) (Biological Industries). Vero E6 cells expressing
the transmembrane serine protease TMPRSS2 (VeroE6/TMPRSS2) used
in the live SARS-CoV-2 neutralization experiments were maintained in
DCM, supplemented with 10 mM HEPES (Gibco), 100 mg mL−1 ge-
neticin (G 418 disulfate salt, Sigma-Aldrich) and 0.1 mmol L−1 NEAA.
Mouse BMDCs were obtained by using Flt3-Ligand (Flt3-L BMDCs) as
previously described[37] with slight modifications. Briefly, femur and tibia
from C57BL/6J mice were collected, bone marrow was flushed, red blood
cells were lysed and cells were cultured in RCM 1000 units mL−1 peni-
cillin, 100 μg mL−1 streptomycin (both from Sigma-Aldrich), 0.1 mmol L−1

NEAA, 1 mmol L−1 sodium pyruvate, 2 mmol L−1 l-glutamine, 10 mmol
L−1 HEPES (all from HyClone), and 50 μmol L−1 𝛽-mercaptoethanol
(Merck), herein called R10, plus 200 ng mL−1 human Flt3-L (Miltenyi).
Media was refreshed on day 7 and cells were harvested on day 9. Mutu-
DC cells (kindly provided by Hans Acha-Orbea, Laussane, Switzerland)[65]

were cultured in R10 and passaged when confluent using 5 mmol L−1

EDTA. All adherent cell lines were cultured at 37 °C in 5% v/v CO2 at
95% air in a humidified atmosphere. FreeStyle 293F and Expi293F (both
from Gibco;) cells were respectively cultured in FreeStyle 293 and Expi293
Expression Medium at 37 °C in a humidified 8% CO2 incubator rotating
at 95 rpm. All cell lines were used within three months of thawing and
checked for Mycoplasma by PCR every month using the Mycoplasma Gel
Detection Kit (Biotools B&M Labs).

SARS-CoV-2 Viruses: Several SARS-CoV-2 viruses were used in the
live SARS-CoV-2 neutralization assays. SARS-CoV-2 MAD6 isolate, a pro-
totypic strain B.1 containing the D614G mutation in the S protein, is
a virus collected from a nasopharyngeal swab from a 69-year-old male
COVID-19 patient from Hospital 12 de Octubre in Madrid, Spain.[66]

The VOCs B.1.351 (beta; hCoV-19/France/PDL-IPP01065/2021, clade
10H/501Y.V2) and B.1.617 (delta; SARS-CoV-2, Human, 2021, Germany
ex India, 20A/452R) were supplied through the European Virus Archive
Global (EVAg) platform, by the National Reference Centre for Respiratory
Viruses hosted by Institut Pasteur (Paris, France) and the Robert Koch In-
stitute (German Federal Institute for Infectious and Non-Communicable
Diseases, Berlin, Germany), respectively. All SARS-CoV-2 virus stocks were
grown on Vero E6 cells and virus infectivity titers were determined by stan-
dard plaque or median tissue culture infectious dose (TCID50) assays as
previously described.[67]

Mouse Strains: C57BL/6 mice (Charles River Laboratories) were bred
at CNIC under specific pathogen-free conditions. Age-matched female
6- to 8-week-old mice were used and randomized before treatment. Im-
munogenicity experiments in C57BL/6 mice were approved by the animal
ethics committee at CNIC and by the Division of Animal Protection of the
Comunidad de Madrid (PROEX 240/16). Transgenic K18-hACE2 mice (The
Jackson Laboratory), expressing hACE2 under control of the cytokeratin 18
promoter on the C57BL/6 background, were used in the protective efficacy
studies. 9-week-old female K18-hACE2 mice were used and randomized
between treatment groups after SARS-CoV-2 challenge. Protective efficacy
experiments with K18-hACE2 mice were performed in the biosafety level
3 (BSL-3) facilities at the Centro de Investigación en Sanidad Animal
(CISA)-Instituto Nacional de Investigaciones Agrarias (INIA)-CSIC (Valde-
olmos, Madrid, Spain). Efficacy experiments were approved by the animal
ethics committee at INIA and by the Division of Animal Protection of the
Comunidad de Madrid (PROEX 161.5/20). All animal procedures were
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conformed to Spanish law under the Royal Decree (RD 53/2013) and
in accordance with EU Directive 2010/63EU and Recommendation
2007/526/EC.

Production and Purification of the SARS-CoV-2 S and RBD Proteins: The
SARS-CoV-2 HexaPro S protein cDNA,[68] corresponding to Wuhan-Hu-
1 strain, was codon-optimized and synthesized (GenScript). The gene
was cloned into mammalian expression vector pcDNA3.1(−) carrying a C-
terminal Twin-Strep tag. Four days following the transfection in FreeStyle
293F cells with 293fectin transfection reagent (Life Technologies), the cul-
ture supernatants were collected and purified with Strep-Tactin affinity
chromatography resin (IBA LifeSciences) followed by SEC using a Super-
ose 6 Increase 10/300 GL column (Cytiva). Concentrated purified fractions
were analyzed by 0.1% w/v sodium dodecyl sulfate (SDS)−4–20% w/v
polyacrylamide gel electrophoresis (PAGE). Proper protein folding and
conformation was certified by antibody recognition in ELISA using anti-
RBD (# A2286, Biovision), anti-N-terminal domain (NTD) (# A2269, Bio-
vision) and anti-S2 (# 40590-D001, SinoBiological) mAbs.

The SARS-CoV-2 Wuhan-Hu-1/B.1 strain S protein RBD, defined as
amino acids R328-L533, was expressed in pcDNA3.1(+) with an N-
terminal mu-phosphatase signal peptide and a C-terminal octa-histidine
tag (BEI Resources NR-52422).[14] The RBD was produced using Expi293F
transfection, supernatant was harvested after 3 d, and protein was purified
using a 10 mL bed volume of Talon Superflow Metal Affinity Cobalt Resin
(Takara Bio). Purified protein was filtered and concentrated into buffer con-
taining 20 × 10−3 m Tris, 300 × 10−3 m NaCl, and 200 × 10−3 m imidazole,
pH 8.0. SDS-PAGE was run to check purity and a modified competition
ELISA as control for binding to hACE2 (Acro BioSystems).

Generation of Antibody Expression Vectors: DNA fragments encoding
for E, V, and TN (EV-tandem) nanobodies were synthesized by Gen-
eArt (Thermo Fisher Scientific) including them within the following vec-
tors: pcDNA3.1(+)-E VHH-Myc-His, pcDNA3.1(+)-V VHH-Flag-His and
pcDNA3.1(+)-TN-StrepTagII (Key Resources Table). All constructs in-
cluded an in frame fused wild type N-terminal interleukin-2 (IL-2) signal
peptide for effective protein secretion to the medium. The expression vec-
tor for the TNT trimerbody was generated by subcloning L23-TIE cDNA
fragment from vector pCR3.1 (+)-MFE23scFv-L23-TIE-Myc-His (previ-
ously described[43]) into pCR3.1-TN-StrepTagII by mean of NotI/BamHI
restriction enzymes. To generate the TNTDNGR-1 construct, the cDNA
for L15-7H11scFv-StrepTagII fragment (GeneArt) was subcloned using
BglII/XbaI cloning sites into the TNT trimerbody parental vector resulting
in pcDNA3.1(+)-TN-L23-TIE-L15-7H11-StrepTagII. All the sequences were
verified using primers FwCMV and RvBGH (Key Resources Table).

Production and Purification of Recombinant Engineered Antibodies: The
generation of HEK-293 stable transfectants was done in DCM by selec-
tion with 500 mg mL−1 G418 (Life Technologies) after Lipofectamine
3000 (Invitrogen) transfection. Large-scale protein production was done
by collecting periodically the media of stable transfectants. TN, TNT, and
TNTDNGR-1 were purified from conditioned culture media by Strep-Tactin
affinity chromatography in an AKTA Prime Plus FPLC System (Amersham
Biosciences). Finally, the elution fractions corresponding to purified anti-
bodies were dialyzed against PBS. Protein concentration calculation was
carried out by UV-absorbance measurements on an Uvikon 930 spec-
trophotometer (Kontron Instruments). Purified antibodies were analyzed
by 0.1% w/v SDS-15% w/v PAGE in reducing conditions followed by
Coomassie brilliant blue R-250 (BioRad Laboratories) staining, for optimal
band visualization. Gel image acquisition was performed with a ChemiDoc
MP Imaging System (BioRad Laboratories).

ELISA Assays: The ability of TN based constructs to bind pu-
rified SARS-CoV-2 RBD was analyzed by ELISA. Briefly, Nunc Max-
iSorp flat-bottom 96-well plates (Thermo Fischer Scientific) were coated
(0.2 μg/well) with recombinant B.1 RBD. After washing and blocking with
300 μL PBS-BSA, 100 μL of conditioned media from transfected HEK-293
cells were added to the wells and incubated for 1 h at room tempera-
ture. After three washes, 100 μL of the corresponding anti-Strep mAb (#
2-1507-001, IBA Lifesciences) were added for 1 h at room temperature.
Finally, HRP-conjugated GAM IgG (# 115-035-003, Jackson ImmunoRe-
search Labs) was added, after which the plate was washed again and de-
veloped. Purified TN and TNT (50, 10, and 1 × 10−9 m) ability to bind

different strain RBDs was performed in the same way. RBD interaction
with biotinylated hACE2 (# Q9BYF1-1, AcroBiosystems) was used as con-
trol by adding 100 μL at 0.1 μg mL−1 for 1 h, followed by HRP-conjugated
streptavidin (# 554 066, BD Biosciences) in the same conditions. All op-
tical density measurements were done using a Multiskan FC apparatus
(Thermo Scientific Scientific).

Biolayer Interferometry: The binding of TN and TNT to immobilized
B.1 or B.1.351 (beta) RBDs was measured using biolayer interferometry
(BLI) on an Octet RED96 system (Fortebio). The RBD was immobilized
onto AR2G biosensors (Fortebio) at pH 5.0 using a standard amine re-
active coupling protocol (activation with EDC/s-NHS and quenching with
ethanolamine). The antibodies in HEPES-buffered saline (HBS; 20 × 10−3

m HEPES, 150 × 10−3 m NaCl, pH 7.4) at 50 and 10 × 10−9 m were asso-
ciated with the RBD for 30 min, after which the dissociation of antibody
from the biosensor was measured for 1 h, to determine their binding ki-
netics. The experimental data was then fitted to a 1:1 binding model using
the Octet Data Analysis software (Fortebio). To determine the blocking of
ACE2’s RBD binding, 150 × 10−9 m of TN monomer or 50 × 10−9 m of
TNT were associated with immobilized B.1 RBD for 10 min, after which
100 × 10−9 m of soluble hACE2 (Acro Biosystems) was added and asso-
ciated with RBD for 30 min. To investigate bispecific interactions between
the TNTDNGR-1, immobilized RBD and DNGR-1 in solution, RBD-coated
biosensors were first prepared as described above. Then, 50 × 10−9 m
of the TNTDNGR-1 in HBS was then incubated with the biosensors for
30 min, followed by 5 min of dissociation in HBS. The biosensors were
then moved into 50 × 10−9 m of mouse DNGR-1 Fc chimera in HBS and
incubated for 30 min, followed by 5 min of dissociation.

SEC-MALS Experiments: Static light scattering experiments were per-
formed on a Superdex 200 Increase 10/300 GL column (Cytiva) attached
in-line to a DAWN EOS light scattering photometer and an Optilab rEX dif-
ferential refractive index detector (both from Wyatt Technology). The chro-
matography was run at room temperature and the scattering detector was
thermostated at 23 °C. The column was equilibrated with running buffer
(PBS pH 7.4 plus 150 × 10−3 m NaCl, 0.1 μm filtered) and the SEC-MALS
system was calibrated with a sample of BSA at 2 mg mL−1 in the same
buffer. ≈150 μL of the solutions at 0.5 mg mL−1 were injected into the col-
umn at a flow rate of 0.5 mL min−1. Data acquisition and analysis were
performed using ASTRA software (Wyatt Technology). The reported molar
masses correspond to the center of the chromatography peaks. Based on
numerous measurements on BSA samples under similar conditions it was
estimated that the experimental error in the molar mass is around 5%.

Circular Dichroism: Circular dichroism (CD) measurements were per-
formed with a Jasco J-715 spectropolarimeter (JASCO). The spectra were
recorded on protein samples at 0.02 mg mL−1 in PBS pH 7.4 plus 150 ×
10−3 m NaCl using a 0.2 cm path length quartz cuvette at 25 °C. Thermal
denaturation curves from 10 to 95 °C were recorded on the same protein
samples and cuvette by increasing temperature at a rate of 1 °C min−1 and
measuring the change in ellipticity at 218 nm.

Microfluidic Diffusional Sizing: The change in hydrodynamic radius
(Rh) of TNT trimerbody and its subsequent complex with SARS-CoV-2 S
protein was measured by microfluidic diffusional sizing (MDS).[69] Then,
Rh values of fluorescently labeled species in their native state in solution
are included into a plot of the hydrodynamic radii of a range of native and
denatured standard proteins obtained using dynamic light scattering and
pulsed field gradient nuclear magnetic resonance.[70] TNT (1 × 10−6 m)
was labelled with Fluidiphore rapid amine 503 through amine coupling.
The sample was incubated at 4 °C overnight and the size of the conjugated
protein was determined through measuring the hydrodynamic radius, Rh,
using the Fluidity One-W platform. To determine the Rh upon complex for-
mation, the unlabeled HexaPro S protein (1 × 10−6 m) was incubated 1:1
with labeled TNT for 5 min. The change in Rh was monitored by Fluidity
One-W instrument.

Cryo-EM: A sample of 0.5 mg mL−1 HexaPro S protein was prepared
in the protein production core (C1) of the Center for Biomolecular
Therapeutics (Rockville, Maryland, USA), as previously described.[71] It
was mixed in 1:1 molar ratio with TNT trimerbody and vitrified on cryo-EM
grids using standard protocols with an FEI Vitrobot Mark IV. Images were
collected on an FEI 200 kV Glacios electron microscope equipped with a
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Gatan K3 direct electron detector and processed in cryoSPARC (data col-
lection statistics are shown in Figure S5F in the Supporting Information).
Particles were selected using blob picking and these were used to produce
an ab initio model that was quickly refined and used to generate particle
templates for repicking and 2D classification/ filtering. Multiple cycles of
3D refinement in cryoSPARC[72] resulted in electron density maps at 3.80 Å
resolution as determined from gold-standard Fourier shell correlation (GS-
FSC) curves. This model was in excellent agreement with overall structure
of the S protein; however, density regions corresponding to bound TNT

elements were difficult to resolve likely due to heterogeneity and dynamic
nature of the protein complex. To improve the quality and interpretability
of the electron density, particle stacks were exported into Relion[73] and
subjected to 3D refinement with imposed C3 symmetry followed by 3D
classification without any symmetry to allow determination of subconfor-
mations not compliant with C3 symmetry. This produced 3 distinct sub-
conformations that were subjected to a single final round of non-uniform
refinement in cryoSPARC and local map sharpening in PHENIX.[73]

Cryo-EM Model Building and Refinement: Model building on the map
resulting after the incubation of TNT with the HexaPro S protein was
done in Coot 0.9.6.[74] The coordinates corresponding to PDB 7B18[23]

were used as a starting model, placed into it after performing a molecular
replacement step and posterior refinement in PHENIX,[75] that included
rigid body, simulated annealing and morphing. The model was manually
fitted into the density sharpened map and several runs of refinement done
in PHENIX until a final reliable model were obtained. Figures were gener-
ated using ChimeraX.[76]

Flow Cytometry Studies: The ability of both TN-based trimerbodies to
bind SARS-CoV-2 B.1 S protein on cell surface was studied by flow cytom-
etry. HEK-293 or HEK-293S cells were incubated with supernatants or pu-
rified trimerbodies (1 μg mL−1) followed by anti-Strep mAb and PE-GAM
IgG antibody (# 115-116-071, Jackson ImmunoResearch Labs) for 30 min
at 4 °C, each of them. Between incubations and after the final one, the
cells were sedimented by centrifugation (1200 g, 4 °C, 5 min) and washed
with PBS supplemented with 0.05% v/v FBS (PBS-FBS) for three times. As
a control, both cell types were incubated with rabbit anti-SARS-CoV-2 IgG
SB-40592 (# 40592-R001, Sino Biological) followed by AF488-conjugated
donkey anti-rabbit IgG (# 711-545-152, Jackson ImmunoResearch Labs).
The binding of TNTDNGR-1 to cell surface mouse CLEC9A/DNGR-1 was
assayed using parental B3Z and transfected B3ZDNGR-1 cell lines follow-
ing the same protocol and staining as explained above for S protein
labelling. The PE-conjugated rat anti-human Clec9A (CD370) antibody
(clone 3A4/Clec9A) (# 563 488, BD Biosciences) was used as control. Fur-
thermore, the capacity of TNTDNGR-1 for targeting soluble RBD specifi-
cally to B3ZDNGR-1 cells was analyzed by preincubating AF647-conjugated
RBD (1 μg mL−1) with TNTDNGR-1 or TNT (1 μg mL−1) for 30 min at
room temperature. Then, the mixtures were added to the cells and fol-
lowed by incubation of 30 min at 4 °C. All the samples were processed
on a FACScan apparatus (BD Biosciences) while data analysis was done
using the FlowJo Software (BD Biosciences). For labeling and endocyto-
sis studies in BMDCs, cells were incubated with culture media containing
TNT or TNTDNGR-1 (1× supernatant and 10×, respectively) for 30 min
at 4 °C. Cells were then washed and kept for different times at 37 °C or
4 °C before being incubated with AF647-conjugated RBD (1 μg mL−1) for
1 h at 4 °C and further stained with antibodies to distinguish the main DC
subpopulations: type 1 DCs (cDC1s, CD11c+B220−XCR1+), type 2 DCs
(cDC2s, CD11c+B220−SIRPa+), and pDCs (CD11c+B220+). Stained cells
were analyzed on BD FACSCanto flow cytometer (BD Biosciences).

Confocal Microscopy: MuTuDC cells were incubated with culture me-
dia containing TNT or TNTDNGR-1 (1× supernatant and 10×, respec-
tively) for 30 min at 4 °C, washed and stained with AF647-conjugated RBD
(1 μg mL−1) for 1 h at 4 °C. Cells were then thoroughly washed and incu-
bated in complete media for different times at 4 or 37 °C. Then, stained
cells were resuspended in PBS, plated in Cell-Tak (Corning) coated cover-
slips, fixed using 4% paraformaldehyde (PFA) and mounted for visualiza-
tion in a Zeiss LSM 700 confocal microscope.

Production of SARS-CoV-2 S-Pseudotyped VSV Particles: Vesicular
stomatitis virus-G (VSV-G) pseudotyped rVSV-luc recombinant viruses
were produced according to previously published protocol by cotrans-

fection of BHK-21 cells (BHK-21/WI-2, Kerafast) with expression vector
coding for VSV-G and rVSVΔG-luciferase vector (G*ΔG-luciferase; Ker-
afast) that contains firefly luciferase instead of the VSV-G open reading
frame.[77] Briefly, BHK-21 cells were transfected using Lipofectamine 3000
protocol to express the SARS-CoV-2 S protein and after 24 hours, the
transfected cells were inoculated with a replication-deficient VSV-G-rVSV-
luc pseudotype (multiplicity of infection (MOI) of 3). Following 1 h in-
cubation at 37 °C, the inoculum was removed, cells were washed exten-
sively with PBS and fresh DCM was added. SARS-CoV-2 S-pseudotyped
rVSV-luc particles were harvested 20 h postinoculation, clarified from
cellular debris by centrifugation and stored at −80 °C. Infectious titers
were estimated as TCID50 mL−1 by limiting dilution of the SARS-CoV-
2 S rVSV-luc-containing supernatants on Vero E6 cells. Luciferase ac-
tivity was determined by Steady-Glo Luciferase Assay System in a Glo-
Max Navigator Microplate Luminometer (both from Promega). The SARS-
CoV-2-pseudotyped rVSV-luc variants used were SARS-CoV-2 S protein
B.1, alpha, beta, gamma, delta, and kappa. The SARS-CoV-2 S protein
mutant D614G (B.1) was generated by site-directed mutagenesis using
as an input DNA the expression vector encoding SARS-CoV-2 S 614D
by Q5 Site Directed Mutagenesis Kit (New England Biolabs) follow-
ing the manufacturer’s instructions. SARS-CoV-2 alpha (B.1.1.7; GISAID:
EPI_ISL_608 430), beta (B.1.351; GISAID: EPI_ISL_712 096), gamma (P.1;
GISAID: EPI_ISL_833 140), delta (B.1.617.2; GISAID: EPI_ISL_1 970 335),
and kappa (B.1.617.1; GISAID: EPI_ISL_1 970 331) were optimized, syn-
thesized and cloned into pcDNA3.1 (GeneArt).

SARS-CoV-2 S Protein-Pseudotyped VSV Neutralization Assay: TN and
TNT neutralization activity were examined in triplicates at concentra-
tions in the range 0.64 × 10−12 m – 10 × 10−9 m using a SARS-CoV-2-
pseudotyped rVSV-luc system. As controls, the SB-40592 anti-RBD neu-
tralizing mAb and sotrovimab biosimilar (anti-S glycoprotein mAb) were
used in the range 0.88 × 10−12 m – 13.86 × 10−9 m. For neutralization ex-
periments, viruses-containing transfection supernatants were normalized
for infectivity to a MOI of 0.5-1 and incubated with the antibodies at 37 °C
for 1 hour in 96-well plates. After the incubation time, 2 × 104 Vero E6 cells
were seeded onto the virus-antibody mixture and incubated at 37 °C for 24
h. Cells were then lysed and assayed for luciferase expression. Half maxi-
mal effective concentration (EC50) and 95% confidence intervals (95% CI)
were calculated using a nonlinear regression model fit with settings for
log agonist versus normalized response curve using GraphPad Prism v8
Software.

Live SARS-CoV-2 Neutralization Assay: The neutralization activity of
TN-based trimerbodies was also measured by a microneutralization test
assay by using live SARS-CoV-2 virus, as previously described.[67] Serially
five-fold diluted antibodies (in the range 0.3 × 10−12 m – 5 × 10−9 m) in
DMEM-2% v/v FBS medium were incubated at a 1:1 ratio with 200 TCID50
of live SARS-CoV-2 B.1 (MAD6 isolate, containing the D614G mutation),
B.1.351 (beta) and B.1.617.2 (delta) VOCs in U-bottom 96-well tissue cul-
ture plates for 1 h at 37 °C. Then, mixtures of antibodies and live SARS-
CoV-2 virus were added in triplicates to Vero E6/TMPRSS2 cell monolayers
seeded in 96-well plates at 2 × 104 cells/well, and plates were incubated
at 37 °C, in a 5% CO2 incubator for 3 d. Then, cells were fixed with 10%
formaldehyde for 1 h and stained with crystal violet. When plates were
dried, crystal violet was diluted in H2O-10% w/v SDS and optical den-
sity was measured in a luminometer at 570 nm. Fifty percent neutraliza-
tion titer (NT50) and 95% CI were calculated using a nonlinear regression
model fit with settings for log agonist versus normalized response curve
using GraphPad Prism v8 Software.

Immunization of Immunocompetent C57BL/6 Mice: Trimerbodies in
combination with SARS-CoV-2 S protein super stable trimer (Acro Biosys-
tems) were injected subcutaneously (s.c.) into both hind paws of C57BL/6
mice. The immunization followed a prime-boost scheme 7 days apart.
Mice (n = 5/group, but PBS n = 3/group) were primed either with (1)
PBS as control; (2) 2 μg of S protein alone; (3) 3 μg of TNT + 2 μg of S pro-
tein; or (4) 3 μg of TNTDNGR-1 + 2 μg of S protein. For the boost, mice
were injected s.c. respectively with (1) PBS as control; (2) 1 μg of S protein
alone; (3) 1.5 μg of TNT + 1 μg of S protein; or (4) 1.5 μg of TNTDNGR-1
+ 1 μg of S protein. These amounts were divided equally between the two
hind paws. All conditions except PBS included 5 μg CpG ODN 1826 and
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5 μg Poly (I:C) LMW (both from InvivoGen) per mouse as adjuvants. The
injection volume was 25 μL per paw. Mice were euthanized on day 14 (7
d post-boost) and spleens and popliteal lymph nodes (pLNs) were har-
vested to assess cellular responses by flow cytometry analysis, and serum
samples were collected to evaluate humoral responses.

Cellular Response Analysis of Immunized C57BL/6 Mice: Spleens and
pLNs were smashed through a 70 μm filter in R10 medium. In spleen sus-
pensions, erythrocytes were lysed using 1 mL of red blood cell lysing buffer
Hybri-Max (Sigma-Aldrich). Cells were stained with fluorochrome labelled
antibodies directed against B220-FITC (# MABF608, Invitrogen), CD11c-
BV421 (# 566 877, BD Biosciences), CD11c-APC/Fire (# 117 351, BioLe-
gend), CD19-BV421(# 302 233, BioLegend), CD8-APC/Fire (# 100 765, Bi-
oLegend), CD4-APC (# 553 051, BD Biosciences), CD44-FITC (#11-0441-
82, Invitrogen), Sirpa-PE/Cy7 (# 25-1721-82, Invitrogen), and XCR1-PE
(# 148 203, Biolegend), CD16/CD32 Fc Shield (# 70-0161, Tonbo Bio-
sciences) was used to reduce nonspecific binding. All antibodies were
used at a 1:200 dilution. Tetramer specific for SARS-CoV-2 S protein, H-
2Kb (539VNFNFNGL546), was provided by the NIH Tetramer Facility at
Emory University (1:100 dilution). Samples were stained in cold PBS sup-
plemented with 2.5% v/v FBS and 2 mM EDTA. Tetramer staining was per-
formed at room temperature for 15 min, followed by sequential surface
staining with the appropriate antibody cocktail at 4 °C for 15 min. Dead
cells were excluded using DAPI. Data was acquired on a LSRFortessa Cell
Analyzer (BD Biosciences), using FACSDiva software, and analyzed using
FlowJo v10.8 Software (BD Biosciences).

Humoral Response Analysis of Immunized C57BL/6 Mice: Serum sam-
ples were prepared by incubating blood samples in collection tubes with-
out anticoagulant for 15 min at room temperature to allow clotting to oc-
cur. Then samples were centrifuged at 15,000 rpm for 15 min, and serum
was moved to a fresh collection tube. S- and RBD-specific immunoglob-
ulin (Ig) levels were determined by ELISA. Briefly, SARS-CoV-2 S protein
or RBD were plated in Nunc MaxiSorp flat-bottom 96-well plates (Thermo
Fischer Scientific) in carbonate buffer or PBS, respectively, at 1 μg mL−1

overnight at 4 °C. Then, the plates were washed three times with PBS
and blocked with BSA-PBS at least 1 h at 37 °C. After washing again,
serum was plated by duplicate at 1/50, 1/250, 1/1250, and 1/6250 se-
rial dilutions in PBS containing 1% w/v BSA to visualize dose-response
signals. Samples were incubated 2 h at room temperature and washed
three times with PBS-0.05% v/v Tween-20. Plates containing serum sam-
ples were incubated with biotinylated anti-mouse IgM, total IgG, IgG1, and
IgG2c (all from BD) at 2 μg mL−1 for 1 h at room temperature followed by
three washes with PBS-0.05% (v/v) Tween-20 and incubation with HRP-
conjugated streptavidin at 1 μg mL−1 for 30 min at room temperature. All
plates were then washed again and developed in the presence of 3,3′,5,5′-
Tetramethylbenzidine (TMB) substrate (Sigma-Aldrich) and stopped by
1 m H2SO4 solution. Absorbance was read at 450 nm subtracting back-
ground at 620 nm.

Protective Therapeutic Efficacy Study in Transgenic K18-hACE2 Mice: Fe-
male K18-hACE2 mice (9-weeks-old) were used to evaluate the capacity of
TNT and TNTDNGR-1 antibodies to protect against SARS-CoV-2 infection
in a therapeutic administration schedule. After a lethal dose challenge (1
× 105 PFUs/mouse) with SARS-CoV-2 (MAD6 strain) by intranasal route
in 50 μL of PBS, mice were divided randomly in four groups (n = 8/group)
and 17 h later were inoculated i.p. with 100 μg of TNTDNGR-1, 65 μg of
TNT (equimolar to TNTDNGR-1), 100 μg of sotrovimab or PBS (as a con-
trol of infection) in a total volume of 200 μL. In addition, noninfected
and nontreated mice (n = 8) were used as a control group of healthy
animals.

Mice were monitored for body weight change and mortality for 20 d
p.c. Animals with more than 25% of body weight loss were euthanized.
At days 5 and 20 p.c., four mice per group were euthanized, and lungs
and serum samples were collected. Right lung lobes were divided longi-
tudinally in two, with one part placed in RNALater stabilization reagent
(Sigma-Aldrich) and stored at −80 °C for RNA extraction, and the other
part stored also at −80 °C for the analysis of infective virus yields. At day
20 p.c. left lung was freshly processed for cellular immune response analy-
sis. At both end point times blood was collected by submandibular bleed-
ing, maintained at 37 °C for 1 h, kept at 4 °C overnight, and centrifuged at

3600 rpm for 20 min at 4 °C to obtain the serum samples, which was then
inactivated at 56 °C for 30 min and kept at −20 °C until use.

Analysis of SARS-CoV-2 RNA by RT-qPCR: Lungs from K18-hACE2
mice were harvested at day 5 p.c. and stored in RNALater (Sigma-Aldrich)
at −80 °C until homogenized with a gentleMACS dissociator (Miltenyi
Biotec) in 2 mL of RLT buffer (Qiagen) plus 𝛽-mercaptoethanol (Sigma-
Aldrich) and aliquoted. Then, 600 μL of homogenized lung tissue was
used to isolate total RNA using the RNeasy minikit (Qiagen), according to
the manufacturer’s specifications. First strand cDNA synthesis and subse-
quent real-time PCR were performed in one step using NZYSpeedy One-
step RT-qPCR Master Mix (NZYTech), according to the manufacturer’s
specifications using ROX as reference dye. SARS-CoV-2 viral RNA content
was determined using previously validated set of primers and probes spe-
cific for the SARS-CoV-2 subgenomic RNA for the protein E and the ge-
nomic virus RNA dependent RNA polymerase (RdRp) gene.[78] Data were
acquired with a 7500 real-time PCR system (Applied Biosystems) and an-
alyzed with 7500 software v2.0.6. Relative RNA arbitrary units (A.U.) were
quantified relative to a negative group (noninfected mice) and were per-
formed using the 2−ΔΔCt method. All samples were tested in duplicate.

Analysis of SARS-CoV-2 Virus Yields by Plaque Assay: Lungs from K18-
hACE2 mice were harvested at day 5 p.c., weighted, and stored directly
at −80 °C until homogenized with a gentleMACS dissociator (Miltenyi
Biotec) in 2 mL of PBS and aliquoted. Then, undiluted and serial ten-
fold dilutions of homogenized lung tissue were added in triplicate to Vero
E6/TMPRSS2 cell monolayers seeded in 12-well plates at 5× 105 cells/well.
After 1 h of adsorption the inoculums were removed and plates were incu-
bated at 37 °C, 5% v/v CO2 in 2:1 DMEM 2× containing 4% FBS and Avicel
RC-591 (DuPont Nutrition Biosciences ApS). After 4 d, cells were fixed for
1 h with 10% formaldehyde (Sigma-Aldrich), then the supernatant was
removed, and plaques were visualized by adding 0.5% w/v crystal violet
solution (Sigma-Aldrich). SARS-CoV-2 titers were determined in PFUs per
gram of lung tissue.

Humoral Response Analysis in the Protective Therapeutic Efficacy Experi-
ment in Transgenic K18-hACE2 Mice: S-specific IgM measurements in in-
dividual sera samples from SARS-CoV-2 infected and treated K18-hACE2
mice were done by ELISA as described above in prime-boost immuniza-
tion assays. S-, RBD-, and N-specific IgG antibody levels were determined
by ELISA, as previously described.[67,78,79] Briefly, 96-well Nunc MaxiSorp
plates were coated with 50 μL of purified recombinant SARS-CoV-2 S or
RBD proteins (2 μg mL−1) in PBS overnight at 4 °C. The SARS-CoV-2
S and RBD proteins used to coat the plates derived from the Wuhan
strain (GenBank accession number MN908947.3) and were previously
described.[67,78,79] Plates were washed with PBS-0.05% v/v Tween-20 and
blocked with 5% milk in PBS for 2 h at room temperature. Individual
serum samples were diluted in duplicate in PBS-0.05% Tween-1% milk,
added to plates, and incubated for 1.5 h at room temperature. Plates were
then washed, and secondary HRP-conjugated GAM IgG mAb (Southern
Biotech) diluted 1:1000 in PBS-0.05% Tween-1% milk was added and in-
cubated for 1 hour at room temperature. Plates were washed, the TMB
substrate (Sigma-Aldrich) was added, and the reaction was stopped by
adding 1 m H2SO4. Absorbance was read at 450 nm. Antigen-specific IgG
and IgM serum levels were evaluated by absorbance summation method,
which sums the observed absorbance values from all dilutions employed
to obtain one data point for each sample to be used for comparison.[80]

Determination of Administrated Antibody Concentration in Serum: The
concentration of TNT, TNTDNGR-1 or sotrovimab in serum samples at day
5 and 20 p.c. was determined by ELISA using 1:5 serial dilutions of the cor-
responding purified antibodies for standard. Briefly, Nunc MaxiSorp flat-
bottom 96-well plates (Thermo Fischer Scientific) were coated with recom-
binant B.1 RBD (0.2 μg/well). After washing and blocking with 300 μL PBS-
BSA, 50 μL of individual sera, 1/20 and 1/100 times diluted, were incubated
for 1 h at room temperature. For TNT and TNTDNGR-1 or sotrovimab,
after three washes, 100 μL of the corresponding HRP-conjugated rabbit
anti-camelid VHH cocktail (# A02016, Genescript) or HRP-conjugated goat
anti-human IgG mAb (# A0170, Sigma-Aldrich) were added, respectively,
and incubated 1 h at room temperature. Finally, the plate was washed
again and developed. All samples were analyzed by duplicate per each di-
lution factor.
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Cellular Response Analysis in the Protective Therapeutic Efficacy Experiment
in Transgenic K18-hACE2 Mice: Lung cellular suspensions were obtained
from the left lung of K18-hACE2 mice harvested at day 20 p.c., homog-
enized with a gentleMACS dissociator (Miltenyi Biotec) in R10 medium
and then erythrocytes were lysed by using ACK lysis buffer (Gibco). S-
specific H-2Kb tetramer staining was performed, acquired and analyzed
as previously described for the C57BL/6 prime-boost immunization assay.
The magnitude, breadth and polyfunctionality of SARS-CoV-2 S-specific
CD4+ and CD8+ T cells expressing CD107a, and/or secreting IFN𝛾 , and/or
TNF𝛼, and/or IL-2 were analyzed by ICS as previously described[78,79] in
lung cell samples stimulated with a SARS-CoV-2 S peptide pool (1 μg
mL−1) (JPT Peptide Technologies), spanning the S1 and S2 regions of the
S protein from the Wuhan strain, and containing 158 (S1) and 157 pep-
tides (S2) as consecutive 15-mers overlapping by 11 amino acids. After left
lung processing, 4 × 106 fresh isolated cells were seeded on M96 plates
and stimulated overnight in complete RPMI 1640 medium supplemented
with 10% FBS containing 1 μL mL−1 Golgiplug (BD Biosciences) to in-
hibit cytokine secretion, 1× monensin (eBioscience, Thermo Fisher Scien-
tific), and anti-CD107a–FITC (BD Biosciences). Cells were then washed,
stained for surface markers, fixed, permeabilized (Cytofix/Cytoperm kit;
BD Biosciences), and stained intracellularly with the appropriate antibod-
ies. Dead cells were excluded using the violet LIVE/DEAD stain kit (Invit-
rogen). The fluorochrome-conjugated antibodies used for functional anal-
yses were CD3-PE-CF594, CD4-APC-Cy7, CD8-V500, IFN-𝛾–PE-Cy7, TNF-
𝛼–PE, and IL-2–APC. All antibodies were from BD Biosciences. Cells were
acquired with a Gallios flow cytometer (Beckman Coulter), and data an-
alyzed with the FlowJo software version 10.4.2 (Tree Star), as previously
described.[78,79] Gating strategy and example is shown in Figure S7C,D in
the Supporting Information.

Equipment and Settings: Gels and Western blot membrane images
from Figures S2, S3, and S7 (Supporting Information) were acquired and
analyzed using the ChemiDoc MP Imaging System and Image Lab analysis
software (both from BioRad Laboratories). If brightness or contrast pro-
cessing of gel and blot images has been performed, it was applied to the
entire image, including controls. No high-contrast gels or blots have been
displayed. When necessary, cropped gels and juxtaposing images were dis-
played to improve the clarity and conciseness of the presentation, being
shown in the figure. All optical density measurements were done using a
Multiskan FC apparatus (Thermo Fischer Scientific).

Statistical Analysis: Statistical analysis was performed using GraphPad
Prism Software version 8.0. In general, the in vitro experiments were done
in triplicates and values are presented as mean ± standard error of the
mean (SEM) from one of at least two independent experiments. In the
immunogenicity experiments in C57BL/6 mice, significant differences (P
value) were discriminated by applying one-way ANOVA followed by Tukey’s
multiple comparison test. The multiparametric read out analysis of pro-
tective efficacy experiment in K18-hACE2 mice, in general was done by ap-
plying one-way ANOVA followed by Tukey’s multiple comparison test for
significant differences discrimination.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Purified TN tandem and TNT trimerbody recognize efficiently and 

similarly SARS-CoV-2 S protein RBD from different viral strains. A) SDS-PAGE 

analysis in reducing conditions of purified TN and TNT. Both antibodies were purified 

from HEK-293 conditioned medium. B) SEC-MALS data proving monomeric (TN, top) 

and trimeric (TNT, bottom) states of each antibody. The black lines correspond to the 

differential refractive index (left axis) and the red line to the measured molar mass (right 

axis). Asterisk (*) in TNT chromatogram indicates an experimental artifact spike cause 

by a chromatography pause. C) TN (top) and TNT (bottom) far-UV CD spectra. D) TN 

(top) and TNT (bottom) thermal denaturation profiles. E) TN (50, 10, 1 nM) and TNT (10, 

1, 0.1 nM) binding activity against immobilized B.1, beta, gamma, kappa and delta RBD 

proteins. ACE2 (0.1 μg/mL) interaction with different RBD strains was included as an 

inner control (left panel). All assays were performed by triplicate. Independent and mean 

values ± SEM are plotted. The binding kinetics of the TN and TNT to B.1 (F) and 

B.1.351(beta) (G) RBD were measured, using the antibodies at 50 and 10 nM, with 0.5 



hours of association and 1 hour of dissociation. Experimental sensorgrams (black) and 

fitted data (red) are shown. 





Figure S2. Microfluidic diffusional sizing (MDS) analysis and cryo-EM data 

processing and reconstruction of HexaPro S protein/TNT complex. MDS was used 

to measure the change in hydrodynamic radius (Rh) of TNT trimerbody and its subsequent 

complex with SARS-CoV-2 S protein. A) Plot of the Rh versus the number of residues in 

the polypeptide chain. The values of the hydrodynamic radii displayed in this graph 

correspond to the Rh values reported in the literature for a range of native folded proteins 

(red) and highly denatured polypeptide chains (blue) obtained using dynamic light 

scattering and pulsed field gradient nuclear magnetic resonance. TNT and S protein/TNT 

complex Rhs (green) correlate with the expected for folded proteins with their nominal 

number of amino acids. B) Charts indicating the number of residues and Rh of folded 

(red) and unfolded (blue) polypeptides and proteins used in this correlation according to 

literature.  Number of residues of TNT, 1077, and S protein/TNT complex, 4941, trimeric 

conformations in solution (green). C-H, cryo-EM data processing and reconstruction of 

HexaPro S protein/TNT complex. C) Regarding Cryo-EM analyses top panel shows an 

example of motion corrected micrograph. D) Subset of 7 2D classes obtained from the 

2D classification job run after particle picking. E) Electron density maps representative 

of final 3D complex reconstruction at 3.8Å and local map resolution. Three volume 

subclasses were identified as the majoritarian ones. F) Viewing Direction Distribution 

map illustrating how many images have a viewing direction at each (elevation, azimuth) 

bin.  G) Validation and resolution estimation results. Fourier Shell correlation (FSC) 

curves are measured between half-sets of particles that are used to compute two half-map 

reconstructions. FSC curves using a mask (green, red, purple) improved the resolution 

estimate of 3.8Å versus 4.5Å for conventional refinement. Notably, a local focused 

refinement using the same mask is unable to improve resolution beyond the conventional 

refinement result due to the flexibility of the region. H) Cryo-EM data collecting and 

analysis table.  

  



Figure S3. S protein/TNT complex model shows TNT hexavalent binding to S protein 

causing the 3-up RBD conformation with one-RBD position distortion. Side (A) and 

top views (B) of the HexaPro S protein/TNT complex model showing TNT embracing the 

S protein in the 3-up RBD prefusion conformation. As shown, TNT binds simultaneously 

and in a biparatopic manner, both E VHH and V VHH, to the three S protein RBDs. S 

protein subunits are colored in yellow, steel blue and olive green, while E VHH and V VHH 

are in purple and magenta, respectively. C) Top view of the alignment of the HexaPro S 

protein/TNT model (S protein in pale yellow, E VHH in dark blue and V VHH in magenta) 

and 7B18 PDB model (S protein in aquamarine, E VHH in steel blue and V VHH light pink) 

showing how the binding of the VHHs to their respective RBDs occurs in both structures. 

While in two of them the positions are conserved, TNT presence causes a shift in the third 

RBD location respect to the 7B18 model, even though the manner that both VHHs 

recognize this RBD domain is preserved. For easy viewing just the three-RBDs from the 

S trimer are showed. 



 

Figure S4. Purified TNTDNGR-1 performs as globular bispecific trimerbody in 

solution targeting viral antigens to DNGR-1-expressing DCs in vitro and boosting 

systemic S-specific responses in vivo. A) Coomassie blue staining after SDS-PAGE 

analysis in reducing conditions comparing purified samples of both TNT and TNTDNR-



1. Each lane contains 1μg of purified protein. B) SEC-MALS analysis of TNTDNR-1 

showing its predominant trimeric state. The black lines correspond to the differential 

refractive index (left axis) and the red line to the measured molar mass (right axis). C) 

Comparative binding of B.1 RBD by TNTDNGR-1 and parental TNT by mean of ELISA 

assay. D) TNT (red line) or TNTDNGR-1 (blue line) purified proteins were incubated, 

1μg/mL, with SARS-CoV-2 S protein+/- HEK-293 before StrepTagII detection. 

Histograms include anti-RBD stained (thin black line) and non-stained cells as a control 

(grey). E) AlexaFluor647 conjugated RBD (AF647-RBD) was added to B3z DNGR-1+/- 

cells after incubating them with TNT (red line) or TNTDNGR-1 (blue line). Histograms 

also show cells just treated with AF647-RBD (grey) and (thin black line). F) 

Representative gating of mouse cDC1s, cD2s and pDCs from Flt3-L BMDCs according 

to their surface markers staining for the analysis of TNTDNGR-1 labelling assays (see 

Fig. 2E). Mononuclear cells isolated from mouse bone marrow were induced for 

differentiation in vitro and characterized phenotypically as follows: cDC1s (B220+, 

CD11c-, XCR1+, SIRPa-), cDC2s (B220+, CD11c-, XCR1-, SIRPa+) and pDCs (B220+, 

CD11c-). G) CD44+ S-Tet+ dot plot representation on gated CD8+ T cells corresponding 

to the different treatment groups (PBS, S protein + adjuvants, S protein + TNT + 

adjuvants, S protein + TNTDNGR-1 + adjuvants) of the prime-boost immunization 

experiment (see Fig. 2H, I). H, I) Analysis of the same prime-boost immunization 

experiment for S- (H) and RBD-specific (I) serum antibodies. Mice serum was collected 

on day 14 of the prime-boost scheme (7 days after the boost) (see Fig. 2G) and analyzed 

for antigen IgM, total IgG, IgG1 and IgG2c levels. Represented values correspond to 

samples obtained from the same experiment as the cellular immune response evaluation 

(n=3-5 mice/group/experiment; see Fig. 2G) using 1/50 dilution for IgM and 1/250 for 

total IgG, IgG1 and IgG2c. 

  



Figure S5. Absorbance measurements for serum antibodies binding to SARS-CoV-

2 antigens. Data showing S-specific IgM (A), and S- (B), RBD- (C) and N-specific (D) 

total IgG quantification on day 5 p.c. Measurements for S- (E), RBD- (F) and N-specific 

(G) total IgG quantification on day 20 p.c. All graphs represent mean ± SEM (n=4 



mice/group) for a single experiment. All measurements were done by ELISA by 

duplicate. 



 

 Figure S6. Efficacy experiment mice serum analysis for SARS-CoV-2 

neutralization. Neutralization experiments for live SARS-CoV-2 (B.1 strain) virus 

using pooled mice sera from each group (n=4 mice/group) and obtained on 5 (A) and 20 

(B) days p.c. NT50 is represented as a dotted line. C) Calculation of administrated 

antibodies (sotrovimab, TNT and TNTDNGR-1) concentration present in serum at 5- and 

20-days p.c. All graphs represent mean ± SEM for a single experiment. All 

measurements were done by duplicate. 

  



Figure S7. Flow cytometry analysis showing TNTDNGR-1 treatment of SARS-CoV-

2 infection induced S-specific CD8+ T cell responses in the lungs. A) Representative 

gating for S-Tet staining of CD8+ T cells obtained from processed K18-hACE2 mice 

lungs at day 20 p.c. Single and live CD8+ T cells were gated from lymphocyte 

morphology cloud as CD45+, CD11c-, CD8+, CD4-. B) CD44+ S-Tet+ dot plot 

representation from processed lung CD8+ T cells at day 20 p.c. showing exemplary mice 

from the different treatment groups (PBS, sotrovimab and TNTDNGR-1). For ICS data 

analysis CD4+ (C) and CD8+ (D) T cells were gated from single and live lymphocyte 

morphology cloud as CD3+ and CD4+ or CD8+.  Herein an exemplary ICS gating for 

CD107a, IFN-γ, TNF-α and IL-2 is represented as paired dot plot. E) ICS for CD107a, 

IFN-γ, TNF-α or IL-2, represented as frequency of CD4+ (left panel) and CD8+ (right 

panel) responding cells in the lungs at 20 days p.c. for each individual marker. All graphs 

represent individual dots and mean ± SEM (n=4 mice/group) for a single experiment. 
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Artículo 1: A PD-L1/EGFR bispecific antibody combines immune checkpoint blockade 

and direct anti-cancer action for an enhanced anti-tumor response. 

Los tumores se caracterizan por su heterogeneidad clonal, lo que facilita el desarrollo de 

mecanismos de evasión a los tratamientos convencionales debido a la selección de 

subpoblaciones de células resistentes y la capacidad de adaptación del microambiente tumoral. 

Además, la plasticidad tumoral representa un desafío significativo para el desarrollo de terapias 

efectivas, ya que las células tumorales pueden escapar a la destrucción inmune mediante la 

modificación de sus características fenotípicas o el desarrollo de mecanismos inhibidores. En los 

últimos años se han desarrollado anticuerpos multiespecíficos que reconocen múltiples AATs 

con el objetivo de superar esta heterogeneidad tumoral. Estos anticuerpos han demostrado la 

capacidad de inducir respuestas inmunes en modelos preclínicos con propiedades mejoradas 

respecto a los mAbs convencionales2,47,149. 

En la actualidad existen 9 anticuerpos biespecíficos aprobados en EE.UU. y en UE para el 

tratamiento del cáncer. En el año 2014 se aprobó el anticuerpo blinatumomab (CD19 x CD3) 

para la leucemia linfoblástica aguda de células B. Posteriormente, en el año 2021, se aprobó 

amivantamab (EGFR x cMet) para el NSCLC. En el año 2022 se aprobaron los anticuerpos 

mosunetuzumab (CD20 x CD3) para el tratamiento del linfoma folicular, tebentafusp (gp100 x 

CD3) para el melanoma uveal y el teclistamab (BCMA x CD3) para el mieloma múltiple. Por 

último, en el año 2023, se aprobaron los anticuerpos biespecíficos elranatamab (BCMA x CD3) 

para el mieloma múltiple, el epcoritamab (CD20 x CD3) y el glofitamab (CD20 x CD3) para el 

tratamiento de linfoma difuso de células B y el anticuerpo talquetamab (GPCR5D x CD3) para 

el mieloma múltiple56.  

A pesar de los avances en la ingeniería de anticuerpos, la generación de anticuerpos 

biespecíficos de tipo IgG sigue siendo un reto cuando los sitios de unión al antígeno son de tipo 

Fab con las regiones VH y VL, ya que esto dificulta la obtención de anticuerpos biespecíficos 

funcionales a partir del ensamblaje aleatorio de diez posibles combinaciones H2L2 (esto se 

conoce comúnmente como el problema de la asociación de cadenas)150–153. Para superar esta y 

otras limitaciones, en los últimos años se han desarrollado una amplia variedad de estrategias 

de ingeniería de anticuerpos2,31. Los anticuerpos biespecíficos simétricos se generan mediante 

el ensamblaje de anticuerpos con regiones constantes de cadena pesada no modificadas31,32. 
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La mayoría de los anticuerpos biespecíficos simétricos en desarrollo clínico son moléculas 

voluminosas con diseños tetravalentes (2 + 2) en los que fragmentos de anticuerpo adicionales 

se fusionan a moléculas homodiméricas154,155. Por otra parte, la generación de anticuerpos 

biespecíficos asimétricos de tipo IgG sigue siendo un reto, ya que es necesario abordar 

simultáneamente dos cuestiones críticas: la heterodimerización de dos cadenas CH diferentes y 

la discriminación entre las dos interacciones de las cadenas ligera y pesada29,31,156. La 

heterodimerización correcta de los CH se facilita mediante estrategias de ingeniería como las 

tecnologías KiH y crossMAb24,30–32. Sin embargo, la mayoría de estas estrategias emplean 

múltiples mutaciones dentro de los dominios CH, las cuales pueden afectar negativamente a las 

propiedades favorables de las regiones Fc nativas, como su alta estabilidad y solubilidad, así 

como aumentar su inmunogenicidad157. 

En este trabajo hemos generado un anticuerpo biespecífico (PD-L1 x EGFR) de tipo IgG que 

resuelve algunos de los problemas asociados a la generación de anticuerpos heterodiméricos 

biespecíficos, como el problema de la asociación de cadenas150–153. El formato IgTT se basa en la 

fusión de un TT46 mono o multiespecífico con las regiones bisagra y Fc de la IgG1 humana, 

generando un anticuerpo tipo IgG hexavalente capaz de reconocer bivalentemente hasta tres 

antígenos diferentes. Inicialmente se generó una molécula IgTT monoespecífica anti-EGFR, un 

AAT bien caracterizado que es una de las proteínas oncogénicas de membrana más 

sobreexpresadas en los cánceres epiteliales158.  

Además, hemos demostrado la idoneidad del formato IgTT para estrategias de doble diana que 

combinan el reconocimiento de un AAT con un ICI, en una única molécula denominada IgTT-1E. 

Ambas moléculas IgTT se unen específicamente a sus antígenos diana, y la IgTT-1E demostró 

interacción simultánea a ambos antígenos. La interacción de VHH EgA1 con el EGFR está muy bien 

caracterizada a nivel estructural e inhibe la fosforilación de EGFR y la proliferación celular62,63. 

Además, la IgTT-1E bispecífica bloqueó eficazmente la interacción PD-1/PD-L1 y promovió una 

ADCC eficaz mediada por EGFR. Se ha demostrado que la combinación de PD-L1 y EGFR 

mediante anticuerpos biespecíficos mejora el bloqueo de PD-L1 selectivamente en el 

microambiente tumoral, debido a la sobreexpresión de EGFR en las células cancerosas, y reduce 

la posible unión fuera del tumor a células normales que expresan PD-L179.  

Debido a sus propiedades, que incluyen la unión tetravalente al EGFR, la unión bivalente a PD-

L1 y una masa molecular similar a la IgG, es esperable que la IgTT-1E demuestre una mejor 

localización tumoral en comparación con los anticuerpos biespecíficos previamente generados. 
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Además, la sobreexpresión y activación del EGFR promueve la expresión de PD-L1 en las células 

tumorales159. Por lo tanto, el EGFR es un AAT idóneo para el desarrollo de una nueva generación 

de ICI biespecíficos. En comparación con otros anticuerpos biespecíficos de tipo IgG dirigidos 

simultáneamente contra EGFR y PD-L133,34, la IgTT-1E se basa en una región Fc IgG1 de tipo 

salvaje que conserva la actividad ADCC33. De hecho, la IgTT-1E podría inducir actividad ADCC a 

nivel intratumoral reduciendo la masa tumoral y estimulando las respuestas inmunes, como se 

ha demostrado con cetuximab160. La presencia concomitante de dominios bloqueantes de PD-

L1 en la misma localización espacial sería esencial para superar los mecanismos 

inmunosupresores en el microambiente tumoral e inducir o reactivar respuestas inmunes 

adaptativas e innatas frente a las células tumorales. Además, se ha demostrado que la presencia 

de una región Fc funcional, como en el caso del cetuximab, induce la interacción entre CD  y 

células NK, promoviendo la maduración de las CD y la estimulación de las células T CD8+161. En 

conclusión, la IgTT 1E puede determinar una actividad T CD8+ sostenida al inducir el “crosstalk” 

celular NK:DC y bloquear la interacción PD-1/PD-L1, lo que podría originar funciones efectoras 

más potentes de los linfocitos T infiltrantes del tumor. 

Artículo 2: Characterization of a trispecific PD-L1 blocking antibody that exhibits EGFR-

conditional 4-1BB agonist activity. 

El diseño de anticuerpos multiespecíficos que combinan inmunomodulación e ICI es un enfoque 

prometedor para mejorar el efecto de los ICI convencionales. En este trabajo hemos generado 

un anticuerpo triespecífico de tipo IgG, denominado IgTT-4E1, mediante la fusión de un TT 

triespecífico 4-1BB x EGFR x PD-L1 con una región Fc silenciada, en la que se han introducido 

mutaciones para anular o reducir la interacción con FcγR. Esta molécula se basa en la plataforma 

IgTT, previamente descrita y caracterizada, que consiste en una fusión de un TT mono o 

multiespecífico con una región Fc162. Los dominios de unión de IgTT-4E1 se sitúan alrededor del 

dominio de homodimerización del colágeno humano, y los estudios cinéticos mediante 

interferometría de biocapa demostraron que IgTT-4E1 podía unirse a los tres antígenos 

simultáneamente. Además, la IgTT-4E1 era capaz de reconocer los antígenos específicamente 

en un contexto celular. Estos resultados sugieren que los dominios de unión están libres de 

obstáculos estéricos y accesible para las interacciones antigénicas. 

Los mAbs agonistas anti-4-1BB pueden clasificarse como agonistas fuertes o débiles. En este 

trabajo confirmamos, en una línea celular 4-1BB, que urelumab, un agonista fuerte, puede 

inducir coestimulación sin unión concomitante a FcγR. El anticuerpo anti-4-1BB utilizado para la 
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generación de la IgTT-4E1-S es un agonista débil129 y, por tanto, el coestímulo mediado por 4-

1BB sólo se indujo en presencia de cross-linking adicional. La IgTT-4E1-S muestra una actividad 

agonista 4-1BB condicional dependiente de la unión a EGFR, pero no a PD-L1. Este hallazgo fue 

independiente de la posición de los dominios VHH anti-EGFR y anti-PD-L1 en el TT, lo que sugiere 

que no está influenciado por problemas de impedimento estérico. Estos resultados no son 

concordantes con los obtenidos con otros anticuerpos anti-4-1BB x anti-PD-L1 124–127,163,164, en 

los que se ha descrito una actividad agonista condicional del 4-1BB dependiente de la unión 

simultánea a PD-L1.  

Estas diferencias en la capacidad de los IgTT para inducir la coestimulación mediada por 4-1BB 

pueden estar relacionadas con determinantes estructurales o con los epítopos reconocidos por 

los dominios de unión. El scFv anti-4-1BB reconoce el dominio CRD1 (del inglés, Cysteine-Rich 

pseudo repeats Domain) N-terminal del 4-1BB165; el VHH anti-EGFR se une a la hendidura formada 

entre los dominios II y III del EGFR62, mientras que el epítopo reconocido por el VHH anti-PD-L1 

no se ha caracterizado. En la molécula IgTT, cada TT es triespecífico y los tres dominios de unión 

están muy próximos y restringidos espacialmente, lo que puede limitar el potencial de 

reconocimiento simultáneo de epítopos localizados distalmente y epítopos más proximales a la 

membrana166, como podría ocurrir con las interacciones con 4-1BB, una molécula relativamente 

grande (86 kDa), y PD-L1, un receptor más compacto (30 kDa). Esto podría no ser una limitación 

con anticuerpos biespecíficos convencionales, en los que cada brazo reconoce un antígeno 

diferente, y el área de influencia es significativamente mayor. En el contexto de las interacciones 

simultáneas entre 4-1BB y EGFR (134 kDa) mediadas por el IgTT-4E1-S, los datos estructurales 

disponibles sugieren que los epítopos pueden estar más próximos entre sí. 

La capacidad de bloquear la interacción PD-L1/PD-1 fue similar a la obtenida con el anticuerpo 

anti-PD-L1 atezolizumab. Esta capacidad de bloqueo se ha documentado previamente con una 

versión dimérica del mismo VHH anti-PD-L1 mediante ensayos de tipo ELISA167. La unión 

simultánea a PD-L1 y EGFR mediante anticuerpos biespecíficos promueve un bloqueo de PD-L1 

más selectivo en el microambiente tumoral debido a la sobreexpresión de EGFR en las células 

tumorales, al tiempo que reduce las potenciales uniones a las células normales que expresan 

PD-L1164. Además, la sobreexpresión y activación del EGFR aumenta la expresión de PD-L1 en las 

células tumorales168. La IgTT-4E1-S mejoró la activación y las funciones efectoras de células T 

primarias humanas co-cultivadas con células tumorales que expresaban EGFR y PD-L1. Sin 

embargo, para determinar con precisión la capacidad de la IgTT-4E1-S de restringir la 

coestimulación 4-1BB a tumores EGFR+, minimizando la coestimulación 4-1BB off-target, se 
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requieren más estudios con líneas celulares tumorales que expresen diferentes niveles de EGFR 

y PD-L1, así como estudios in vivo en modelos de ratón humanizados portadores de xenoinjertos 

derivados de pacientes. El anticuerpo IgTT-4E1-S incorpora un dominio Fc silenciado para evitar 

o minimizar la toxicidad hepática inducida por los anticuerpos anti-4-1BB, que se atribuye en 

gran medida a las interacciones Fc-FcγRs43,169,170, pero son necesarios estudios adicionales en 

primates no humanos para comprobar con mayor precisión su perfil de toxicidad. 

En conclusión, en este trabajo describimos la generación de la IgTT-4E1-S, el primer anticuerpo 

triespecífico similar a IgG diseñado para proporcionar estimulación 4-1BB condicionada por 

EGFR a células T activadas a través del TCR, a la vez que bloquea constitutivamente el eje 

inhibidor PD-1/PD-L1. Esta aparente asimetría entre el agonismo 4-1BB condicional y el bloqueo 

PD-L1 puede ser relevante en comparación con otros anticuerpos biespecíficos previamente 

descritos122,125,127,164, pero se necesitan más estudios para determinar la eficacia y seguridad del 

anticuerpo IgTT-4E1-S. 

Artículo 3: Dendritic Cell-Mediated Cross-Priming by a Bispecific Neutralizing Antibody 

Boosts Cytotoxic T Cell Responses and Protects Mice against SARS-CoV-2. 

La mayoría de las estrategias terapéuticas frente al SARSCoV-2 basadas en anticuerpos se han 

centrado en la neutralización y eliminación del virus, ya sea con mAb convencionales o 

implementando la multiespecificidad mediante la fusión a regiones Fc u otras estrategias de 

multimerización171–175. Además, se ha documentado en modelos de infección por SARS-CoV-2 in 

vivo que la actividad neutralizante de los anticuerpos depende de las interacciones Fc-FcߛR176–

178. Se han descrito diferentes estrategias basadas en anticuerpos neutralizantes con 

interacciones optimizadas de la región Fc a los receptores FcߛIIa y FcߛIIIa con una potencia 

superior para la prevención o tratamiento del COVID-19148,171. No obstante, la aparición de cepas 

de SARS-CoV-2, que muestran una sensibilidad reducida a los anticuerpos neutralizantes 

obtenidos mediante inmunización activa (vacunas) o administrados pasivamente, o la aparición 

de otros virus con potencial pandémico exigen el desarrollo de enfoques innovadores para el 

tratamiento eficaz de las infecciones víricas. 

En este estudio, evaluamos el potencial de un anticuerpo biespecífico sin región Fc, denominado 

TNTDNGR-1, que incorpora un VHH anti-RBD en tándem (TN) y un scFv anti-DNGR-1 en formato 

trimerbody, para estimular las respuestas de células T CD8+ específicas del virus y proteger a 

ratones transgénicos K18-hACE2 frente a la infección por SARS-CoV-2. Aunque ya se han descrito 
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enfoques similares para dirigir antígenos tumorales o víricos específicamente a las CDs mediante 

su fusión con mAbs179,180, nunca se había explorado una estrategia que combine la neutralización 

inmediata del virus con la interacción específica a las cCD1, con el objetivo de acelerar y 

potenciar respuestas inmunes adaptativas. 

En este trabajo utilizamos un VHH en tándem biparatópico de alta afinidad, denominado TN, 

previamente descrito para neutralizar la cepa Wuhan-Hu-1 del SARS-CoV-2 y evitar la aparición 

de mutaciones de escape181. Para maximizar su acción neutralizante, en lugar de generar una 

fusión Fc tipo Ig convencional182–184, diseñamos un anticuerpo neutralizante hexavalente anti-

RBD en formato trimerbody, denominado TNT, mediante la fusión del TN con el dominio de 

homotrimerización del colágeno humano XVIII, un formato que ha demostrado eficacia para la 

generación de anticuerpos con potencial terapéutico129. 

El trimerbody N-terminal TNT demostró un bloqueo completo de la interacción RBD: hACE2 y 

una potencia similar frente a las variantes RBD beta, gamma, kappa y delta. Además, en 

comparación con sotrovimab171,185, el único mAb neutralizante aprobado para uso clínico y 

activo frente a todos las variantes de interés, el TNT mostró una mejora de tres a diez veces en 

la potencia de neutralización frente a todas las cepas VSV-pseudotipadas estudiadas; y la 

actividad neutralizante de TNTDNGR-1 fue similar a la del trimerbody TNT parental.  

Los datos estructurales del complejo proteína S:TNT muestran un mecanismo de interacción 

equimolar (1:1) entre TNT y la proteína S trimérica, en el que ambos VHH de cada brazo TN se 

unen simultáneamente a los 3 RBD. Los resultados funcionales demuestran que la plataforma 

TNT representa un diseño óptimo para la neutralización de virus que presentan proteínas 

triméricas para la unión al receptor, como el SARS-CoV2, el virus de la gripe, el virus respiratorio 

sincitial y el VIH-1186–188. De este modo, el formato TNT proporciona una accesibilidad epitópica 

óptima para los VHH biparatópicos en tándem, asegurando una neutralización de variantes 

mutacionales superior a otros diseños triméricos o multiméricos previamente descritos189,190. 

El trimerbody biespecífico TNTDNGR-1 origina la activación de la inmunidad adaptativa in vivo 

mediante la redirección específica de la proteína S neutralizada hacia las células cCD1. En un 

experimento de inmunización prime-boost en ratones inmunocompetentes, la coadministración 

de proteína S y TNTDNGR-1 originó un aumento significativo en la frecuencia y número de células 

T CD8+ efectoras específicas de la proteína S y una respuesta de anticuerpos más polarizada 

hacia un perfil Th1, en comparación con la administración de proteína S aislada o coadministrada 

con el trimerbody TNT. Además, nuestros resultados demuestran que la capacidad neutralizante 
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de un anticuerpo requieren de las interacciones con receptores del sistema inmune, como los 

FcRs o el DNGR-1 en DCs o en otras APCs, esenciales para el desarrollo de respuestas inmunes 

eficaces para el control de la enfermedad148,177. El efecto protector se observó en los ratones 

tratados con TNTDNGR-1 al redirigir los viriones neutralizados hacia las células cCD1, originando 

su eliminación y promoviendo respuestas inmunes adaptativas. 

Por último, aunque tanto el tratamiento con el trimerbody TNTDNGR-1 como el tratamiento con 

sotrovimab provocaron niveles similares de células T CD4+ específicas de la proteína S, el 

tratamiento con TNTDNGR-1 originó una respuesta de células T CD8+ S-específicas de mayor 

magnitud, caracterizadas por la secreción de IFN-ߛ, TNF-ߙ (del inglés, Tumor Necrosis Factor ߙ) 

y expresión de IL-2 o CD107a.  

En conclusión, hemos generado y caracterizado un anticuerpo biespecífico que, además de una 

actividad de neutralización del SARS-CoV-2 muy potente, redirige los antígenos virales o viriones 

hacia las células cCD1 de forma independiente del dominio Fc, induciendo respuestas específicas 

sistémicas humorales y respuestas locales de células T CD4+ y CD8+. La administración 

terapéutica del anticuerpo TNTDNGR-1 en ratones transgénicos K18-hACE2 proporcionó una 

protección total frente a la morbilidad y mortalidad asociada a la infección por SARS-CoV-2, 

provocando una reducción de la carga viral a nivel pulmonar y un aumento de las respuestas 

inmunes humorales y celulares S-específicas. Por lo tanto, estos resultados indican que el 

trimerbody TNTDNGR-1 es un candidato prometedor para el desarrollo de tratamientos anti-

virales más efectivos, fácilmente adaptable frente a otras variantes del SARS-CoV-2 o frente a 

otros virus, dada la estructura y naturaleza modular de la molécula. 
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I. La plataforma trimerbody permite la generación de anticuerpos tipo IgG hexavalentes, 

denominados IgTT, mediante la fusión de un TT mono, bi o triespecífico con una región 

Fc salvaje o silenciada.  
 

II. El anticuerpo biespecífico IgTT-1E interacciona simultáneamente con los antígenos EGFR 

y PD-L1, inhibe la proliferación mediada por EGF, bloquea la interacción PD-1/ PD-L1 e 

induce actividad ADCC. 
 

III. El anticuerpo IgTT-1E promueve una inhibición significativa del crecimiento tumoral en 

modelos de ratones humanizados portadores de tumores. Este efecto se asocia a un 

incremento significativo del número células T CD8+ intratumorales. 
 

IV. El anticuerpo triespecífico IgTT-4E1 interacciona simultáneamente con los antígenos 

EGFR, PD-L1 y 4-1BB; bloquea la interacción PD-L1/PD1; induce actividad agonista 4-1BB 

condicional en co-cultivos con células EGFR+, pero no en co-cultivos con células PD-L1+, 

y potencia la función efectora de células T primarias co-cultivadas con células tumorales. 
 

V. La plataforma trimerbody permite generar anticuerpos sin región Fc con gran capacidad 

de neutralización del virus SARS-CoV-2 mediante la fusión de VHHs anti-RBD 

biparatópicos en tándem al dominio de trimerización del colágeno XVIII. 
 

VI. La incorporación de un scFv anti-DNGR-1 adicional permite generar un trimerbody 

biespecífico, denominado TNTDNGR-1, que redirige el virus neutralizado hacia las células 

cCD1 de forma independiente al Fc, generando respuestas inmunes humorales y 

celulares específicas. 
 

VII. La administración terapéutica del anticuerpo TNTDNGR-1 en ratones transgénicos K18-

hACE2 proporcionó una protección total frente a una dosis letal de SARS-CoV-2. 
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Tabla 3. Anticuerpos en revisión en la UE y/o US para uso terapéutico en oncología (marzo de 2024). 

Nombre genérico Nombre comercial Diana Fuente/Modificaciones Fc Primeras indicaciones 

Camrelizumab AiRuiKa PD-1 Huz/S228P LH 

Cosibelimab (Pending) PD-L1 Hum/No CCE 

Penpulimab ANNIKO PD-1 Huz/L234A L235A G237A Carcinoma nasofaríngeo 
metastásico 

Serplulimab HANSIZHUANG PD-1 Huz/S228P Tumores sólidos con 
MSI-H 

Sintilimab Tyvyt PD-1 Hum/S228P NSCLC 

Sugemalimab Cejemly® PD-L1 Hum/S228P NSCLC 

Trastuzumab 
duocarmazine (Pending) HER2 Huz/No Cáncer de mama 

Zolbetuximab (Pending) Claudin-18.2 Quim/No 
Adenocarcinoma 

gástrico/gastroesofágic
o HER2 negativo 

Odronextamab (Pending) CD20, CD3 Hum/*f) (R/R) linfoma folicular; 
R/R LCBGD 

Tarlatamab (Pending) DLL3, CD3 (scFv-scFv-
scFc) R292C, N297G, V302C SCLC 

Patritumab 
deruxtecan (Pending) HER3 Hum/No NSCLC 

Zanidatamab (Pending) 
HER2, HER2 

(biparatópico; scFv-Fc 
x Fab-Fc) 

Huz/*g) Cáncer de vías biliares 

Linvoseltamab (Pending) BCMA, CD3 Hum/*h) MM 

Datopotamab 
deruxtecan (Pending) TROP-2 Huz NSCLC 

Mur: murino; Huz: humanizado; Hum: humano; Quim: quimérico; MM: mieloma multiple; NSCLC: cáncer 

de pulmón de células no pequeñas (del inglés, Non-small cell lung cáncer); SCLC: cáncer de pulmón de 

células pequeñas (del inglés, small cell lung cáncer); LH: linfoma Hodgkin; CCE: cáncer de células 

escamosas; LCBGD: linfoma de células B grandes difuso; R/R: Recaída/refractario; MSI-H: Inestabilidad de 

microsatélites (del inglés, microsatellite instability-high); *f) Hetero HH: WT x H435R-Y436F; 

emparejamiento HL: cL ; ambas cadenas: E233P, F234V, L235A, G236del, S228P; *g) T350V-L351Y-F405A-
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Y407V x T350V-T366L-K392L-T394W; *h) Hetero H, CL; Hetero HH: WT x H435R-Y436F; ambas cadenas: 

E233P, F234V, Huz/L235A, G236del; *i) IgG4: S228P; IgG1: K147D, F170C, V173C, C220G, R255K, D399R, 

K409E en cadena pesada, y S131K, Q160C, S162C, C214S en cadena ligera; rev: en revisión. 
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El trabajo desarrollado durante esta Tesis Doctoral ha generado una serie de resultados que han 

sido recogidos en tres artículos científicos. Además, como resultado de colaboraciones con otros 

miembros del equipo y otros grupos de investigación, también se han publicado varios artículos 

no relacionados directamente con esta Tesis Doctoral. 
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