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RESUMEN

Desde el inicio de la pandemia de COVID-19, se han realizado multiples esfuerzos para

comprender la respuesta inmune contra SARS-CoV-2, impulsando el rapido desarrollo de vacunas
y terapias, incluyendo el uso de anticuerpos monoclonales. El objetivo de este trabajo fue producir
y caracterizar anticuerpos monoclonales contra SARS-CoV-2 utilizando linfocitos B de sujetos
convalecientes de COVID-19, asi como el estudio de estas células en la respuesta al virus. Se
seleccionaron nueve sujetos convalecientes con diferentes cuadros clinicos. Se aislaron los
linfocitos B especificos para las proteinas S1y RBD del SARS-CoV-2y se utilizd la secuenciacion
de ARN unicelular (single-cell RNAseq) para generar librerias VDJ y de expresion geénica.
Después del andlisis de las secuencias VDJ, se seleccionaron 44 anticuerpos y se produjeron, por
métodos recombinantes, anticuerpos de cadena sencilla o formato completo 1gG. El anticuerpo
identificado como 19n01 mostré una potente y amplia capacidad neutralizante en ensayos de
neutralizacion y competencia contra diversas variantes incluyendo Omicron BA.1, BA.2 y BA.4/5.
Por otro lado, el analisis de expresion génica en linfocitos B mostré una regulacion positiva de
genes proinflamatorios en sujetos con cuadros severos. Ademas, se identificd una poblacion de
linfocitos B de memoria atipicos que sugiere tener una via de diferenciacion en centros germinales
por su expresién de genes CXCR4, BCL2 y MYC, asi como elevada expresion de genes
caracteristicos en respuesta a COVID-19, como IRF1 e IFNGR2. Estos resultados indican que la
diferenciacion de linfocitos B de memoria atipicos esta influenciada por la exposicion al virus y
podrian contribuir a la respuesta inmune antiviral.
Adicionalmente, se realizé un analisis comparativo de la inmunidad inducida por vacunas COVID-
19 de CansinoBio y AstraZeneca, asi como de la inmunidad hibrida desarrollada en personas
infectadas y vacunadas. Se reclutaron veintisiete sujetos para obtener sus células mononucleares
de sangre periférica para realizar anélisis utilizando single-cell RNAseq. Los resultados muestran
que la vacuna de AstraZeneca gener0 una respuesta de anticuerpos mas robusta comparada con
CansinoBio. Mientras que CansinoBio mostr6 fuerte activacion de linfocitos T CD4* y CD8"*
citotoxicos y elevada expresion de genes GZMB y GZMH. Estos resultados indican que ambas
vacunas generan una fuerte inmunidad hibrida pero con caracteristicas diferentes.

En resumen, este trabajo contribuye al desarrollo de anticuerpos con potencial terapéutico contra



SARS-CoV-2, a la comprension de la respuesta antiviral en linfocitos B, y la inmunidad inducida
por vacunas contra COVID-19. Estos hallazgos podrian ser Utiles para futuras estrategias

terapéuticas y de vacunacion.

Palabras clave: COVID-19, anticuerpos neutralizantes, SARS-CoV-2, linfocitos B, single-cell
RNAseq, inmunidad hibrida, vacunas.



ABSTRACT

Since the beginning of the COVID-19 pandemic, multiple efforts have been made to
understand the immune response against SARS-CoV-2, which has driven the rapid development
of vaccines and therapies, including monoclonal antibodies. The aim of this work was to produce
and characterize monoclonal antibodies against SARS-CoV-2, using B cells from convalescent
COVID-19 subjects, as well as to study these cells in the antiviral response. Nine convalescent
subjects who exhibited different clinical manifestations were selected for the study. The specific B
cells for the SARS-CoV-2 S1 and RBD proteins were isolated from these subjects, and single-cell
RNA sequencing (single-cell RNAseq) technology was used to generate VDJ and gene expression
libraries. After VDJ sequence analysis, 44 antibodies were selected to produce single-chain or full-
format 1gG recombinant antibodies. Notably, antibody 19n01 demonstrated potent and broad
neutralizing capacity in neutralization and competition assays against several variants, including
Omicron BA.1, BA.2, and BA.4/5.

The gene expression analysis in B cells showed upregulation of pro-inflammatory-related genes in
subjects with severe conditions. Additionally, an atypical memory B cells subset was identified,
suggesting a germinal center differentiation pathway due to the expression of CXCR4, BCL2, and
MYC genes, as well as the elevated expression of characteristic genes in response to COVID-19
such as IRF1 and IFNGR2. These results indicate that the differentiation of atypical memory B
lymphocytes is influenced by virus exposure and could contribute to the antiviral immune response.
In addition, comparative analyses of the immune response induced by COVID-19 vaccines from
CansinoBio, and AstraZeneca were conducted, as well as the hybrid immunity developed in
infected and vaccinated individuals. Twenty-seven subjects were recruited to collect their
peripheral blood mononuclear cells for analysis using single-cell RNA sequencing technology. The
findings revealed that the AstraZeneca vaccine elicited a stronger antibody response compared to
CansinoBio. Conversely, CansinoBio demonstrated robust activation of CD4" T and cytotoxic
CD8" T cells and elevated expression levels of GZMB and GZMH. These results indicate that both
vaccines generate strong hybrid immunity but with different characteristics. In summary, this work
contributes to the development of antibodies with therapeutic potential against SARS-CoV-2,
understanding the antiviral response of B cells, and the immunity induced by COVID-19 vaccines.
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These findings could be valuable for future therapeutic and vaccination strategies.

Key words: COVID-19, neutralizing antibodies, SARS-CoV-2, B cells, single-cell RNAseq,
hybrid immunity, COVID-19 vaccines.
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1. SINOPSIS

1.1. Justificacion

La pandemia por COVID-19 provoco una crisis de salud pablica excepcional, lo que gener6 una
necesidad urgente de medidas para contrarrestar la situacion. En respuesta, investigadores de todo
el mundo unieron sus esfuerzos para desarrollar pruebas para su deteccion, terapias y vacunas para
controlar el SARS-CoV-2. Los anticuerpos monoclonales (mADbs) representan una herramienta
terapéutica efectiva y viable para el tratamiento de diversos tipos de cancer, trastornos autoinmunes
y enfermedades infecciosas’®. Por lo tanto, los mAbs fueron considerados candidatos
prometedores desde el inicio de la pandemia de COVID-19.

Los mADbs terapeuticos contra SARS-CoV-2, van dirigidos principalmente hacia el dominio de
unioén al receptor (RBD) de la proteina spike (S) del virus. Por lo tanto, los mAb anti-RBD
previenen la union de la proteina S a su receptor la enzima convertidora de angiotensina 2 (ACE2),
neutralizando el virus y evitando la infeccidn. Este tipo de tratamiento ha sido fundamental para
pacientes con comorbilidades, ya que en las etapas tempranas de la infeccion pueden prevenir la
progresion a formas mas graves de COVID-19, reduciendo asi el riesgo de hospitalizacion y
muerte*. Aunque se han aprobado diversas terapias basadas en anticuerpos, como la combinacion
de los mAbs Bamlanivimab/Etesevimab y Casirivimab/Imdevimab, actualmente no estan en uso
debido a la pérdida de efectividad frente a las nuevas variantes de SARS-CoV-2°. Por lo tanto, es
importante la busqueda y caracterizacion continua de mAbs dirigidos a sitios altamente
conservados de la proteina S, con la finalidad de desarrollar estrategias terapéuticas que puedan
neutralizar nuevas mutaciones del virus. Este enfoque no solo podria prolongar su eficacia en el
tratamiento de la COVID-19, sino que también seria de utilidad para futuras estrategias en el
desarrollo de anticuerpos contra otras infecciones virales emergentes.

Por otro lado, parte de los esfuerzos que se han realizado durante la pandemia han estado orientados
a la comprension de la respuesta inmune frente a SARS-CoV-2. Particularmente, la respuesta de
los linfocitos B va mas alla del estudio de la produccion de anticuerpos. Se ha reportado que estas
celulas presentan alteraciones relacionadas con la severidad de la enfermedad y un aumento en la
activacion de la respuesta inmune extrafolicular de linfocitos B. Esta activacion se asocia con la
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presencia de marcadores proinflamatorios y la produccion de autoanticuerpos, lo que
potencialmente contribuye a un peor pronostico®’. Ademas, se ha observado una expansion de
diversas subpoblaciones celulares asociadas a cuadros de mayor severidad, como los linfocitos B
atipicos de memoria®. Sin embargo, estas células han sido poco estudiadas en el contexto de
COVID-19, por lo que la via de desarrollo y funciones de los linfocitos B atipicos de memoria
siguen sin estar claros, incluso en otras condiciones como malaria y VIH®. Por lo tanto, surge la
necesidad de realizar estudios que utilicen tecnologias avanzadas como el single-cell RNAseq para
analizar a profundidad la respuesta de linfocitos B en COVID-19 en los diversos cuadros clinicos
de la enfermedad. Esto ademas, permite evaluar la heterogeneidad de las células y sus posibles vias
de desarrollo.

Otro aspecto crucial durante la pandemia ha sido el rapido desarrollo de vacunas contra el COVID-
19, empleando diversas plataformas tecnoldgicas como ARNM, virus inactivados, unidades
proteicas y vectores adenovirales. En Hermosillo, Sonora, las primeras vacunas disponibles fueron
la de AstraZeneca, administrada en dos dosis, y la vacuna de CansinoBio, administrada en una sola
dosis, ambas desarrolladas utilizando vectores adenovirales. A diferencia de la vacuna de
Pfizer/BioNTech, ampliamente estudiada por su innovadora plataforma de ARNm*%*3 las vacunas
basadas en vectores adenovirales han sido relativamente poco estudiadas a nivel de single-cell
RNAseq. Estos estudios son fundamentales ya que permiten comprender como estas vacunas
activan y actlan sobre la respuesta inmune a nivel unicelular. Ademas, estudiar vacunas con la
misma plataforma, pero con esquemas diferentes, como es el caso de AstraZeneca y CansinoBio,
permite evaluar y comparar sus respuestas inmunitarias, incluyendo la inmunidad hibrida inducida
en sujetos con infeccion previa. Comprender estos aspectos podria ser de utilidad para el desarrollo

de futuras estrategias de vacunacion.

1.2. Antecedentes

1.2.1. COVID-19

La enfermedad por coronavirus 19 (COVID-19), es un proceso infeccioso causada por el
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coronavirus del sindrome respiratorio agudo severo tipo 2 (SARS-CoV-2). Esta enfermedad ha
causado grandes estragos a nivel mundial, provocando méas de 6 millones de muertes. Los primeros
casos se reportaron en Wuhan, provincia de Hubei, China a finales de diciembre de 2019 y a partir
de entonces, el virus se disemind rdpidamente en todo el mundo. En enero del 2020, la
Organizacion Mundial de la Salud (OMS) declar6 que la COVID-19 era una emergencia sanitaria
de salud publica mundial, y en marzo de 2020 la calificd como pandemial®.

El SARS-CoV-2 es un virus de ARN monocatenario que codifica para 4 proteinas estructurales:
spike (S), envoltura, nucleocapside y membrana. La proteina S es una glicoproteina trimérica y
tiene la capacidad de ser escindida en dos subunidades: S1, responsable de la union al receptor de
la célula a través del RBD y en S2, que se encarga de la fusion a la membrana celular. Se trata de
una proteina altamente inmunogeénica, capaz de inducir una potente respuesta de anticuerpos
neutralizantes, por lo tanto, es un objetivo clave para el desarrollo de vacunas y terapias'>*®. El
principal modo de transmision de SARS-CoV-2 es a través de microgotas respiratorias que
transportan el virus infeccioso por contacto cercano o transmisién directa de personas que albergan
el virus.

Una vez que el virus entra a las células hospederas mediante la union de la proteina S al receptor
celular ACE2, el virus comienza la replicacion viral en una fase temprana de la infeccion. Se estima
que entre el 17% y el 33% de los pacientes infectados permanecen asintomaticos'’. Dependiendo
de los sintomas clinicos, asi como diversas pruebas radioldgicas y de laboratorio, la OMS clasificd
la severidad de la enfermedad en 4 tipos: leve, moderado, severo y critico.

Se ha observado que todas las personas sin distincion de edad corren el riesgo de contraer esta
infeccion, la mayoria experimentan una enfermedad respiratoria leve a moderada y se recuperaran
sin requerir un tratamiento especial®. Sin embargo, existen poblaciones vulnerables con mayor
riesgo a desarrollar COVID-19 grave. Algunas de estas poblaciones son pacientes mayores a 60
afios y aquellos con comorbilidades médicas como obesidad, enfermedad cardiovascular,
enfermedad renal cronica, diabetes, asma, cancer, entre otros'®. Los resultados clinicos, ingreso a
unidades de cuidados intensivos y la duracion de la estadia se correlacionan directamente con estas
condiciones subyacentes y edad del paciente’®?°. Por otro lado, el surgimiento de variantes de
preocupacion (VOCs) del SARS-CoV-2 ha sido otro factor que incrementa la severidad de la
enfermedad???>. No obstante, el uso de vacunas y terapias contra COVID-19, ha demostrado

disminuir la severidad, incluso en personas con comorbilidades, asi como también se ha reducido
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la tasa de hospitalizacion y muertes ocasionadas por SARS-CoV-223,

1.2.2. Variantes de Preocupacion del SARS-CoV-2 (VOCs)

La mutacion es una caracteristica inherente a la mayoria de los virus, sin embargo, aquellos con un
genoma de ARN, como lo es el SARS-CoV-2 presentan tasas de mutacion mucho mas altas
comparada con aquellos virus con genoma de ADN. La primera variante identificada en 2020 fue
la denominada D614, la cual se asoci6 con un incremento en la transmision pero sin cambios en su
virulencia?*. Desde entonces, multiples variantes de SARS-CoV-2 se han descrito, algunas se han
considerado VOC por su mayor transmisibilidad, capacidad de evadir el sistema inmune y
virulencia. Entre ellas se encuentran las variantes Alfa, Beta, Gamma y Delta, que presentan desde
1 hasta 3 mutaciones en el RBD, favoreciendo la evasion inmune. En el caso de la variante
Omicron, esta provocd un incremento de casos en un corto periodo, desde su aparicion en
noviembre de 2021. La evolucion de Omicron ha dado lugar al surgimiento de mdltiples
subvariantes, las cuales presentan de 12 a 14 mutaciones en su RBD y més de 57 mutaciones en la
proteina S?°.

Omicron ha sido una causa importante de preocupacion mundial dado su alta transmisibilidad, la
cual reemplazé rapidamente las VOC anteriores?®. Las mutaciones que presenta ha dado como
resultado una mayor afinidad de la proteina S hacia el receptor ACE2, generando cambios en la
infeccion celular y tropismo, aumentando su transmisibilidad®®?’. No obstante, se ha demostrado
que Omicron presenta menor patogenicidad comparada con variantes anteriores, debido a que
infecta preferentemente el tracto respiratorio superior, lo que a menudo resulta en casos
asintomaticos o cuadros leves?®?°, Actualmente, las Gltimas subvariantes de Omicron con mayor
prevalencia en los meses de mayo y junio de 2024 han sido KP.2, KP.3, JN.1.7, KP.1.1 y JN.1,
segun los reportes del Centro para el Control y la Prevencién de Enfermedades (CDC). Por otro
lado, la alta seroprevalencia e inmunidad inducida por la infeccion, vacunacion o una combinacion
de ambas (inmunidad hibrida), proporciona proteccion contra estas subvariantes, reduciendo la
gravedad y tasa de hospitalizaciones. Sin embargo, las personas con comorbilidades continian
siendo vulnerables a infecciones severas y complicaciones por COVID-19, siendo fundamental el
desarrollo y actualizacion continua de terapias y vacunas para esta enfermedad.
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1.2.3. Respuesta Inmune Contra SARS-CoV-2

Al igual que en otras infecciones, la respuesta inmune contra el SARS-CoV-2 se divide en dos
fases principales: la respuesta inmune innata y la respuesta inmune adaptativa. La respuesta inmune
innata actua como la primera linea de defensa, encargandose de reconocer al virus de manera rapida
y activando el sistema inmune para contener la enfermedad en sus etapas iniciales. Esta fase incluye
la participacion de células como monocitos, macrofagos, neutréfilos y células dendriticas, que
detectan la presencia del patdgeno a través de receptores de reconocimiento de patrones (PRRs) y
desencadenan una serie de respuestas para limitar la propagacion del virus. Sin embargo, una
activacion exacerbada de monocitos y macrdfagos, principalmente, puede contribuir a la tormenta
de citocinas, caracteristica en pacientes con cuadros mas severos de COVID-19. Esta situacion se
asocia con niveles elevados de citocinas como IL-2, IL-7, IL-10, G-CSF, IFN-y, TNF-a e IL-6, lo
cual puede desencadenar fallo multiorganico y resultados fatales en estos pacientes®’3L,

A medida que la infeccion progresa, las células dendriticas procesan y presentan el antigeno viral
a los linfocitos T para iniciar la respuesta inmune adaptativa. En esta fase, la respuesta celular
mediada por linfocitos T y la respuesta humoral por linfocitos B, juegan roles fundamentales para
proporcionar una defensa robusta y especifica contra SARS-CoV-2. En la respuesta celular, los
linfocitos T CD8" se encargan de eliminar las células infectadas por el virus, mientras que los
linfocitos T CD4" desempefian un papel crucial en la cooperacion y potenciacién de la activacion
de otras células mediante la producciéon de citocinas. Un ejemplo de esta cooperacion es la
activacion y diferenciacion de los linfocitos B en células plasmaticas productoras de anticuerpos y
linfocitos B de memoria®. Diversos estudios han reportado que pacientes con cuadros graves por
COVID-19 presentan reduccién de linfocitos T y un aumento en la expresion de receptores de
inhibicion como PD-1, TIM-3, LAG-3, CTLA-4 y NKG2A®%®, |a expresion de estos receptores
se ha observado principalmente en linfocitos T CD8" y refleja un perfil de células exhaustas, lo
que hace reducir su funcionalidad ante la respuesta antiviral y es un predictor de severidad en
COVID-193+38,

En la inmunidad humoral en respuesta a COVID-19 la participacion de los linfocitos B en la
produccion de anticuerpos neutralizantes contra SARS-CoV-2 es fundamental. Durante la fase

inicial de la infeccion, los anticuerpos IgM suelen aparecer en la primera semana y alcanzan su
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punto maximo entre el dia 8 y 10%”38, Por otro lado, los anticuerpos IgG comienzan a detectarse
aproximadamente a partir de la segunda semana después de la infeccion y alcanzan su punto
maximo entre las 3 y 4 semanas posteriores al inicio de los sintomas®"®. Sin embargo, la duracion
y la magnitud de la respuesta de los anticuerpos pueden variar entre individuos y estan
influenciadas por varios factores, incluyendo la severidad de la infeccion, la edad y el estado
inmunoldgico previo del paciente3’%,

Los pacientes con cuadros severos, han evidenciado alteraciones en las subpoblaciones de
linfocitos B relacionadas a la severidad. Ademas, se ha observado que en estos pacientes existe una
fuerte activacion de la via extrafolicular®’. Esta via esta asociada con una diferenciacion rapida de
linfocitos B y produccion de anticuerpos contra el virus, aunque estos anticuerpos tienden a tener
una afinidad menor hacia el antigeno y ser menos duraderos. En contraste, la diferenciacion de los
linfocitos B a través de la via de centros germinales es crucial para la formacion de linfocitos B de
memoria y células plasmaticas productoras de anticuerpos con alta afinidad hacia el antigeno y
mayor capacidad neutralizante®®, Sin embargo, en estudios postmortem se ha identificado la
ausencia de centros germinales en pacientes que fallecieron a causa de COVID-19, lo que explica
la activacion preferencial de la via extrafolicular en los pacientes con cuadros severos de la
enfermedad’. Ademas, la gravedad de COVID-19 se ha asociado con la produccion de
autoanticuerpos, lo cual, junto con las alteraciones mencionadas anteriormente, contribuye a un

peor prondstico.

1.2.4. Inmunidad Hibrida

La inmunidad hibrida resulta de la combinacion de la inmunidad natural por una infeccion de
SARS-CoV-2 y la inmunidad adquirida por vacunacion, produciendo una respuesta sinérgica*.

Tras la aprobacion de vacunas contra COVID-19 desarrolladas con diversas plataformas
tecnoldgicas, como ARNm (Pfizer/BioNTech y Moderna), subunidades proteicas (Novavax), virus
inactivado (CoronaVac), y vectores adenovirales (AstraZeneca, Johnson & Johnson vy
CanSinoBio), se ha observado esta respuesta sinérgica en la mayoria de las investigaciones con

individuos previamente infectados*>*’.
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Estudios con vacunas como Pfizer/BioNTech y AstraZeneca indican que después de una sola dosis,
los sujetos con infeccion previa muestran niveles significativamente més altos de anticuerpos
neutralizantes en comparacion con aquellos que recibieron dos dosis sin infeccion previa®?4:49,
Ademas, con la vacuna Pfizer/BioNTech se ha observado que la dosis de refuerzo en sujetos
previamente infectados aumenta la frecuencia de linfocitos B de memoria de las lineas germinales
IGHV3-53, IGHV3-66 y IGHV2-5, los cuales tienen la capacidad de producir anticuerpos
neutralizantes contra diversas variantes*’. De manera similar, se ha observado que después de 3
meses de la segunda dosis de Pfizer/BioNTech o Moderna, los sujetos con infeccidn previa
mantienen niveles mas altos de anticuerpos, linfocitos B de memoriay linfocitos T CD4" con perfil
Th1 en comparacién con aquellos sin infeccidn previa. Sin embargo, una tercera dosis proporciona
un incremento de anticuerpos circulantes, pero no de linfocitos B o T de memoria, lo que sugiere
que la memoria inmunitaria se maximiza después de dos dosis para el caso de estas vacunas en

sujetos previamente infectados™.

1.3 Hipotesis

Los anticuerpos monoclonales aislados a partir de linfocitos B de memoria de pacientes
convalecientes, tienen la capacidad de neutralizar a SARS-CoV-2 y sus variantes de preocupacion.
Ademas, la respuesta de linfocitos B y la activacion de sus subpoblaciones es diferente en los
distintos cuadros clinicos que se presentan en la enfermedad de COVID-19. Por otro lado, las
vacunas basadas en vectores adenovirales tienen la capacidad de inducir una respuesta inmune

hibrida robusta en sujetos previamente infectados por SARS-CoV-2.

1.4 Objetivo General

Producir y caracterizar anticuerpos monoclonales especificos a la proteina S de SARS-CoV-2, a

partir de linfocitos B de memoria de personas convalecientes y realizar un analisis de expresion
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diferencial de estas células, en distintos cuadros clinicos de COVID-19. Asi como también evaluar
lainmunidad hibrida inducida por vacunas basadas en vectores adenovirales en sujetos previamente
infectados por SARS-CoV-2.

1.5. Objetivos Especificos

1. Establecer y validar las condiciones para identificar y aislar linfocitos B de memoria de
personas convalecientes que reconozcan las proteinas S1y RBD de SARS-CoV-2.

2. Secuenciar el ARNm de células individuales de linfocitos B de memoria especificos a las
proteinas S1 y RBD de SARS-CoV-2, y analizar sus regiones VDJ para identificar las
secuencias codificantes de anticuerpos contra el virus.

3. Producir y caracterizar anticuerpos monoclonales que reconocen a SARS-CoV-2 y las
variantes de preocupacion.

4. Realizar un andlisis de expresion diferencial, a partir de la secuenciacion de ARNm de células
individuales de linfocitos B de personas convalecientes con distintos cuadros clinicos de
COVID-19.

5. Realizar un estudio comparativo de la inmunidad hibrida inducida por las vacunas COVID-

19 de CansinoBio y AstraZeneca.

1.6 Seccién Integradora

El trabajo realizado durante este proyecto doctoral comenz6 con la validacion de condiciones para
aislar linfocitos B especificos para las proteinas S1 y RBD de sujetos convalecientes de COVID-
19. Esto fue seguido de un single-cell RNAseq a partir de linfocitos B para obtener datos de
expresion génica y las secuencias VDJ en estas células, cumpliendo asi con los dos primeros
objetivos del proyecto. Partiendo de estos resultados, se prosigui6 con el cumplimiento del tercer

y cuarto objetivo. En el tercer objetivo se realizd la produccion y caracterizacion de anticuerpos
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neutralizantes contra el SARS-CoV-2 y sus variantes circulantes a partir de las secuencias VDJ.
En el cuarto objetivo se profundizo en los andlisis de la expresion génica y el repertorio VDJ de
los linfocitos B en sujetos convalecientes, con el propdsito de estudiar las caracteristicas de estas
células en diversos cuadros clinicos. Ademas, se estudiaron las diferentes subpoblaciones de
linfocitos B que predominaba en los sujetos con los diferentes cuadros clinicos de la enfermedad.
Como quinto objetivo, se realiz6 un estudio comparativo usando single-cell RNAseq de la
inmunidad hibrida generada por las vacunas basadas en vectores adenovirales AstraZeneca
(AZD1222) y CansinoBio (Ad5-nCoV). Este estudio se realizo debido a la necesidad de evaluar la
respuesta inmune tras la introduccion de estas vacunas, las cuales fueron utilizadas desde un
principio en los esquemas de vacunacion en Hermosillo, Sonora.

En la primera fase de resultados, como parte de la produccién y caracterizacion de anticuerpos
neutralizantes contra el SARS-CoV-2, se incluye un articulo publicado titulado “19n01, a broadly
neutralizing antibody against omicron BA.1, BA.2, BA.4/5, and other SARS-CoV-2 variants of
concern”. En este trabajo, se obtuvieron 25,621 secuencias VDJ de linfocitos B de sujetos
convalecientes de COVID-19 infectados con la cepa original del SARS-CoV-2. De estas, se
seleccionaron las secuencias para producir anticuerpos, para ellos se definieron cinco criterios: 1)
secuencias con isotipo IgG, 2) cadenas ligeras y pesadas pareadas, 3) clonotipo con frecuencia >2,
4) genes IGHV comunes en anticuerpos neutralizantes contra SARS-CoV-2, y 5) >70% de
identidad con anticuerpos reportados contra SARS-CoV-2. En total, se seleccionaron 44
anticuerpos para producirlos con tecnologia recombinante en formato de cadena sencilla. De estos
anticuerpos, solo 9 mostraron reconocimiento hacia la cepa ancestral del SARS-CoV-2, y 5
anticuerpos (19n01, 01n21, 01n01, 20n01 y 20n18) reconocieron tanto la cepa ancestral como al
menos una VOC. Por lo tanto, estos 5 anticuerpos se produjeron en formato completo 1gG para
continuar con su caracterizacion.

Los resultados de caracterizacion demostraron que, de los 5 anticuerpos, el 19n01 fue el mas
potente, mostrando una alta capacidad de unién y neutralizacion de las variantes Alfa, Beta,
Gamma, Delta, Kappa, Zeta, asi como de las subvariantes Omicron BA.1, BA.2 y BA.4/5. Los
ensayos de neutralizacion con pseudovirus mostraron que el 19n01 tenia una alta capacidad para
neutralizar la variante G614 y las subvariantes Omicron BA.1, BA.2 y BA.4/5, con valores de
concentracion inhibitoria (IC50) entre 0.0035 y 0.0164 pg/mL. En los estudios de
microneutralizacion con el virus de la cepa ancestral de SARS-CoV-2 y las variantes G614, Alfa,
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Beta, Delta, y Omicron BA.1 y BA.5, el 19n01 mostré valores IC50 entre 0.013 y 0.267 pg/mL.
Ademaés, se realizaron analisis biofisicos de competencia y estructurales, evidenciando que el
anticuerpo 19n01 compite con el receptor ACE2 por la unién al RBD, lo que explica su capacidad
neutralizante. Los resultados de resonancia de plasmon superficial (SPR) confirman la elevada
afinidad hacia Omicron BA.2 y BA.4/5 con Kp de 61 a 31 nM, respectivamente. Sin embargo, la
afinidad que mostré contra Omicron BA.1 se vio reducida presentando un Kp de 441 nM. Por otro
lado, el modelado molecular mostré que parte del sitio de union del 19n01 esté en contacto cercano
con la posicion G446 de la proteina S, lo que explica la baja afinidad contra Omicron BA.1 ya que
esta subvariante presenta una mutacion en este sitio (G446S). Ademas, se observé que las
posiciones K444 y V445 de la proteina S tienen contacto directo con el sitio de union del anticuerpo
19n01. Por lo tanto, las subvariantes de Omicron con mutaciones en esas posiciones ya no son
susceptibles a su neutralizacion, como es el caso de las subvariantes BQ.1.1, XBB.1.5, JN.1.7,
KP.3, entre otras.

Fue interesante observar que el anticuerpo 19n01 provenia de un paciente con un cuadro moderado
de COVID-19, quien se habia infectado con la cepa ancestral del SARS-CoV-2 antes de la
circulacion de variantes VOC en Hermosillo, Sonora. Esto sugiere que la infeccion natural puede
estimular la activacion y expansion de linfocitos B capaces de producir anticuerpos con una amplia
capacidad neutralizante. Asi mismo, el anticuerpo 19n01 demostrd una capacidad neutralizante
amplia y superior en comparacion con los demas, resultando ser un anticuerpo con potencial
terapéutico, hasta el surgimiento de subvariantes Omicron con mutaciones en los sitios K444 y
V445. Finalmente, la base de datos generada, que contiene 25,621 secuencias, podria ser de gran
utilidad para seguir explorando potenciales anticuerpos neutralizantes contra variantes emergentes
de preocupacion. Las estrategias de seleccion y caracterizacion empleadas en este trabajo podrian
servir para la identificacion y estudio de futuros anticuerpos, no solo contra el SARS-CoV-2, sino
también contra otros agentes infecciosos.

La segunda fase de los resultados abarcé el anélisis de expresion génica en linfocitos B de sujetos
convalecientes de COVID-19, y la caracterizacion de linfocitos B de memoria atipicos. Estos
resultados se presentan en el articulo “Single-cell transcriptomic analysis of B cells reveals new
insights into atypical memory B cells in COVID-19”, el cual se encuentra publicado en la revista
Journal of Medical Virology. Los andlisis transcriptomicos a nivel unicelular de este estudio

permitieron identificar una poblacion heterogénea de linfocitos B en sujetos convalecientes con
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cuadros criticos, severos, moderados y leves. Dentro de la poblacion heterogénea, se identificaron
10 subpoblaciones, incluyendo linfocitos B transicionales (T1, T2 y T3), naive activados, 5
subtipos de linfocitos B de memoria, entre ellos un grupo de memoria atipica, y finalmente uno de
células secretoras de anticuerpos. Notablemente, se observo un incremento de linfocitos B
transicionales en sujetos con cuadros criticos y severos, asociado a la necesidad de desarrollar
linfocitos B maduros debido a la persistencia antigénica. Sin embargo, la evidencia de que una alta
proporcion de estas células permanecieron en estados de transicion durante la convalecencia en
cuadros criticos y severos sugiere una posible relacion con la progresion de la enfermedad, ya que
fueron células que no alcanzaron estadios mas diferenciadas.

Los andlisis de expresion génica diferencial revelaron una firma proinflamatoria en grupos
convalecientes con cuadros criticos y severos, destacando una elevada expresion de diversos genes
proinflamatorios como GADD45B, MAP3K8, NFKBIA, JUNB, AREG, PPP1R15A y FOSB, en la
mayoria de las subpoblaciones. En contraste, los grupos convalecientes con cuadros moderados y
leves mostraron incremento en la expresion de genes antivirales como IF116, IFI30, 1SG20, AIM2,
ademas de genes de activacion incluyendo SPIB, PTPRCAP, los cuales estaban reprimidos en los
grupos criticos y severos. Esto sugiere que diversas subpoblaciones, incluyendo linfocitos B
transicionales, naive, de memoria y células secretoras de anticuerpos, pueden contribuir a la
respuesta proinflamatoria en casos severos. Sin embargo, su adecuada activacién también puede
cooperar en la respuesta antiviral en casos leves y moderados.

Tras la identificacion de una subpoblacion de linfocitos B de memoria atipicos, se observaron
diferencias en su repertorio en comparacién con las diferentes subpoblaciones de linfocitos B de
memoria convencionales. Los anélisis de hipermutacién somatica (SHM) revelaron que los
linfocitos B de memoria atipicos mostraban una tasa de SHM menor que las células de memoria
clasicas con cambio de isotipo, pero una tasa mayor de SHM en comparacién con las células de
memoria clasica sin cambio de isotipo. Asi mismo, se observé que los linfocitos B de memoria
atipicos presentaban diferencias en la combinacion de uso de genes IGHV/IGHJ al compararlos
con los de memoria convencional. Algunos de estos genes mayormente expresados en las células
atipicas incluyen IGHV3-11/IGHJ4, IGHV6-1/IGHJ4 y IGHV1-18/IGHJ5. Lo que indica que estas
células presentan un perfil transcripcional y de repertorio diferente a las convencionales.

Los linfocitos B de memoria atipicos representan una poblacion poco estudiada en COVID-19, por

lo que adn se desconoce su desarrollo y funciones especificas en esta enfermedad. El analisis de
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trayectoria revela que estas células atipicas siguen una via de diferenciacion similar a las
convencionales de memoria. Ademas, pasan por procesos de diferenciacion en centros germinales
(CG) dado a la regulacion positiva de genes CXCR5, CXCR4, MYC, BCL2 y MCL1, importantes
para la circulacion y mantenimiento de CG. Los analisis de enriquecimiento de los genes
expresados diferencialmente en los linfocitos B atipicos de memoria indican que participan en
procesos biologicos de células activas y de sefializacion del receptor de células B (BCR), contrario
a lo que se ha sugerido en algunas patologias que podrian tratarse de células anérgicas o exhaustas.
Finalmente, se identificd una incremento de expresion de genes ampliamente reportados en
COVID-19, como IFNGR2, DUSP1, ZFP36 y IFITM3, en estas células. Esto sugiere que su
desarrollo podria verse influenciado por la exposicion antigénica y el entorno inmunoldgico en
respuesta al virus. Por lo tanto, es probable que estas células sean funcionalmente activas y
contribuyan a la respuesta inmune contra COVID-19.

El analisis transcriptomico de linfocitos B a nivel unicelular en sujetos convalecientes revel6 una
gran heterogeneidad de estas células entre los diferentes cuadros clinicos. Los resultados destacan
la capacidad de los linfocitos B para contribuir a la respuesta proinflamatoria, particularmente en
los casos criticos y severos. Ademas, los hallazgos de este estudio indican que los linfocitos B de
memoria atipicos presentan un perfil transcripcional y de repertorio distintos en comparacién con
los linfocitos B de memoria convencionales. Asi mismo, los analisis sugieren que estas células
siguen una via de diferenciacion a través de centros germinales, similar a los linfocitos B de
memoria convencionales. Sin embargo, su diferenciacion y activacion podrian estar influenciadas
por genes y factores de transcripcién caracteristicos de la exposicion antigénica al SARS-CoV-2.
Estos resultados proporcionan una mayor comprension de los linfocitos B de memoria atipicos, asi
como del rol de las subpoblaciones de linfocitos B en los diversos cuadros clinicos de COVID-19.
Como ultimo objetivo en este trabajo doctoral, se realizd un estudio comparativo de la inmunidad
hibrida generada por las vacunas basadas en vectores adenovirales. Los resultados de este trabajo
se encuentran ya publicados bajo el titulo “Comparative single-cell transcriptomic profile of hybrid
immunity induced by adenovirus vector-based COVID-19 vaccines”. En este estudio se evalu6 la
respuesta de anticuerpos y se realizaron analisis transcriptdmicos unicelulares en sujetos vacunados
con AstraZeneca (AZD1222) y CansinoBio (Ad5-nCoV). Para este propoésito se estudiaron 5
grupos: vacunados con Ad5-nCoV (Cso, n =6), vacunados con AZD1222 (AZ, n = 4), previamente
infectados y vacunados con Ad5-nCoV (Cso-hb, n = 6) 0 AZD1222 (AZ-hb, n = 6), y por ultimo

23



un grupo de infectados sin vacunacion (Inf, n = 5). El esquema de vacunacién de Ad5-nCoV
consistié en una sola dosis, mientras que AZD1222 incluyeron dos dosis, con intervalo de un mes
entre dosis.

Los resultados de la evaluacion de anticuerpos por ELISA y microneutralizacion mostraron que la
inmunidad hibrida observada en los grupos AZ-hb y Cso-hb, se asoci6 con una mejor respuesta de
anticuerpos neutralizantes (nAbs) en comparacion con los grupos sin infeccion AZ y Cso. Ademas,
la vacuna AZD1222 mostré un mayor incremento de nAbs en general, tanto en los grupos de
inmunidad hibrida o sin infeccion (AZ-hb y AZ), en comparacion aquellos vacunados con Ad5-
nCoV. Los analisis de single-cell RNAseq se centraron en evaluar el perfil de linfocitos B y
linfocitos T en respuesta a ambas vacunas. En el caso de los linfocitos B, se identificaron cuatro
subpoblaciones: dos asociadas a células naive (Bnaive-1 y Bnaive-2), uno de células de memoria
y otro de plasmablastos. Ademas, se observd una elevada frecuencia de linfocitos B de memoria
en los grupos Cso y Cso-hb. En contraste, en los grupos AZ y AZ-hb se identificd una poblacién
naive (Bnaive-1) caracterizada por el incremento de la expresion de CXCR4 y genes de activacion
como CD83 y CD69, lo que sugiere una poblacion de linfocitos B naive con capacidad migratoria
para continuar su diferenciacion. Por lo tanto, mientras los grupos vacunados con Ad5-nCoV
habian desarrollado ya mayor proporcion de linfocitos B de memoria, los grupos vacunados con
AZD1222 continuaban con la activacion y diferenciacion de linfocitos B naive.

El perfil transcriptomico de linfocitos T, reveld 17 subpoblaciones, incluyendo 9 subpoblaciones
de linfocitos T CD4", 7 subpoblaciones de linfocitos T CD8* y 1 subpoblacién de linfocitos T y3.
Estas subpoblaciones mostraron una respuesta celular heterogénea después de la vacunacion, la
inmunidad hibrida o la infeccion natural. En el caso de los grupos Cso, se observd que una sola
dosis de Ad5-nCoV fue capaz de activar algunas subpoblaciones de manera similar a los grupos de
inmunidad hibrida AZ-hb, que habian experimentado previamente una infeccion y recibido dos
dosis de AZD1222. Esta respuesta fue notable principalmente en las subpoblaciones CD4.Tm-3,
CD4.Tn-2 y CD8.Te-2. También, se observo una expansion significativa de la subpoblacion
CD8.Te-4 exclusivamente en el grupo Cso-hb, caracterizada por un perfil citotoxico con un
incremento de la expresion de GZMB, GZMH y IFNG, genes cruciales para una respuesta antiviral
efectiva. Sin embargo, estas células también mostraron la expresion de genes que codifican para
receptores de inhibicion como PD-1 (PDCD1), TIM-3 (HAVCR2) y LAG-3, asociados a una

respuesta de células exhaustas. Por lo tanto, esto sugiere que la activacion robusta de la respuesta
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celular inducida por la vacuna Ad5-nCoV activo la expresion de genes asociados con agotamiento
celular, posiblemente como un mecanismo de equilibrio para mantener la homeostasis del sistema
inmune en respuesta a la vacunacion.

Este estudio demuestra que ambas vacunas estimulan eficazmente la inmunidad hibrida con
caracteristicas distintas, resaltando la capacidad de la vacuna AZD1222 para generar una respuesta
humoral robusta de anticuerpos neutralizantes. Mientras que Ad5-nCoV se destacé por inducir una
respuesta celular robusta con una sola dosis. Estos hallazgos muestran la diversidad en la respuesta
inmune inducida por dos vacunas desarrolladas a partir de vectores adenovirales, Ad5-nCoV utiliza
el adenovirus tipo 5 (Ad5), mientras que AZD1222 emplea el adenovirus de chimpancé ChAdOx1.
Ademas, ambas vacunas presentan esquemas de vacunacion diferente.

En resumen, este proyecto doctoral contribuye significativamente al entendimiento de la respuesta
inmune frente al SARS-CoV-2, ya que logré el descubrimiento, produccion y caracterizacion de
un anticuerpo con alto potencial terapéutico. Esto se debié a su amplia capacidad neutralizante
tanto contra la cepa ancestral como contra multiples variantes de preocupacion, incluyendo las
Gltimas subvariantes de Omicron, previas al surgimiento de mutaciones en los sitios K444 y V445,
Ademas, presenta un estudio de transcritos a nivel unicelular en individuos convalecientes con
diversos cuadros clinicos como en sujetos inmunizados con distintos esquemas de vacunacion. Este
trabajo integral revela la complejidad y adaptabilidad del sistema inmune frente al virus, sus
variantes, diversas condiciones clinicas y vacunas empleadas contra COVID-19. Finalmente, estos

hallazgos ayudaran en el desarrollo de futuras estrategias terapéuticas y de vacunacion.
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SUMMARY

This study reports the isolation and characterization of a human monoclonal anti-
body (mAb) called 19n01. This mAb was isolated by using single-cell RNAseq of B
cells from donors infected with the ancestral strain. This mAb possesses a potent
and broad capacity to bind and neutralize all previously circulating variants of
concern (VOCs), including Omicron sublineages BA.1, BA.2, and BA.4/5. The
pseudovirus neutralization assay revealed robust neutralization capacity against
the G614 strain, BA.1, BA.2, and BA.4/5, with inhibitory concentration (IC50)
values ranging from 0.0035 to 0.0164 g/mL. The microneutralization assay using
the G614 strain and VOCs demonstrated IC50 values of 0.013-0.267 g/mL. Bio-
physical and structural analysis showed that 19n01 cross-competes with ACE2
binding to the receptor-binding domain (RBD) and the kinetic parameters
confirmed the high affinity against the Omicron sublineages (Kp of 61 and
30 nM for BA.2 and BA.4/5, respectively). These results suggest that the 19n01
is a remarkably potent and broadly reactive mAb.

INTRODUCTION

The spike protein is the main surface antigen of SARS-CoV-2 and utilizes its receptor-binding domain (RBD)
to engage the host receptors ACE2 and TMPRSS2 for viral entry."” Based on this knowledge, the spike pro-
teinhasbeen a central target for vaccine and drug design. Nonetheless, SARS-CoV-2 is constantly evolving
dueto high replication rates provoking new variants characterized by different mutations, particularly in the
RBD domain.” These variants are characterized by increased transmissibility, reduced vaccine efficacy, and
increased risk of reinfection.”” The latest variant described Omicron, carries over 30 mutations in the spike
and possesses a high infectivity rate that provokes rapid global dissemination. This variant comprises
several major sublineages, such as BA.1, BA.2, BA.3, BA4, and BA5.* Many cases caused by BA.2,
BA.4, and BA5 and descendant sublineages have been detected in some countries, and the European
Center for Diseases Prevention and Control (ECDC) classified these sublineages in the list of variants of
concern (VOCs)."

Mostvaccines elicit antibody responses with decreased neutralizing activity against Omicron and other var-
iants, and two or three boosters are needed to increase the neutralizing response.”'” Monoclonal anti-
bodies (mAbs) represent an important therapeutic option that provides clinical benefit in mild to moderate
COVID-19, reducing the risk of hospitalization and severe disease.'"'* There are multiple mAbs in preclin-
ical and clinical phases; nevertheless, most FDA-approved mAbs show reduced effectiveness against
certain variants and have lost approval.

RBD-targeting mAbs have been divided into four major classes based on their epitopes. Class 1 and class 2
recognize epitopes overlapping the ACE2-binding site. Class 3 is potent neutralizing antibodies that do
not directly bind to the ACE2 contact surface. Class 4 antibodies target an epitope outside the recep-
tor-binding motif and are generally less powerful.'” This characterization and classification have been
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necessary for identifying the best candidates, possible combinations, and mapping mutations that escape
RBD-targeting mAbs.'" In this study, we report the isolation and characterization of mAbs against SARS-
CoV-2 obtained from convalescent patients infected with the ancestral strain of SARS-CoV-2. By using sin-
gle-cell RNA-Seq (scRNA-Seq) of enriched or sorted S1/RBD-specific B cells, we isolated five mAbs (19n01,
20n01, 20n18, 01n03, and 01n21) able to recognize SARS-CoV-2 and its VOCs; remarkably, the 19n01 mAb
neutralizes all variants, including the Omicron sublineages BA.1, BA.2, and BA4/5. Structural and surface
plasmon resonance (SPR) analysis showed that 19n01 mAb competes with ACE2 binding to the RBD, sug-
gesting that the 19n01 epitope partially overlaps the receptor binding site.

RESULTS

Identification and production of antibodies against SARS-CoV-2 from convalescent patients
To identify SARS-CoV-2 neutralizing antibodies, we collected blood samples from nine COVID-19 conva-
lescent patients with a positive gRT-PCR test. Samples were collected 3 and 8 weeks after symptom onset
from patients who experienced different clinical manifestations (Figures S1A and S1B). All patients were
from Northwest Mexico (Hermosillo, Sonora, Mexico) and had COVID-19 from October to November
2020, before the emergence of VOCs.

We performed two scRNA-seq experiments. We obtained an enriched population of S1/RBD-specific B
cells from the nine convalescent patients in the first experiment using biotinylated RBD and S1 protein
and a magnetic bead separation system (Figure S1). In the second experiment, we used fluorescent acti-
vated cell sorter (FACS) to sort antigen-specific memory B cells (CD19"IgD~CD27 RBD*S17,
CD19"1gD”CD27 "RBD"S1", and CD19"1gD~CD27 RBD™S17 B cells). We sorted 4,660 cells from five conva-
lescent patients and merged them into a single pool. Once these cells were obtained, we performed
scRNA-seq using 10x genomics technology. The cells were placed into 10x chromium for gel bead-in-emul-
sion (gel bead emulsion (GEM) preparation, library construction, and V(D)J library sequencing to obtain
paired heavy (H) and light (L) chain sequences for antibody production and characterization.

We obtained 25,621 VDJ sequences from enriched S1/RBD-specific B cells; 16,483 were IgM, 4,253 were
1gG, 4,664 were IgA, and 221 were IgD. From the sorted cells, we obtained 528 VDJ sequences; 299
were IgG, 115 1gM, 112 1gA, and 2 IgD. We defined five selection criteria to increase the efficiency in iden-
tifying mAbs against SARS-CoV-2: (1) sequences with IgG1 isotype; (2) heavy and light chains with paired
sequences; (3) sequences with clonotypes with a frequency >2; (4) predominance of immunoglobulin
heavy variable region (IGHV) genes of SARS-CoV-2 neutralizing antibodies (nAbs) previously reported;
(5) heavy and light chain sequences with >70% identity with antibodies reported against SARS-CoV-2 in
The Coronavirus Antibody Database (CoV-AbDab)'® (Figure S1C). Based on these criteria, we obtained
44 antibody sequences that can potentially recognize SARS-CoV-2 (Table S1). We produced a single-chain
variable fragment (scFv) from the selected sequences to test its recognition against the Wuhan-Hu-1 and
RBD VOCs by ELISA. Fourteen scFvs were positive for Wuhan-Hu-1 (Wild-Type, WT), but only 5 recognized
at least one VOC and were selected to produce them in full-length 1gG format to continue their character-
ization. The 19n01, 20n01, and 20n18 mAbs were derived from enriched S1/RBD-specific B cells, while the
01n03 and 01n21 mAbs were derived from FACS-sorted S1/RBD-specific memory B cells.

Binding and neutralization of SARS-CoV-2 VOCs

The full-length IgG1 format of 19n01, 20n01, 20n18, 01n21, and 01n03 mAbs was produced by transient
transfection of Expi293 cells and purified by protein G affinity chromatography. First, we performed
ELISAs to evaluate the binding capacity against several SARS-CoV-2 variants (Figure 1A). The 19n01
mAb showed recognition against all variants, including the Omicron sublineages BA.1, BA.2, and BA.4/
5. The half-maximal effective concentrations (EC50) ranged from 0.028 to 0.121 pg/mL, with an EC50 of
28.82 ng/mL for BA.4/5. The 01n21 mAb binds to all variants tested except Omicron. The 01n03 mAb recog-
nized all variants, excluding Beta and Omicron. 20n01 showed recognition against Wuhan-hu-1and Alpha.
Additionally, 20n18 only recognized these two variants, but the binding was weak. The 19n01 mAb showed
strong RBD binding affinity against all variants; its CDRH3 is composed of a relatively short sequence (12
amino acids), and this mAb had a paired germline IGHV2-5/IGLV1-47. IGHV2-5 has already been reported
as a gene for broadly neutralizing antibodies against SARS-CoV-2 variants in convalescent patients.'” The
20n01 mAb was derived from the IGHV1-69/IGLV2-23 germline genes, whereas the next three mAbs were
derived from the same IGHV gene: 01n21 (IGHV3-53/IGKV3-20), 01n03 (IGHV3-53/IGKV1-33) and 20n18
(IGHV3-53/IGKV3-15) (Table S1).
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Figure 1. RBD binding characterization of mAbs and SARS-CoV-2 neutralization
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(A) ELISA binding of 19n01, 01n21, 01n03, 20n01, and 20n18 mAbs against RBDs from different SARS-CoV-2 variants (Alpha, Beta, Gamma, Delta, Kappa,
Zeta, Omicron BA.1, BA.4/5, and Wuhan-Hu-1 [WT]). EC50 values were determined for antibodies that showed high binding affinity.

(B) RBD-hACE2 inhibition assay in Expi293 cells expressing hACE2. The inhibition capacity of 19n01, 01n21, 01n03, and 20n01 mAbs was evaluated by flow
cytometry against SARS-CoV-2 RBD from Alpha, Beta, Gamma, Delta, Omicron BA.1, BA.4/5, and Wuhan-Hu-1. IC50 values were determined for each
antibody that could inhibit RBD-hACE2 binding.
(C) Pseudovirus neutralization assay with 19n01 by using spike of G614 strain, and Omicron BA.1, BA.2, and BA.4/5. The mean values and SDs of two
replicates are shown for each experiment.
(D) Authentic virus neutralization assay was determined for 19n01 and 20n01 mAbs by microneutralization from isolates of SARS-CoV-2 G614 strain and
Alpha, Beta, Delta, Omicron BA.1, and BA2 variants. ECso values were calculated for both antibodies in all tested variants.
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Next, we performed RBD-hACE2 inhibition assays by flow cytometry using Expi293F cells that express
hACE2. We observed that 19n01 mAb inhibits the RBD-hACE2 binding of Omicron and other VOCs with
half-maximal inhibitory concentration (IC50) ranging from 0.150 to 0.332 pg/mL (Gamma showing the
maximum and Alpha the minimum IC50). The 01n21 mAb could block RBD-hACE2 binding in the variants
evaluated. The 01n03 and 20n01 mAbs inhibited only Alpha and Wuhan-Hu-1 RBD (Figure 1B). We
confirmed RBD-hACEZ2 inhibition by blocking ELISAs (Figure S2). We observed that the 19n01 mAb could
block RBD-hACE2 binding of all variants and that the 20n01 mAb blocked the binding of Alpha and Wuhan-
Hu-1 RBD (Figure S3).

Then, we performed a neutralizing assay with live virus (microneutralization test) with the two most prom-
ising Abs, 19n01, and 20n01 (Figure 1D). mAb 20n01 was only effective against G614 and Alpha, with an
IC50 of 0.06 pg/mL. The 19n01 mAb neutralizes the G614 strain and Alpha, Beta, Delta, and Omicron
BA.1, BA.2, and BAS. The IC50 ranged from 0.013 to 0.267 pg/mL, with a lower IC50 against G614 and a
higher I1C50 against Omicron BA.1. The neutralizing activity against Omicron BA.2 and BA.5 was 0.068
and 0.0445 pg/mL, respectively. Similarly, 19n01 could neutralize BA.1, BA.2, and BA.5 pseudoviruses
with 1C50 values ranging from 0.0035 to 0.0164 ng/mL, with a lower IC50 against G614 and the highest
against BA.1 (Figure 1C). In comparison, the well-characterized nAbs, LY-CoV1404, showed IC50 values
ranging from 0.0010 to 0.0020 pg/mL, representing a 2.69-to-10.25-fold difference. These results agree
with the binding results, where 19n01 showed reduced recognition against BA.1.

SPR competition on RBD SD1 with different antibodies

SARS-CoV-2 has shown a remarkable ability to mutate and evade the immune response. Resistant escape
mutants quickly develop when the virus is exposed to neutralizing antibodies both in vitro, in animals, and
in humans.'” A combination of multiple antibodies, either in a cocktail or multispecific format, can curtain
the problem since the virus is far less likely to simultaneously generate escape mutants in more than one
epitope. To assess the possibility to combine 19n01 with other antibodies, we compared its binding to a
panel of potently neutralizing and well-characterized anti-spike antibodies. An SPR-based cross-competi-
tion assay revealed that 19n01 cannot bind the RBD in the presence of C121, an Ab directed against the
ACE2 binding site. Intriguingly, cross-competition was also detected against C135 (Figure 2A), which
does not itself cross-compete with C121 and whose epitope is outside the ACE2 binding site (Class 3) (Fig-
ure 2B). In contrast, 19n01 does not compete with an anti-subdomain 1 (SD1 domain) antibody that binds
spike protein outside the RBD. The complementarity of 19n01, which neutralizes the virus by inhibiting re-
ceptor binding, and antibodies that act through different mechanisms, such as anti-SD1 Abs, would be
beneficial.

Cross-competition and the ability of 19n01 to recognize all variants and different RBD-SD1 point mutations
(Figure S2) suggest that its epitope may lie in a conserved RBD region partially overlapping both C121 and
C135(Figure 2C) as well as the ACE2 binding site. We employed computational docking and atomistic mo-
lecular dynamics (MD) simulations to model the 3D structure of 19n01 on the RBD (Figure 3). No constraints
were imposed on the relative position of 19n01 and RBD during the docking protocols, but the results were
filtered to select solutions in which 19n01 overlapped with C121, C135, and ACE2, in agreement with the
experimental data. Such solutions were then subjected to MD simulation to better refine the local geom-
etry and confirm the stability of the RBD-19n01 model (Figures 3A and 3C). The simulation positions of
19n01 are in close contact with Gly446 and Gly496; these are mutated to Ser in BA.1 but not in other om-
icron sublineages. In line with experimental evidence, the mutations are likely to affect antibody binding to
BA.1 (Kp 441 nM observed by SPR) but not BA.2 (Kp 61 nM) or BA.4/5 (Kp 30 nM) (Figures 3A and 3B). To
provide additional evidence about the 19n01 epitope, we evaluated mutants at positions G339H, K444E,
V445P, and G446S (Figures TA and S4). A mutation at positions K444 or V445 was sufficient to abolish
19n01 binding; in contrast, a mutation at position G446 reduced the 19n01 binding. These results confirm
that residues at positions K444, V445, and G446 are part of the 19n01 epitope. The epitope is otherwise
conserved in all variants, in further agreement with experimental data showing strongbinding to the ances-
tral strain (Kp 15 nM), D614G (Kp 4.7 nM), and Delta (Kp 23 nM) (Figure S5) as well as all others characterized
by ELISA.

DISCUSSION

Since the emergence of SARS-CoV-2, the virus has accumulated many mutations acquiring the capacity to evade
the immune response induced by vaccination or natural infection, provoking reduced neutralization against new
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Figure 2. Binding competition between 19n01 and other characterized monoclonal antibodies against SARS-CoV-2
(A) SPR cross-competition assay. C121, C135, and an anti-SD1 antibody were immobilized on the chip surface; RBD-SD1 was then flowed forming a complex
with the immobilized antibody (RBD injection), and finally, 19n01 was added (19n01 injection). 19n01 binding was detected only with the immobilized anti-
SD1 antibody; instead, no signal was detected for both C121 and C135 suggesting at least partially overlapping epitopes with these antibodies.
(B) Structures of C121 (blue), C135(green), and ACE2 (yellow) in complex with RBD (gray). The red circle indicates the putative region where 19n01 might bind

to RBD.
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Figure 3. The structural complex of 19n01 with SARS-CoV-2 RBD and binding affinities to Omicron BA.1, BA.2,
and BA.4/5

(A) Structure of 19n01 (violet) in complex with SARS-CoV-2 RBD (white surface). Red spheres indicate mutations present
only in BA.1 (G446S and G496S), yellow spheres are mutations present only in BA4/5 (F486V and L452R), and orange
spheres are mutations shared between BA.1 and BA.2 (Q493R).

(B) Binding kinetics of 19n01 with SARS-CoV-2 RBD Omicron BA.1, BA.2, and BA.4/5 were determined by SPR.

(C) Superposition of the structures of ACE2 (lime), C135 (green), and C121 (blue) on the 19n01-RBD complex shows steric
clashes between the molecules, in line with the cross-competition results.

(D) Structure of 19n01 (violet) in complex with SARS-CoV-2 RBD (white surface). The red spheres indicate mutations K444T
(present in BQ.1.1), V445P (present in XBB.1 and XBB1.5), and G446S (present in BA.1 and XBB.1.5).

variants, such as Omicron.'"'” Several reports coincide that booster-dose vaccines or hybrid immunity isneeded
to generate a robust humoral response to neutralize Omicron and their sublineages.” " However, some pa-
tients cannot develop a potent humoral response and can be susceptible to the new variants and subvar-
iants.” " In this scenario, the use of therapies with mAbs has represented an opportunity for these patients.
Nevertheless, emerging variants have also evaded neutralization by some mAbs, provoking some to lose the
approval for their use in humans. Continued exploration for new, potent, and broad antibodies is needed to
develop suitable treatments for the emerging variants of SARS-CoV-2. The present study aimed toisolate potent
mAbs with broad neutralization capacity against several variants of SARS-CoV-2. We studied B cells from conva-
lescent patients infected with the ancestral SARS-CoV-2 and using single-cell RNA-seq, five mAbs that bind the
Wuhan-hu-1 RBD and at least one VOC were isolated. However, 19n01 was the only one able to bind and
neutralize all VOCs tested, including Omicron BA.1, BA2, and BA4/5. On the other hand, mAbs 01n21 and
01n03 also bind several VOCs, except Omicron.

19n01 was isolated from pooled B cells of patients with moderate COVID-19 who rapidly controlled their
infection. Previous reports confirm that patients with moderate symptoms generate robust antibody re-
sponses to the spike protein, which is highly correlated with neutralizing the SARS-CoV-2 virus.””*” Sam-
ples were collected before the emergence of Omicron, even before Alpha, and we could isolate a potent
and broadly neutralizing antibody. As previously reported, neutralizing antibodies against Delta and BA.1
were obtained from early memory B cell repertoires of convalescent donors infected with the ancestral
strain.”' These results suggest that natural infection can stimulate the production of several B cells produc-
ing antibodies with broad neutralizing capacity, but not all clones are properly expanded, and therefore,
infected or vaccinated persons showed a reduced response of antibodies in sera against Omicron subvar-
iants. These clones originally activated could acquire a memory phenotype that has low or null antibody
production, but it canbe expanded after vaccine booster or re-infections and produce higher levels of Om-
icron-neutralizing antibodies.”' These results suggest that natural infection induces memory clones of B
cells producing antibodies able to neutralize future variants. 19n01 possesses an IGHV2-5/IGLV1-47 paired
germline, which is common in convalescent people and is prevalent in potent and broadly neutralizing an-
tibodies.'” The other mAb expressed IGHV1-69 and IGHV3-53, also described as potent neutralizing anti-
bodies, but it seems not to be very effective against Omicron.”*** Most mAbs reported to have broad
activity against SARS-CoV-2 present short CDR3 sequences,” similar to 19n01, which seems to be a char-
acteristic of broadly neutralizing antibodies.

There are many reports describing mAbs against SARS-CoV-2.”"*"** However, mAbs capable of neutral-
izing Omicron variants and subvariants are reduced”’; reports describing mAbs able to neutralize BA.4/5
subvariants are particularly limited. 19001 is potent and broad, as demonstrated by ELISA and SPR binding
assays, inhibition of the RBD-ACE2 interaction and, most importantly, neutralization of pseudoviral parti-
cles and live viruses. 19n01 is active against all VOCs tested, including Omicron BA.1, BA.2, and BA.4/5.
19n01 was isolated from human donors not yet exposed to VOCs, and yet it can neutralize all of them, sug-
gesting that the immune system induced antibodies against a region that is important to the virus and
showed a low mutation rate. Computational modeling revealed that 19n01 did not interact with the RBD
mutations in the Omicron BA.2, BA.3, and BA.4/5 subvariants, in addition to other VOCs, explaining its
broad binding and potency. BA.1 is a partial exception to this, with mutations that decrease but do not
abolish binding. The analysis of several mutants to evaluate the epitope of 19n01 revealed that positions
K444 and V445 abolish 19n01 binding; confirming that 19n01 is inactive against Omicron subvariant XBB.1
and XBB.1.5 (mutation V445P), as well as BQ.1.1 (mutation K444T) (Figure 3E). The mutation G446S only de-
creases the binding. These results provide important information regarding the residues that are part of the
19n01 epitope and confirm the computational model.
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19n01 binds the region of the RBD, recognizing the ACE2 protein used as a receptor for cell entry, like other
class 1 antibodies, which tend to be particularly potent. In contrast to other class 1 antibodies, however,
19n01 is remarkably broadly reactive. Competition experiments using potent mAb previously character-
ized™*” showed that 19n01 competes with antibodies that bind RBD in the hACE2 binding site (C121
mAb) and with a mAb (C135) that binds outside this region but not with anti-SD1 antibodies, suggesting
a featured venue for combination therapy. In conclusion, we isolated a mAb with the capacity to neutralize
all VOCs tested, including BA.1, BA.2, and BA.4/5, making 19n01 a remarkably potent and broadly reac-
tive mAb.

Limitations of the study

While the in vitro results demonstrate 19n01 mAb is potent and broadly neutralizing, in vivo experiments
are required to prove the efficacy in an animal model. Although in vitro experiments suggest that 19n01
mAb binds a conserved epitope, the antibody-RBD binding structure needs to be solved.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Brilliant Violet 421 anti-human CD19 Antibody Biolegend Cat# 302233; Clone
HIB19; RRID: AB_10897802
PE/Cyanine7 anti-human CD27 Antibody BioLegend Cat#302837; Clone 0323; RRID: AB_2561918
FITC anti-human IgD Antibody Biolegend Cat#348205; Clone
I1A6-2; RRID: AB_10613638
THE DYKDDDDK Tag Antibody [HRP], mAb, Mouse GenScript Cat# A01428; Clone S5A8ES; RRID: AB_1720817
Goat Anti-Human IgG Antibody, HRP conjugate Sigma-Aldrich Cat# 32160702
Goat Anti-Mouse IgG, Human ads-AP Southern Biotech Cat# 1030-04; RRID:AB_2794293
LY-CoV1404 ProteoGenix Cat# PX-TA1750-100UG
Bacterial and virus strains
SARS-CoV-2 G614 Isolated from patients N/A
SARS-CoV-2 Alpha Isolated from patients N/A
SARS-CoV-2 Beta Isolated from patients N/A
SARS-CoV-2 Delta Isolated from patients N/A
SARS-CoV-2 Omicron BA.1 Isolated from patients N/A
SARS-CoV-2 Omicron BA.2 Isolated from patients N/A
SARS-CoV-2 Omicron BA.5 Isolated from patients N/A
Biological samples
Human COVID-19 convalescent patient serum This paper N/A
Human COVID-19 convalescent patient PBMCs This paper N/A
Chemicals, peptides, and recombinant proteins
APC Streptavidin Biolegend Cat# 405207
PE Streptavidin Biolegend Cat# 405203
SARS-CoV-2 Spike protein RBD, GenScript Cati# 703728
Omicron Variant, His Tag (BA.1/Omicron)
SARS-CoV-2 Spike RBD, His Tag Acro Biosystems Cati# SPD-C522r
(BA.4&BA.5/Omicron)
Critical commercial assays
MojoSort™ Human B Cell (CD43") Isolation Kit Biolegend Cat# 480062
LYNX Rapid RPE Antibody Conjugation Kit BioRad Cat# LNKO22RPE
Chromium Next GEM Single Cell 5 Kit v2 10x Genomics Cat# 1000263
Library Construction Kit 10x Genomics Cat# 1000190
Chromium Single Cell Human 10x Genomics Cat# 1000253
BCR Amplification Kit
Chromium Next GEM Chip K Single Cell Kit 10x Genomics Cat# 1000287
Dual Index Kit TT Set A 10x Genomics Cat# 1000215
Dual Index Kit TN Set A 10x Genomics Cati# 1000250
EZ-Link™ Sulfo-NHS-LC-Biotinylation Kit ThermoFisher Cati# 21435
Experimental models: Cell lines
Expi293F cells ThermoFisher Cat# A14527
VERO Eb6 cells ATCC Cat# CRL-1586

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

293FT Cells ThermoFisher Cat# R70007

293Tacez Cells Robbiani et al. 2020° https://doi.org/10.1038/s41586-020-2456-9

Recombinant DNA

PSARS-CoV-2 Sa1e
pCCNanoLuc2AEGFP
pHVnGagPol

Schmidt et al. 2020*°
Schmidt et al. 2020
Schmidt et al. 2020

https://doi.org/10.1084/jem.20201181
https://doi.org/10.1084/jem.20201181
https://doi.org/10.1084/jem.20201181

Software and algorithms

Cell Ranger Software (version 5.0.0)
Loupe V(D)J Browser (version 4.0.0)

GraphPad Prism (version 8.4.2)

RosettaDock (version 3.1)

10x Genomics

10x Genomics

https://support.10xgenomics.com/single-cell-
gene-expression/software/downloads/latest?
https://www.10xgenomics.com/products/
loupe-browser/downloads
https://www.graphpad.com/

https://www.rosettacommons.org/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Jests Herndndez (jhdez@ciad.mx).

Materials availability
19n01 antibody plasmid is available with a material transfer agreement (MTA).

Data and code availability
e Data reported in this paper will be shared by the lead contact upon reasonable request.

@ This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design

This study performed scRNA-seq of B cells from convalescent patients with COVID-19 with different clinical
manifestations (mild, moderate, severe, and critical) to obtain and produce broadly neutralizing antibodies
against emerging SARS-CoV-2 variants. For this purpose, we collected blood samples from nine convales-
cent patients with a PCR-confirmed SARS-CoV-2 infection 3 to 8 weeks from the onset of symptoms: mild
(n=1), moderate (n=3), severe (n=3), and critical illness (n=2) (Figure S1). These patients had COVID-19 from
October to November 2020, before the emergence and circulation of the first variants. The selection
criteria were an IgG titer > 1: 640 against the S1 protein of SARS-CoV-2. The classification of disease
severity was performed according to the National Institute of Health (NIH). A second blood sample was
collected from these patients, and scRNA-Seq was performed from sorted S1/RBD-specific B cells and en-
riched S1/RBD-specific B cells. The study was evaluated and approved by the Ethics Committee of the
CIAD, AC (C.E.1./012-2/2020), and all patients signed informed consent forms.

METHOD DETAILS
Isolation of B cells

Peripheral mononuclear blood cells (PBMCs) were isolated from EDTA whole blood by density gradient
centrifugation using Ficoll-Paque Plus (GE Healthcare Life Sciences, Massachusetts, USA). B cells were ob-
tained from PBMCs using the MojoSort™ Human B-Cell (CD43-) isolation Kit (BioLegend, San Diego, CA,
USA) according to the manufacturer’s protocols. Isolated B cells were resuspended in RPMI-1640 medium
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supplemented with 40% fetal bovine serum (FBS), and 2X freezing medium (30% DMSO in RPMI-1640 sup-
plemented with 40% FBS) was added at a ratio of 1:1. Inmediately, the cell suspension was dispensed in
cryovials and kept at -80°C for 4 hours, and the cryovials were stored in liquid nitrogen until use.

S$1/RBD-specific B-cell enrichment

Cryopreserved B cells from the nine convalescent patients were thawed in RPMI-1640 supplemented with
10% FBS tempered at 37°C; cells were centrifuged 300 x g for 8 min and resuspended for counting, and the
viability of each sample was > 90%. Cells were centrifuged and resuspended in MojoSort Buffer
(BioLegend, San Diego, CA, USA). S1 and RBD proteins were biotinylated using EZ-Link™ Sulfo-NHS-
LC-Biotinylation Kit (Thermo Fisher Scientific); then the biotinylated proteins were incubated with the cells
for 15 min at 4°C and then washed with 2 ml of Cell Staining Buffer (BioLegend, San Diego, CA, USA) and
centrifuged at 300 x g for 8 min. Once labeled with SARS-CoV-2 proteins, the samples from each group of
three patients were pooled. Streptavidin nanobeads (BioLegend, San Diego, CA, USA) were added to the
cell pools, mixed well, and incubated for 15 min on ice. Then, 2.5 mL of MojoSort Buffer was added, and the
sample tubes of each pool were placed in MojoSort Magnet (BioLegend, San Diego, CA, USA) for 5 min.
The tubes were decanted without removing them from the magnet, 2.5 mL of MojoSort Buffer was added,
and the last step was repeated. Finally, a positive selection of magnetically separated cells was collected
and resuspended in Cell Staining Buffer; these were the enriched S1/RBD-specific B cells.

S$1/RBD-specific B-Cell sorting

For protein-specific B-cell sorting, cryopreserved B cells from five convalescent patients (rAbCOVID29,
rAbCOVID27, rAbCOVID0?, rAbCOVIDO7, and rAbCOVID19) were selected due to the availability of cells
from these patients for this experiment (Figure S1). The cells were thawed, washed with Cell Staining Buffer
(BioLegend, San Diego, CA, USA), and then incubated at 4°C for 20 min with a cocktail of antibodies and
protein S1and RBD (WT) tetramers. The cocktail consisted of CD19-BV421 (BioLegend clone HIB19), CD27-
PeCy7 (BioLegend clone O323), IgD-FITC (BioLegend clone 1A6-2), RBD-APC, and S1-PE tetramers. After
incubation, the cells were washed twice, and then the stained cells from each patient were pooled. Finally,
protein-specific B cells were gated as CD19°CD27°IgD'RBD"S1%, CD19°CD27 IgD'RBD*S1" and
CD19°CD277IgD S1"RBD" and sorted using a BD FACS Aria Il (BD Biosciences, San Jose, CA, USA).

Production and purification of recombinant proteins

A synthetic gene of hACE2 (805 aa) was cloned into a pcDNA3.1(+) vector by GenScript (GenScript, New
Jersey, U.S.A), soluble hACE2 (603 aa), SARS-CoV-2 S1 (633 aa) and RBD (229 aa) were synthesized and
cloned into a pcDNA3.1(-) vector (GenScript, New Jersey, U.S.A)). To produce the RBD of SARS-CoV-2 var-
iants, direct-site mutagenesis was performed by GenScript, using the RBD from the original strain as an
initial sequence and inserting the mutations corresponding to each variant (except for Omicron subline-
ages). The expression gene constructs were preceded by a signal peptide and a Hist-tag (6xHis) C-terminal
domain."' The expression of the recombinant proteins was performed in the Expi293 Expression System
following the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, Expi293F
cells were grown in Expi293 expression medium. The transfection complex was prepared by mixing 30 pg of
each plasmid and 81 nug of Expifectamine 293reagent (both diluted in OptiMEM:-1) and incubated for 20 min
atroom temperature. The complex was added to a 125 mL polycarbonate Erlenmeyer flask (Corning, Corn-
ing, NY, USA) with 75 x 10° Expi293F cells in 25.5 mL of Expi293 expression medium and incubated at 37°C
and 125 rpm with 8% CO,. After 20 hours, Expifectamine 293 Transfection Enhancers 1 and 2 were added to
the medium, and the cells were incubated for four days until harvesting.

After four days of transfection, the culture supernatant was harvested and clarified by centrifugation at 4000
x g for 10 min. Then, the clarified supernatant was filtered through a 0.22 um filter, followed by purification
on immobilized metal affinity chromatography (IMAC) using a HisTrap HP 1 mL column (Cytiva, Marlbor-
ough, MA, USA). The elution was carried out in the chromatograph AKTA GO (GE Healthcare Life Sciences,
Massachusetts, USA) by a linear gradient from 0 to 100% elution buffer (Imidazole 500 mM, NaCl 500 mM,
and 20 mM NaH,PO,). The proteins were quantified by a Bradford assay, concentrated, and desalted with
an Amicon Ultra15 (10 kDa cutoff) (Millipore, Massachusetts, USA) followed by dilution in phosphate-buff-
ered saline (PBS) pH 7.4.

For the selected scFv sequences, the genes were synthesized and cloned into the pcDNA3.1 (-) vector by
GenScript. The sequences comprise a signal peptide and a Flag-tag (DYKDDDDK) sequence in the
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N-terminal domain, followed by the variable regions of the heavy (VH) and light (VL) chains joined by a linker
peptide (3xGGGGS) and a Hist-tag (6xHist) C-terminal domain. Similar to the proteins mentioned above,
scFv was expressed inthe Expi293F expression system. The supernatants were harvested onthe fourth day
of transfection, and ELISAs evaluated the reactivity against the RBD of SARS-CoV-2 variants.

The heavy and light chain genes of selected antibodies for full-length I9G production were synthesized and
cloned into the pcDNA3.1 (-) vector and expressed in the Expi293F expression system as the mentioned
genes. Purification was carried out by protein G affinity chromatography using HiTrap Protein G HP
1 mL columns (Cytiva, Massachusetts, USA) in AKTA GO (GE Healthcare).

The antibody heavy and light chain sequences have been deposited into the GenBank database (accession
numbers: 0Q447224 to OQ447311).

Other recombinant proteins as RBD Omicron BA.1 was purchased from GenScript (Piscataway NJ, USA)
and BA. BA.4/5 was purchased from Acro Biosystems (Newark, DE, USA).

Single-cell RNA-Seq

Single-cell suspensions of enriched or sorted S1 and RBD protein-specific B cells for single-cell RNA-seq
library preparation were generated using 10x Genomics technology (10X Genomics, Pleasanton, CA,
USA). The cell suspension for each pool was prepared with the Chromium Next GEM Single Cell 5’ v2
and Chromium Next GEM Chip K Single-Cell Kit and loaded into Chromium Controller equipment.
Once the single cells were obtained by the formation of gel bead emulsions (GEMs), libraries were pre-
pared using a Chromium Single Cell Human BCR Amplification Kit, Library Construction Kit, Dual Index
Kit TT and Dual Index Kit TN according to manufacturer’s instructions. Then, the libraries were sequenced
on a NextSeq 550 sequencer (lllumina, San Diego, CA, USA).

Data processing

The FASTQ files obtained from sequencing were processed for alignment, filtering, barcode counting, and
UMI counting using Cell Ranger Software (version 5.0.0) (10x Genomics Pleasanton, CA, USA) with the pipe-
line cell ranger multi and the GRCh38 reference genome. The output files were selected and used in Loupe
V(D)J Browser (version 4.0.0) (10x Genomics) for data visualization, clonotype analysis, and selection of anti-
body sequences.

ELISA

Recombinant S1 and RBD proteins were coated in Nunc Maxosorp 96-well plates (Thermo Fisher Scientific,
Massachusetts, USA) with 50 mM carbonate buffer pH 9.6 at a concentration of 2 pg/mL and incubated
overnight at 4°C. Then, plates were washed with PBS and blocked with PBS 0.05% Tween (PBST) and 2%
BSA for 1 hour at room temperature, followed by another wash. To evaluate the 44 scFvs, 50 uL of super-
natant from each was incubated for 30 min at room temperature. Subsequently, the wells were washed four
times with PBST, and then the DYKDDDDK Tag Antibody [HRP] (GenScript, New Jersey, U.S.A)) (0.2 pg/ml)
was added and incubated for 30 min; after that, the wells were washed 4 times as previously described.
Next, 50 uL of tetramethylbenzidine (TMB) (Immunochemistry, Minnesota, USA) was added and incubated
for 20 min, the reaction was stopped with 50 pL of H2SO4, and the optical density (OD) was measured at
450 nm on an automated spectrophotometer (Thermo Scientific Multiskan FC Microplate Photometer).
The ELISA procedure was identical for full-length 1gG antibodies, only modifying the detection antibody
using anti-human IgG-HRP (Sigma-Aldrich Missouri, USA).

Surface plasmon resonance

The antibody binding properties were analyzed at 25 °C using a Biacore 8K instrument (GE Healthcare) with
10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% Tween-20 as running buffer. SARS-CoV-2
antigens (different RBDs or full S) were immobilized (15 nM) on the surface of CM5 chips (Cytiva) through
standard amine coupling. Increasing concentrations of antibody (6.25, 12.5, 25, 50, 100, 200 nM) were in-
jected using a single-cycle kinetics setting, and dissociation was followed for 10 min. Analyte responses
were corrected for nonspecific binding and buffer responses. Curve fitting and data analysis were per-
formed with Biacore Insight Evaluation Software v.2.0.15.12933.
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Competition experiments were performed to obtain information on the antibody-binding region. The first
antibody was immobilized (50 nM) on the surface of CM5 chips (Cytiva) through standard amine coupling;
RBD-SD1 was flowed (100 nM) to form the RBD-SD1/Ab complex, and suddenly after, the second antibody
was injected (50 nM). If a binding event is detected in the final step, the second antibody has a different
epitope from the first antibody (immobilized). If no binding event is detected, the two antibodies share
overlapping epitopes.

Binding inhibition of hACE2

ELISAs were used to investigate the antibody’s ability to inhibit the binding of RBD and full S protein to
hACE2. We used 96-well ELISA plates coated at 4 °C with 158 nM RBD or 37 nM full S protein, washed
and blocked with PBS + 10% fetal calf serum (FCS). Antibodies were then added at different dilutions (start-
ing from 340 nM and serially diluted 1 to 3) and incubated for 1 hour at 25 °C; after washing, hRACE2-mouse
Fc was added at a constant saturating concentration (160 nM) and left for 1 hour at 25 °C. After further
washing, bound hACE2 was detected using standard protocols with goat anti-mouse IgG coupled to alka-
line phosphatase (dilution 1:500, Southern Biotech). ELISA plates were measured with the reader software
Genb version 1.11.5 (BioTek Instruments). Data were analyzed with GraphPad Prism version 8.4.2.

Binding to different RBD mutants

To obtain information about the 19n01 binding region on the RBD, ELISAs were used to assess the effect of
different RBD mutations on 19n01 binding. Ninety-six-well ELISA plates were coated at 4 °C with 158 nM
RBD, washed, and blocked with PBS + 10% FCS. The 19n01 antibody was then added at different dilutions
(starting from 90 nM and serially diluted 1to 3) and incubated for 1 hour at 25 °C; after washing, the bound
antibody was detected using standard protocols with goat anti-human IgG coupled to alkaline phospha-
tase (dilution 1:500, Southern Biotech). ELISA plates were measured with the reader software Gen5 version
1.11.5 (BioTek Instruments). Data were analyzed with GraphPad Prism version 8.4.2.

Flow cytometry-based receptor-binding inhibition assay

The RBD-ACE2 cell surface inhibition assay used Expi293F cells expressing hACE2 (ExpiACE2 cells). The
RBDs from each variant (Alpha, Beta, Gamma, Delta, WT, and Omicron BA.1 and BA.4/5) were conjugated
using the LYNX Rapid RPE Conjugation kit® (Bio-Rad, Hercules, CA, USA). For the inhibition assay, mAbs
were diluted in PBA (phosphate-buffered saline and 0.1% albumin), and 50 uL of each dilution was prein-
cubated with 25 nM RBD-PE for 1 hour at room temperature with constant agitation. ExpiACE2 cells were
washed with 2 mL of PBA and centrifuged 300 x g for 8 min. Cells were subsequentlyincubated with RBD-PE
and mAb mixture for 15min. Then, the cells were washed twice and resuspended in PBA for flow cytometry
acquisition in a BD FACSCantoll (BD Biosciences, San Jose, CA, USA) and data analysis. The results were
expressed as the percentage of inhibition = (1-(RBD-ACE2 binding cells in the presence of mAbs/RBD-
ACE2 binding cells in the positive control)) * 100. The |Cs, was calculated using GraphPad Prism 9.

SARS-CoV-2 neutralization assay

The SARS-CoV-2 G614 strain and VOCs (Alpha, Beta, Delta, and Omicron BA.1, BA2, and BA.5 were iso-
lated from patients in Pavia, Italy, and identified through next-generation sequencing. The neutralizing ac-
tivities of antibodies were tested by a SARS-CoV-2 microneutralization test, as previously described.”
Briefly, 50 pl of antibody, starting from 25 png/ml in a serial two fold dilution series, was mixed in aflat-bot-
tom tissue-culture microtiter plate (COSTAR, Coming Incorporated) with an equal volume of 100 median
tissue culture infectious dose of infectious virus (TCID50) of a SARS-CoV-2 strain, previously titrated. All di-
lutions were made in Eagle’s minimum essential medium with the addition of 1% penicillin, streptomycin,
and glutamine and 5 pg/ml trypsin. After 1 hour of incubation at 33°C in 5% CO2, VERO E6 cells (VERO
C1008 [Vero 76, cloneEb, Vero E6]; ATCC® CRL-1586™) were added to each well. After 3 days of incubation,
the cells were stained with Gram’s crystal violet solution (Merck) plus 5% formaldehyde 40% m/v (Carlo Erba
S.p.A) for 30 min. Microtiter plates were then washed in running water. Wells were analyzed to evaluate the
degree of cytopathic effect compared to the untreated control. Each experiment was performed in tripli-
cate. The ICy, was determined using four-parameter nonlinear regression (GraphPad Prism 8.3.0).
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Pseudovirus neutralization assay based on the HIV platform

The human-codon optimized gene coding for the S protein of G614, BA.1, BA.2 and BA.4/5 lacking the
C-terminal 19 codons (Sy19) was synthesized by GenScript. To generate (HIV-1/NanoLuc2AEGFP)-SARS-
CoV-2 particles, three plasmids were used, with a reporter vector (pCCNanoLuc2AEGFP), HIV-1 struc-
tural/regulatory proteins (pHIVn GagPol) and SARS-CoV-2 Sa 19 carried by separate plasmids as previously
described™ 293FT cells were transfected with 7 pg of pHIVy GagPol, 7 pg of pPCCNanoluc2AEGFP, and
2.5 ug of a pSARS-CoV-2 S, 19 carrying the Sy19 gene from G614 or Omicron variants (at a molar plasmid
ratio of 1:1:0.45) using 66 ul 1 mg/ml of polyethylenimine (PEI).

Fivefold serially diluted of 19n01 and positive control LY-CoV1404 (ProteoGenix) were incubated with pseu-
dotyped SARS-CoV-2 virus (G614, BA.1, BA.2, and BA.4/BA.5) for 1 hour at 37 °C. The mixture was subse-
quently incubated with 293Tace2 ™ cells for analyses of G614 or Omicron pseudoviruses for 48 hours, after
which the cells were washed with PBS and lysed with Luciferase Cell Culture Lysis reagent (Promega).
Nanoluc luciferase activity in the lysates was measured using the Nano-Glo Luciferase Assay System (Prom-
ega) with a Tecan Infinite microplate reader. The relative luminescence units were normalized to those
derived from cells infected with pseudotyped virus in the absence of monoclonal antibodies. The ICsq
values for the monoclonal antibodies were determined using four-parameter nonlinear regression (the
least squares regression method without weighting) (GraphPad Prism 7.04 software).

Computational modeling

The 19n01 variable fragment was modeled according to the canonical structure method with the program
RosettaAntibody’” as previously described.” Docking was performed using RosettaDock v3.1 as previ-
ously described.”” In summary, 19001 model was docked to WT RBD experimental structure (PDBid:
6m17). Among the thousands of computationally generated complexes, the decoy in better agreement
with experimental data (competition with hACE2 and differential neutralization activity against SARS-
CoV-2 variants) was selected and further refined by computational docking.

The selected model was subjected to a 350ns molecular dynamics (MD) simulation to adjust the local ge-
ometry and verify that the structure was energetically stable. MD was performed with GROMACS." The
system was initially set up and equilibrated through standard MD protocols: proteins were centered in a
triclinic box, 0.2 nm from the edge, filled with extended simple point charge (SPCE) water model and
0.15 m Na+Cl- ions using the AMBER99SB-ILDN protein force field. Energy minimization was performed
in order to let the ions achieve a stable conformation. Temperature and pressure equilibration steps,
respectively at 310 Kand 1 Bar, of 100 ps each were completed before performing the full MD simulations
with the above-mentioned force field. MD trajectory files were analyzed after the removal of Periodic
Boundary Conditions. The stability of each simulated complex was verified by root mean square deviation
and visual analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used GraphPad Prism 8.4.2 for data visualization, to determine the ICso using four-parameter nonlinear
regression, and for statistical analysis. Where applicable, statistical parameters are reported in the figure
legends.
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Abstract

Here, we performed single-cell RNA sequencing of S1 and receptor binding domain
protein-specific B cells from convalescent COVID-19 patients with different clinical
manifestations. This study aimed to evaluate the role and developmental pathway of
atypical memory B cells (MBCs) in response to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. The results revealed a proinflammatory sig-
nature across B cell subsets associated with disease severity, as evidenced by the
upregulation of genes such as GADD45B, MAP3K8, and NFKBIA in critical and severe
individuals. Furthermore, the analysis of atypical MBCs suggested a developmental
pathway similar to that of conventional MBCs through germinal centers, as indicated
by the expression of several genes involved in germinal center processes, including
CXCR4, CXCRS5, BCL2, and MYC. Additionally, the upregulation of genes character-
istic of the immune response in COVID-19, such as ZFP36 and DUSP1, suggested
that the differentiation and activation of atypical MBCs may be influenced by ex-
posure to SARS-CoV-2 and that these genes may contribute to the immune
response for COVID-19 recovery. Our study contributes to a better understanding
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of atypical MBCs in COVID-19 and the role of other B cell subsets across different

clinical manifestations.
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1 | INTRODUCTION

A broad spectrum of B cell subsets has been described, such as
transitional B cells, naive B cells, memory B cells (MBCs), atypical
MBCs, and antibody secreting cells (ASC9).2 All these cells have
different derived subsets and antibody-independent functions with
regulatory roles or are involved in the control of viral infections.* ¢ In
the context of COVID-19, B cells have been extensively studied,” °
however, little attention has been given to atypical MBCs.

During the COVID-19 pandemic, different studies reported altera-
tions in B cell subsets and suggested signatures associated with disease
severity."*° Critical and severe COVID-19 patients displayed aberrantly
high proportions of ASCs, double-negative B cells (CD27" I1gD"), atypical
MBCs, and activated naive B cells. Furthermore, some of these subsets
have been associated with an extrafollicular response in critically ill pa-
tients, along with the expression of B cell receptor (BCR) inhibitory genes
(FCGR2B, CD72, and PTPNé), which could affect the correct activation
and functioning of B cells.**1%%¢

The activation and differentiation of B cells in response to infec-
tious diseases can lead to the development of atypical MBCs, as
reported in malaria, human immunodeficiency virus (HIV), and COVID-
1914151718 These cells are part of a heterogeneous population with a
CD19'CD21°CD27" phenotype, and according to protein levels, tran-
scripts of CR2 and CD27 are significantly lower in atypical MBCs than in
conventional MBCs.*”*? Since atypical MBCs are heterogeneous in in-
dividuals and diseases, their functions and developmental pathways are
still controversial. Therefore, it remains unclear whether this differen-
tiation is indicative of a productive role in the immune response or a
malfunction of the immune system in COVID-19.

Here, we performed single-cell RNA-sequencing (scRNA-seq) of B
cells from convalescent COVID-19 donors who experienced critical,
severe, moderate, or mild symptoms. Our results revealed a wide het-
erogeneity of B cells across the different conditions, and the differential
gene expression (DGE) analysis highlighted features associated with dis-
ease severity. Additionally, we identified a potential developmental
pathway and possible function of atypical MBCs in COVID-19.

2 | MATERIAL AND METHODS
2.1 | Study design
This study performed a scRNA-seq analysis of B cells from convalescent

patients with different clinical manifestations of COVID-19. For this
purpose, we collected peripheral blood samples from nine participants

who experienced critical (n= 2), severe (n = 3), moderate (n =3), or mild
symptoms (n=1) (Figure 1A). All participants tested positive for severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) PCR between
October and November 2020 before the first report of new variants in
Hermosillo, Sonora, Mexico. Detailed clinical and demographic char-
acteristics of the subjects are presented in Supporting Information S1:
Figure 1a. Blood samples were collected 3-8 weeks after symptom onset
and scRNA-seq of enriched S1 and receptor binding domain (RBD)
protein-specific B cells was performed. The study was evaluated and
approved by the Ethics Committee of CIAD, A.C. (C.EI/012-2/2020),
and all patients signed informed consent forms.

211 |
cells

Isolation of S1 and RBD protein-specific B

B cells were obtained from PBMCs using a MojoSort™ Human B Cell
(CD43-) isolation Kit (BioLegend) according to the manufacturer's pro-
tocols and stored in liquid nitrogen until use. Cryopreserved B cells were
thawed and resuspended in Cell Staining Buffer (BioLegend) and blocked
with Human TruStain FcX™ (BioLegend) for 10 min at 4°C. Three differ-
ent TotalSeq™ antibodies (BioLegend) were used for cell hashing:
TotalSeq™-C0251, TotalSeq™-C0252, and TotalSeq™-C0253. The nine
samples were divided into three groups, with each group containing three
different samples. Before pooling, each sample was labeled with a dif-
ferent cell hashing antibody. They were incubated for 20 min at 4°C,
followed by two washes with 1 mL of Cell Staining Buffer and centrifu-
gation at 300g for 8 min.

Each pool was incubated with biotinylated S1 and RBD proteins for
15 min at 4°C and washed. The production of the SARS-CoV-2 proteins
has been previously described?® Streptavidin nanobeads (BioLegend)
were added to the pools and incubated for 15 min on ice. Then, 2.5 mL of
MojoSort™ Buffer was added, and the tubes with the samples of each
pool were placed in a MojoSort™ Magnet for 5min. The tubes were
decanted without removing them from the Magnet, 2.5 mL of MojoSort™
Buffer was added, and the previous step was repeated. Finally, a positive
selection of magnetically separated cells was collected; these were the
enriched S1 and RBD protein-specific B cells.

2.2 | scRNA libraries preparation and sequencing

Single-cell suspensions of enriched S1 and RBD protein-specific B cells

and library preparation were generated using 10x Genomics technology
(10x Genomics Pleasanton). For this, a suspension of ~10 000 cells per
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FIGURE 1 (See caption on next page).
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pool was prepared with the Chromium Next GEM Single Cell 5' Reagent
Kits v2 (Dual Index) and Chromium Next GEM Chip K Single Cell Kit to be
loaded into the Chromium Controller equipment. Once the single cells
were obtained by the formation of gel beads in emulsions (GEMs) the
libraries were prepared using the Chromium Single Cell Human BCR
Amplification Kit, 5' Feature Barcode Kit, and Library Construction Kit,
according to the manufacturer's instructions. Then, the libraries were
sequenced on a NextSeq. 550 system (lllumina).

2.3 | scRNA-seq data processing

FASTQ files were processed with cellranger (v 5.0) multi pipeline for
alignment, filtering, barcoding, and (unique molecular identifier)
counting using the GRCh38 genome as reference. For quality control,
those cells with more than 5% of their total counts coming from
mitochondrial genes were filtered out. Then, hashtag oligo demulti-
plexing was performed following Seurat's R-package pipeline.?* Next,
the workflow of the Seurat R package (v 4.0) was followed with
default parameters?? and technical differences between samples
were corrected using the Canek R package (v 0.2.5).%° The corrected
counts were scaled, and a principal component analysis (PCA) was
performed. After inspecting the variability captured by the first PCs
we decided to use the first 12 PCs for the subsequent analysis.

2.3.1 | Clustering and cell type annotation

To cluster the cells, the Leiden clustering algorithm implemented in the
Seurat R package was applied for increasing values of resolutions. After
selecting the best clustering resolution, we performed DGE analysis on
the resulting clusters and obtained their top markers. The differentially
expressed genes (DEGs) were obtained using FindAllMarkers from Seurat
R package which compares gene expression between all clusters defined
in the data set. Using these markers, clusters containing cells different
from B cells were identified and filtered out. Then the clusters of B cells
were annotated based on expressions of canonical markers.

2.3.2 | Functional enrichment analysis and
trajectory analysis

Functional enrichment analysis on the Molecular Signatures Database
(MSigDB) Hallmark gene sets,”* and Gene Ontology (GO) Biological

Process database?® was performed using pre-ranked gene lists with
the fast gene enrichment analysis (fgsea)?® package in R (v 1.24.0),
from the DEGs, indicating the NES (normalized enrichment score) and
the adjusted P-value. The GO terms and Hallmark gene sets with
adjusted p-value < 0.05 were considered significantly enriched and
Dot plots were used to visualize enriched terms and sets. For the B
cells trajectory analysis, the Slingshot?’ R package (v 2.6.0) was im-
plemented using the clustered annotated T1 B cells as a starting

point.

2.3.3 | Repertoire analysis

V(D)J libraries were processed using CellRanger v5.0 for contig
assembly, annotation and clonotype calling. Downstream analysis
was conducted using the Immcantation framework: ChangeO?® was
used for reannotation, and SHazaM was employed for somatic hy-
permutation analysis. Gene usage was analyzed by determining the
proportion of the repertoire represented by each gene or gene pair
combination in a weighted manner, and figures were generated by
customized R code.

24 | Results

2.4.1 | Single-cell profiling of B cells in COVID-19
convalescent donors identifies a subset of

atypical MBCs

After quality control and filtering, 18,190 cells were selected for
subsequent analysis. We obtained the uniform manifold approxima-
tion and projection (UMAP) representation of cells based on the PCA
results to visualize the cell clusters. These analyses revealed distinct
cell distributions among convalescent donors with critical, severe,
moderate, or mild diseases, and together resulted in the identification
of 10 clusters (Figure 1B,C).

To obtain cellular identities, manual cell type annotation was
performed based on the typical marker expression of B cell sub-
sets, 1172730 followed by the analysis of frequency distribution for
each subset by condition and individual donors (Figure 1D,E and
Supporting Information S1: Figure 1b). We identified three clusters as
transitional B cells based on their expression of TCL1A, CD38, and
FCER2 (CD23). The differential expression levels of these genes
facilitated the distinction betweenT1, T2, and T3 transitional B cells

FIGURE 1 Transcriptomic analysis of B cells from convalescent COVID-19 patients. (A) Schematic overview of the experimental design for
scRNA-seq, illustrating the workflow and steps involved in the experimental processes. (B) UMAP visualization of B cell distribution split by

condition (critical, severe, moderate, and mild). The data includes 1752 cells from critical donors, 8647 cells from severe donors, 5399 cells from
moderate donors, and 2392 cells from the mild donor. (C) UMAP visualization of 18 190 integrated and clustered B cells revealing clustering into
10 distinct groups (enumerated by cluster) and annotated with their identified subsets. (D) Dot plot visualization of expression of canonical B cell
subtypes genes within the 10 subsets of B cells. Subsets are listed on the x-axis, while a selection of genes used for cell annotation is listed on
the y-axis. The scale color represents the relative average expression based on log1p normalized data. (E) Proportion of B cell subsets distributed

by condition. scRNA-seq, single-cell RNA-sequencing.
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revealing a higher expression of CD38 in T1 and lower in T3 B cells.
Additionally, the expression levels of FCER2 range from highest in T3,
intermediate in T2, and lowest in T1 B cells, which aligns with pre-
viously reported protein levels of these cell subsets'=° (Figure 1D,
Supporting Information S1: Figure 1c and 2a). Interestingly, the
clusters from T1 and T3 B cells had a high frequency in donors with
severe disease, while the cluster corresponding to T2 B cells was
notably higher in donors with critical disease.

Additionally, to observe other distinctive characteristics of T1,
T2, and T3, we performed a DGE analysis between these three
subsets (Supporting Information S1: Figure 2b). T1 was characterized
by high expression of TXNIP and ZFP36L2, genes related to cellular
senescence.>"*? In contrast, T2 showed expression of genes related
to antigen presentation, such as HLA-DQA1, in addition to the up-
regulation of CD40. Finally, T3 was characterized by the expression
of NFKBIA, CD83, and JUN, mostly expressed in proinflammatory
cells.

Continuing with cell annotation, a cluster of naive-activated B
cells showed high expression of MS4A1 (CD20), FCRL3, and ITGAX,
and low expression of IGHM and IGHD. This subset also had high
expression of IGHG, suggesting it may undergo class switch
recombination through the extrafollicular pathway.>® Naive-
activated B cells were most frequent in the donor with mild disease.
Then, we identified five distinct clusters of MBCs," one of which
was characterized as un-switched MBCs, based on its expression of
CD24, CR2 (CD21), CD27, and CD1C, along with low expression of
MS4A1. The subsequent cluster was annotated as pre-switched
MBCs, due to its expression of CD24, CR2, CD27, and low expres-
sion of IGHM. A high frequency of these cells was observed in
donors with severe and moderate symptoms. The switched-resting
MBCs was identified by their expression of CD24, CD27, IGHA, and
low levels of IGHG, with most cells in this cluster originating from
the donor with mild disease.

Another cluster of MBCs was switched-activated MBCs which
expressed CD27, FAS, ITGB1, CD86, and IGHA. Next, the fifth cluster
of MBCs was identified as atypical MBCs. Although the transcrip-
tional profile of this cluster exhibited similarities to the previously
identified subsets of MBCs, a DGE analysis was conducted ex-
clusively on all MBC clusters to refine their annotation. It was
observed that the transcriptional levels of CD27 and CR2 in the fifth
cluster of MBCs were notably lower compared to conventional MBCs
(un-switched, pre-switched, switched-resting, and switched-activated
MBCs) (Supporting Information S1: Figure 2c). These signatures en-
abled us to annotate this cluster as atypical MBCs, supported by the
co-expression of other genes previously reported in these cells, such
as CD24 and CXCR5.17 Donors with severe symptoms predominantly
exhibited a higher frequency of atypical MBCs. The last identified
clusters showed high expression of TCF7, along with co-expression of
IGHA, IGHG and HLA-DRBS5, which were annotated as ASCs, and the
highest frequency of these cells came from donors with moderate
disease. These results provide a comprehensive view of B cell het-
erogeneity in convalescent COVID-19 donors, and differences in cell
compositions were noted across disease conditions.

MEDICAL VIROLOGY

2.4.2 | Proinflammatory signatures are differentially
expressed between critical/severe versus
moderate/mild

To further explore the transcriptomic characteristics of B cell subsets
across different COVID-19 conditions, we conducted a DGE analysis.
Figure 2A displays the heatmap visualization of the seven subsets
with the highest number of DEGs between conditions. Interestingly,
genes related to the proinflammatory response were upregulated in
severe donors, including GADD45B, MAP3K8, NFKBIA, JUNB, AREG,
PPP1R15A, and FOSB, and were expressed across the different sub-
sets (Figure 2A). Additionally, it was confirmed that some of these
genes displayed a characteristic signature overall in donors with
severe symptoms (Figure 2B). Furthermore, NFKBIA, CD69, and CD83
were upregulated in severe and critical conditions (Figures 2B,C). In
contrast, mild to moderate symptoms exhibited increased expression
of antiviral genes (IFI16, IFI30, ISG20, and AIM2) and activation-
related genes (SPIB, PTPRCAP) (Figure 2A-C, Supporting Information
S1: Figure 3a).

Next, we conducted gene set enrichment analysis (GSEA) to
identify biological processes from GO and hallmark gene sets from the
MSigDB across donor severity (Figure 2D and Supporting Information
S1: Figure 3b). The results showed that donors with severe symptoms
were mainly involved in tumor necrosis factor alpha (TNF-a) signaling
via nuclear factor kappa B (NF-kB) and hypoxia pathways in most of
the cell subsets, including atypical MBCs. In donors with critical
conditions, these pathways were specifically upregulated in T2 B cells
while simultaneously being downregulated in ASCs.

Then, we aimed to analyze the induced and repressed genes in
critical and severe donors as compared to moderate and mild donors
(Figure 2E). The atypical MBCs in moderate/mild groups expressed
IGHG and IGHG1, meanwhile critical/severe groups expressed
CXCR4, PELI1 and RGS2 genes. In T2 B cells the moderate/mild
conditions showed induced expression of S1PR4 and CCR7 genes,
which are involved in the differentiation and migration of B cells,
respectively. In naive-activated B cells, the predominant genes in
moderate/mild groups were IGHM, IGHG2, and CD72, meanwhile
critical/severe group showed a high expression of genes like
PPP1R15A, and MAP3K8. In addition, the genes FOS, CD83, NFKBIA,
and CDé69, were characteristically induced in most of the B cell
subsets from critical/severe condition. (Figure 2E, Supporting Infor-
mation S1: Figure 3¢, and Supporting Information S2: Data 1).

2.4.3 | Atypical MBCs shows characteristic somatic
hypermutation levels and a diverse BCR repertoire

To better understand the B cell response in SARS-CoV-2 infection,
we analyzed the BCR repertoire across cell subsets and clinical
manifestations. Initially, we assessed somatic hypermutation (SHM)
levels, revealing distinct rates correlating with cell phenotype (Fig-
ure 3A). This observation is supported by Figure 3B, where mutated B
cell distribution increased with cell differentiation. Specifically, SHM
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FIGURE 2 (See caption on next page).
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rate < 1 is predominantly associated with transitional B cells (which
are still immature B cells), while SHM rate > 7 is mainly observed in
switched-activated MBCs and ASCs (Figures 3A,B). Additionally, we
observed that atypical MBCs showed lower SHM levels compared to
switched MBCs (switched-resting and switched-activated MBCs) but
higher levels than nonswitched MBCs (un-switched and preswitched
MBCs) (Figure 3A).

For comparative analyses across conditions, transitional B cells
(T1, T2, and T3) were excluded as these cells are undergoing matu-
ration processes (Figure 3C and Supporting Information S1: Fig-
ure 4a). The results showed a similar distribution of SHM rates across.
However, we observed a slightly higher proportion of SHM rates < 1
in the critical condition and a lower proportion of SHM rates > 7 in
the mild condition as compared with other groups (Figure 3C).

We then assessed the distribution of BCR isotype genes in each
condition and the usage of Immunoglobulin heavy chain variable
region (IGHV) and Immunoglobulin heavy chain joining region (IGHJ)
genes in conventional MBCs, atypical MBCs, and ASCs (Figures 3D,E,
and Supporting Information S1: Figures 4b-g). Among conventional
MBCs, IGHM was the predominant gene isotype across groups. In
critical and mild conditions, IGHA1 emerged as the second most
predominant, while the abundance of IGHG1 and IGHG2 increased in
the severe and moderate groups. We observed a similar prevalence
of IGHM in atypical MBCs with less diversity of isotype genes in
critical and mild conditions. This may be attributed to the limited
number of atypical MBCs identified in these two groups. In ASCs,
both severe and moderate groups exhibited high frequencies of
IGHG1, and exclusive association with IGHA2 (Figure 3D).

The IGHV gene usage revealed a prevalence of IGHV3-23 in both
conventional and atypical MBCs (Supporting Information S1: Fig-
ure 4b, and 3c). In conventional MBCs, particularly within the severe
and moderate groups, IGHV3-33 was predominant. Conversely, in
ASCs, a dominance of the IGHV1-18 and IGHV4-39 genes was
observed in critical conditions (Supporting Information S1: Figure 4d).
In Figure 3E, we highlight the overrepresentation of IGHV/IGH)J
combinations in atypical versus conventional MBCs. Atypical MBCs
exhibit a predominant frequency of IGHV1-18/IGHJ5, IGHV1-69D/
IGHJ6, and IGHV3-21/IGHJ3 in mild conditions, while IGHV3-11/
IGHJ4 and IGHVé-1/IGHJ4 are overrepresented in critical cases.

MEDICAL VIROLOGY —

Conversely, conventional MBCs display a predominant frequency,
mainly of IGHV1-69/IGHJ1, IGHV3-13/IGHJ2, and IGHV3-20/IGHJ4,
in critical conditions (Figure 3E). The IGHJ4 gene emerged as the
most frequently used across conventional MBCs, atypical MBCs, and
ASCs (Supporting Information S1: Figures 4e-g). This gene is recog-
nized for its heightened occurrence in both healthy and pathological
conditions.>*

Overall, the results demonstrate that preferential gene usage
plays an important role in antibody production against SARS-CoV-2
across different conditions, as previously reported.>>*¢ Moreover,
variations in gene usage and SHM were noted between conventional
MBCs and atypical MBCs.

24.4 | Differentiation of atypical MBCs in response
to SARS-CoV-2 infection

Atypical MBCs have been relatively underexplored in the context of
the response against SARS-CoV-2, as well as in other diseases.
Although we observe some differences between classical and atypical
MBCs in the results above, we further dissected potential factors
driving the differentiation of these cells during COVID-19 infection.
Additionally, we sought to analyze their characteristics and possible
functions. We first delineated the differentiation trajectories of cell
subsets, starting from the least differentiated cluster (T1). We found
three lineages culminating into switched-activated MBCs, ASCs, and
atypical MBCs (Figure 4A, and Supporting Information S1: Figure 5).
Interestingly, all lineages branched at the switched-resting MBCs
group, suggesting a strong relationship between the final subsets and
these cells.

We further investigate genes potentially involved in differenti-
ating atypical MBCs by performing DGE analysis. The volcano plot in
Figure 4B displays the genes upregulated in the atypical MBCs
compared to the other two final subsets (switched-activated MBCs
and ASCs). Specifically, 172 genes were upregulated, including genes
involved in germinal center (GC) processes such as CXCR4, MCL1,
BCL2, and MYC. Interestingly, we observe the upregulation of genes
such as CD79B and NR4A2, which have previously been reported in
atypical MBCs in malaria.®” Additionally, we identified the induction

FIGURE 2 Gene expression differences in B cell subsets across different conditions. (A) Heatmap showing DEGs in the seven main analyzed
subsets derived from convalescent donors with critical, severe, moderate, and mild conditions. The top color annotation above the heatmap
represents the cell types (B cell subsets), while the second color annotation represents the COVID-19 conditions. The expression scale,
represented by the Z-score, indicates the number of standard deviations from the mean expression of each normalized gene expression across
conditions within each cell type. (B) Dot plot highlighting genes widely expressed mainly in severe conditions, associated with a proinflammatory
response, as well as genes primarily expressed in moderate and mild conditions, associated with an antiviral response. The scale color represents
the relative average expression based on log1p normalized data. (C) Violin plots represent the absolute normalized expression levels of selected
proinflammatory response genes, divided by condition. (D) GSEA analysis of DEGs across the different conditions in T2 B cells, naive-activated B
cells and atypical MBCs. Circle colors represent the normalized enrichment score (NES) scores whereas circle size represents the -log10 of
adjusted p Values. (E) Volcano plots illustrating the upregulated genes in critical/severe (purple) versus moderate/mild (green) from T2 B cells,
naive-activated B cells and atypical MBCs. Horizontal dotted line indicates the adjusted p Value cutoff of 0.05, and vertical dotted lines indicate
the log fold-change of the average expression (avg_log2FC) cutoff of 0.4. DEGs, differentially expressed genes; GSEA, gene set enrichment
analysis; MBCs, memory B cells.
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FIGURE 3 BCR repertoire analysis. (A) SHM rates across the 10 different B cell subsets, showing correlation of SHM levels with cell
phenotype). (B) UMAP visualization of B cells from COVID-19 patients colored by SHM rates. (C) Distribution of SHM rates among critical,
severe, moderate, and mild conditions, excluding transitional B cells (T1, T2, and T3 B cells). (D) Bar plots showing the isotype gene proportion in
conventional MBCs, atypical MBCs, and ASCs across the different conditions. (E) Heatmap showing IGHV/IGHJ gene pairing frequencies in
atypical versus conventional MBCs, across the different conditions. The Z-score scale shows in positive values (light red to deep red) the IGHV/
IGHJ combinations in atypical MBCs, with deeper red color indicating more frequent combinations in these cells. Conversely, negative Z-score
values (light blue to deep blue) depict the IGHV/IGHJ combinations in conventional MBCs, with deeper blue color representing a highly frequent
combinations in these cells. ASCs, antibody secreting cells; MBCs, memory B cells; SHM, somatic hypermutation.
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of BTG1, FOXP1, and KLF2 genes, which are related to B cell differ-
entiation. In contrast, 250 genes were upregulated in switched-
activated MBCs and ASCs, including HHEX and SUB1, which are
involved in MBC and plasma cell differentiation, respectively, as well
as MEF2C and ZBTB38, essential genes for proliferation and efficient
humoral response (Figure 4B, and Supporting Information S3: Data 2).

Moreover, GO enrichment analyses linked these upregulated
genes from atypical MBCs with BCR signaling, activation, prolifera-
tion, and differentiation of B cells, as well as regulation of the MAPK
cascade (Figure 4C). On the contrary, genes differentially expressed
in switched-activated MBCs and ASCs were predominantly associ-
ated in processes related to ATP synthesis, cellular respiration, and
oxidative phosphorylation (Figure 4C-left). Finally, we observed sig-
nificant overexpression of certain genes closely involved in the
COVID-19 response, such as IRF1, IFNGR2, DUSP1, ZFP36L2, JUND,
and FOS, in atypical MBCs, and some of these genes also expressed in
transitional B cells. This overexpression was noted in comparison
with the rest of the subsets (Figure 4D). These data indicate that
atypical MBCs have undergone GC processes, and their differentia-
tion is involved in the antiviral response against SARS-CoV-2.

3 | DISCUSSION

Our study aimed to analyze B cells at single-cell resolution from
convalescent COVID-19 donors, with a specific focus on conducting
comprehensive analyzes on atypical MBCs to enhance our under-
standing of these cells in the context of COVID-19.

The transcriptomic profiling of B cells revealed cellular heteroge-
neity across conditions, notably indicating an increase in transitional B
cells among donors who experienced critical and severe symptoms.
The high frequency of these cells could be associated with antigenic
persistence to develop mature B cells. Previous studies have found an
increase in transitional B cells during COVID-19, in patients with mild/
symptoms, linked to ASCs
clearance.'>** However, our results show a high frequency of these

moderate maturation and viral
cells in severe/critical convalescent donors, suggesting they were
generated in response to SARS-CoV-2 but remained arrested in the
transitional stage. This is particularly evident in T1 cells, which ex-
hibited high expression of TXNIP and ZFP36L2, indicating they were in
a state of senescence.®**? This state can be attributed to the stress
and cellular damage caused by the severity of COVID-19. Atypical
MBCs were another remarkable subset mainly found in severe con-
valescent donors, though they were also present in minor frequency
across mild, moderate, and critical conditions. This suggests that aty-
pical MBCs play a role in the response of COVID-19.%41%

The severity of COVID-19 involves a proinflammatory response,
primarily driven by monocytes, macrophages, and T cells.*47%° While
B cells are primarily known for antibody production, our findings
reveal a proinflammatory signature in convalescents with critical/
severe symptoms. This is evidenced by the upregulation of certain
genes such as GADD45B, MAP3K8, PPP1R15A, and NFKBIA1-43
expressed across B cell subsets. Consistent with these results, we
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also observed that the expressed genes in subsets from severe
conditions were associated with TNF-a signaling via NF-kB, a path-
way involved in producing inflammatory cytokines.** Notably, genes
such as GADD45B, NFKBIA and TNFSF9 directly participate in this
pathway.*24® Thus, our data suggest that B cells, including transi-
tional, naive, memory, and ASC, may play a role in the proin-
flammatory response in severe COVID-19. On the other hand,
donors who had mild/moderate symptoms exhibited high expression
of IFN-response genes such as IFI16, IFI30, and 1SG20, which are
associated with an antiviral response,*® which may have contributed
to better outcomes.

Given the limited understanding of atypical MBCs, we employ
multiple bioinformatic approaches to elucidate fundamental features
and potential developmental pathways of these cells in COVID-19.
The results suggest that atypical MBCs follow a developmental
pathway similar to conventional MBCs in response to SARS-CoV-2.
However, at some point during differentiation, these cells diverge to
take a different route and become atypical MBCs. Several studies on
malaria, HIV, and other pathologies have reported possible mecha-
nisms of differentiation.®*®*?*” Among these, some results suggest
that poor T follicular helper (Tfh) cooperation during processes in the
GC may drive B cell differentiation into atypical MBCs. Another
proposed mechanism is that the upregulation of inhibitory receptors
and reduced BCR signaling may promote the development of atypical
MBCs from classical MBCs. Additionally, these cells could arise dur-
ing the normal activation of conventional MBCs in response to
infection via an unknown mechanism. Finally, another potential
pathway is the generation of atypical MBCs via extrafollicular acti-
vation, which may represent a population of pre-antibody-secreting
cells, such as double negative 2 (DN2) B cells.

In this context, the trajectory analysis conducted on our data
confirms that atypical MBCs follow a differentiation trajectory like
conventional MBCs, indicating that these atypical cells also undergo
GC processes. This is supported by their SHM levels and high ex-
pression of genes associated with the GC, including CXCR5, CXCR4,
and MYC, which are essential for the circulation and maintenance of
the dark and light zones, as well as for interaction with Tfh cells.4®4?
Additionally, BCL2 and MCL1, which are increased in GC B cells, play
crucial roles in GC maintenance and apoptosis prevention.’®>? Fur-
thermore, the GO analysis reveals that atypical MBCs are involved in
BCR signaling, activation, and proliferation pathways. This indicates
that these cells are not anergic or exhausted, and their mechanism is
opposite to that associated with reduced BCR signaling. Then, we
identified several characteristic genes widely reported in COVID-19
and that were found to be upregulated in atypical MBCs, such as
IFNGR2, DUSP1, ZFP36, and IFITM3.5%">* This suggests that their
development could be influenced by antigen exposure and the
resulting immune environment. Additionally, the results indicate that
these cells may serve as a functional class of B cells actively con-
tributing to the immune response. They appear to be active cells,
exhibiting high BCR signaling, and expressing genes such as ZFP36
and DUSP1, which play immune regulatory roles in COVID-19
infection and recovery.
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FIGURE 4 Transcriptomic features of atypical MBCs. (A) Trajectory analysis revealing the stages of differentiation of B cell subsets, starting
with the less differentiated T1 B cells, and concluding in three different lineages: atypical MBCs, ASCs, and switched-activated MBCs. (B)
Volcano plot showing DEGs in atypical MBCs (red) versus switched-activated MBCs and ASCs (blue), a total of 172 and 250 DEGs are shown
respectively. Horizontal dotted line indicates the adjusted P-value cutoff of 0.05, and vertical dotted lines indicate the log fold-change of the
average expression (avg_log2FC) cutoff of 0.2. (C) Gene Ontology analysis from the DEGs in atypical MBCs (red) versus switched-activated
MBCs and ASCs (blue). (D) Heatmap of DEGs compared in atypical MBCs, ASCs, and switched-activated MBCs. (E) Dot plot displaying the
expression levels of specific genes involved in the COVID-19 response across different B cell subsets. The scale color represents the relative
average expression based on loglp normalized data. ASCs, antibody secreting cells; DEGs, differentially expressed genes; GSEA, gene set

enrichment analysis; MBCs, memory B cells.
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One limitation of this study is the small number of donors (mild
n=1, moderate n = 3, severe n= 3, and critical n = 2). This may explain
the low number of cells and DEGs observed in the critical and mild
groups. However, despite having only two donors, the critical group
exhibited the lowest number of cells, which could be attributed to the
lymphopenia characterized in the most critical cases. Additionally,
this study lacked medical history from the donors. Future studies
with a larger sample size and comprehensive clinical data could be
crucial for further investigating the B cell response and in COVID-19.
Moreover, while the study employed magnetic enrichment of S1 and
RBD-specific B cells from convalescent donors, using FACS will
increase the purity of the cells.

In summary, the transcriptomic analysis of B cells from convalescent
COVID-19 patients revealed cell heterogeneity across different condi-
tions. The results highlight the capacity of B cell subsets to contribute to
the proinflammatory response, particularly in severe and critical cases.
Additionally, the findings on atypical MBCs suggest a developmental
pathway through the GC, similar to conventional MBCs. However, their
differentiation and activation may be influenced by exposure to SARS-
CoV-2, and they may play a role in contributing to the immune response
for COVID-19 recovery. These results provide a better understanding of
atypical MBCs in COVID-19 and a better understanding of the role of
other B cell subsets in different clinical manifestations.
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In this study, antibody response and a single-cell RNA-seq analysis were conducted on peripheral blood mononuclear cells from five
different groups: naive subjects vaccinated with AZD1222 (AZ) or Ad5-nCoV (Cso), individuals previously infected and later
vaccinated (hybrid) with AZD1222 (AZ-hb) or Ad5-nCoV (Cso-hb), and those who were infected and had recovered from COVID-19
(Inf). The results showed that AZ induced more robust neutralizing antibody responses than Cso. The single-cell RNA data revealed
a high frequency of memory B cells in the Cso and Cso-hb. In contrast, AZ and AZ-hb groups exhibited the highest proportion of
activated naive B cells expressing CXCR4. Transcriptomic analysis of CD4" and CD8" T cells demonstrated a heterogeneous
response following vaccination, hybrid immunity, or natural infection. However, a single dose of Ad5-nCoV was sufficient to
strongly activate CD4" T cells (naive and memory) expressing ANX1 and FOS, similar to the hybrid response observed with AZ. An
interesting finding was the robust activation of a subset of CD8" T cells expressing GZMB, GZMH, and IFNG genes in the Cso-hb
group. Our findings suggest that both vaccines effectively stimulated the cellular immune response; however, the Ad5-nCoV
induced a more robust CD8" T-cell response in previously infected individuals.

Genes & Immunity; https://doi.org/10.1038/5s41435-024-00270-x

INTRODUCTION

Since the onset of the pandemic in late 2019, an unprecedented
global effort has been undertaken to develop safe and effective
vaccines against SARS-CoV-2. The World Health Organization
(WHO) has granted emergency approval to 12 vaccines that
employ various technologies and exhibit varying efficacy rates.
Adenovirus vector-based vaccines targeting SARS-CoV-2, such as
Ad26.COV2-S (Johnson & Johnson), ChAdOx1 nCoV-19/AZD1222
(Oxford-AstraZeneca), and Ad5-nCoV (CanSinoBio) have demon-
strated substantial protection against severe disease. However,
their effectiveness against clinical manifestations may be lower
than mRNA vaccines [1, 2].

Hybrid immunity, induced by natural infection against SARS-
CoV-2 followed by vaccination, may provide more robust immune
protection against SARS-CoV-2 and its circulating variants than
infection or vaccination alone [3-7]. Most results of hybrid
immunity come from mRNA vaccine studies, yet limited informa-
tion is available on adenovirus vector-based vaccines, such as
AZD1222 or Ad5-nCoV. For example, a single dose of the AZD1222
vaccine elicits higher antibody responses in people with prior
SARS-CoV-2 infection compared to two doses in naive individuals
[8]. In addition, the humoral immune response induced by Ad5-
nCoV is lower than that induced by other vaccines; nonetheless,

people with prior SARS-CoV-2 infection and immunized with Ad5-
nCoV exhibit a robust immune response similar to that induced by
other vaccines [9]. These results are consistent with studies on
different COVID-19 vaccines where "hybrid immunity” provides a
potent immune response in vaccinated people with a history of
SARS-CoV-2 infection [3].

Through single-cell RNA-seq (scRNA-seq) analysis in subjects
vaccinated with Ad5-nCoV without previous infection, it was
observed that Ad5-nCoV triggered a humoral immune response
and expanded BCR clones. Nevertheless, immunoglobulin heavy
chain variable region (IGHV) gene usage (IGHV1-69D, IGHV1-18,
and IGHV4-59) differed [10] from those identified against SARS-
CoV-2 infection (IGHV3-53, IGHV1-69, IGHV1-2) [11, 12]. The
difference in IGHV gene usage may explain the lower level of
neutralizing antibodies observed after a single dose of Ad5-nCoV.
In contrast, Ad5-nCoV activated the cellular immune response,
evidenced by an increased proportion of central memory (TCM)
CD4" T cells, elevated IFN-y level, and enhanced expression of
proinflammatory genes on day 14 after vaccination, including
interferon-stimulated genes (ISGs) in CD4" T cells, CD8" T cells,
and natural killer (NK) cells [10]. However, no studies have
evaluated the hybrid response induced by adenovirus vector-
based vaccines at the single-cell level.
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Here, we report a single cell RNA sequencing (scRNA-seq)
analysis of peripheral blood mononuclear cells (PBMCs) from
individuals vaccinated with either the recommended two doses of
the AZD1222 (AZ) vaccine or one dose of the Ad5-nCoV (Cso)
vaccine, infected and subsequently vaccinated with AZD1222
(AZ-hb) or Ad5-nCoV (Cso-hb), and convalescent individuals of
coronavirus disease 2019 (COVID-19) without vaccination (Inf).
This study reveals the diversity of cell subsets in each group
(natural infection, vaccine-induced, or hybrid), inducing a different
immune response. Furthermore, these subsets play roles based on
differentially expressed genes (DEGs) and the robust immune
response induced during hybrid immunity.

MATERIALS AND METHODS

Subjects and sample collection

We obtained blood samples from 27 donors by non-probabilistic sampling.
Eligibility criteria included age =18 vaccinated with AZD1222 or Ad5-nCoV
with or without prior SARS-CoV-2 infection and 1—2 months since the last
vaccination, or SARS-CoV-2 infection without vaccination and 3—8 weeks
from the onset of symptoms. Peripheral mononuclear blood cells (PBMCs)
were isolated from EDTA whole blood by density gradient centrifugation
using Ficoll-Paque Plus (GE Healthcare Life Sciences, Massachusetts, USA).
Isolated PBMC cells were resuspended in RPMI-1640 medium supplemen-
ted with 40% fetal bovine serum (FBS), and 2X freezing medium (30%
DMSO in RPMI-1640 supplemented with 40% FBS) was added at a ratio of
1:1. Immediately, the cell suspension was dispensed in cryovials and kept
at —80 °C for 4 h, and the cryovials were stored in liquid nitrogen until use.
Samples were divided into five groups: vaccinated with Ad5-nCoV (Cso,
n =6), or AZD1222 (AZ, n = 4), infected (Inf, n = 5), and two hybrid groups,
previously infected and vaccinated with Ad5-nCoV (Cso-hb, n=6) or
AZD1222 (AZ-hb, n = 6). The study was evaluated and approved by the
Ethics Committee of the CIAD, AC (CEI/012-2/2020), and all patients signed
informed consent forms.

ScRNA-seq and BCR sequencing

We performed scRNA-seq and single-cell BCR-sequencing (scBCRseq) using
10x Genomics technology (Fig. 1a). PBMCs from each donor were pooled
into groups (AZ, AZ-hb, Cso, Cso-hb, or Inf), and incubated with TotalSeq™-
C antibodies for cell hashing: TotalSeq™-C0251 (Cat# 394661), TotalSeq™-
C0252 (Cat# 394663), TotalSeq™-C0254 (Cat# 394667), TotalSeq™-C0255
(Cat#t 394669), TotalSeq™-C0256 (Cat# 394671) (BioLegend, San Diego, CA,
USA). Then, labeled cells were divided into two groups and loaded into a
10x Chromium chip for Gel Bead-in-Emulsion (GEMs) generation and
scRNAseq library preparation. A total of two libraries were prepared,
including scRNA-seq and scVDJ-seq libraries. Briefly, scRNA-seq and VDJ-
seq libraries were prepared on the Chromium platform using single-cell
expression 5" v2 profiling chemistry (10X Genomics, Pleasanton, CA, USA)
and VDJ-B enrichment combined with cell hashing. HTO-labeled cells from
2 to 3 donors were pooled equally and washed twice with RPMI-1640
immediately before loading on the 10X controller. Complementary DNA
amplification and library construction were conducted following the
manufacturer's protocol, with additional steps for amplifying HTO
barcodes. Libraries were sequenced to ~50,000 reads per cell on a
Novaseq S2 (lllumina, San Diego, CA, USA) and BCR enrichment.

ScRNA-seq analysis

scRNA-seq and scBCR-seq data were aligned and quantified using cell
ranger v5.0.1 multi (10X Genomics) against their corresponding human
reference genome (GRCh38). Count matrices from the cell range output
were preprocessed by filtering for cells and genes (minimum cells per
gene, 10; minimum UMI per cell, 100). The filtered transcriptome data were
normalized using default settings in the Seurat 4.3.0 package [13] (RNA
expression by a factor of 10,000 with log-transformed, cell surface protein
of Feature Barcode by a centered log ratio). Then, samples from patients
vaccinated with different vaccines were demultiplexed based on the
unique hashtag antibodies, and the threshold for classification was 0.99.
Genes expressed in fewer than three cells were removed. Cells were
filtered by removing low quality cells with (1) fewer than 200 expressed
genes, (2) mitochondrial gene percentage >10%, and (3) ribosomal gene
percentage <5%. The potential doublets were eliminated based on the
following criteria: (1) expression of more than 4000 genes, (2) identification
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as doublets by DoubletFinder, and (3) detection of markers indicative of
other cell types after reclustering of one specific cell type. The singlet was
extracted for further analysis. The RNA expression data were then further
scaled based on regressing the number of unique molecular identifiers
(UMIs) detected, the percentage of mitochondrial counts per cell, and
different cell cycle phases for each cell. Dimension reduction was
performed using principal component analysis (PCA), and then the
significant components were selected according to the p values. The top
20 main components were used to perform UMAP to visualize the cells.
Clusters were identified by a shared nearest neighbors (SNN) modularity
optimization-based clustering algorithm, and the clustering resolution was
set to 0.75. Cellular identity was determined by finding differentially
expressed genes for each cluster using Seurat's Mann-Whitney test
(FindAlIMarkers) implementation. Differentially expressed genes were
selected with the threshold adjusted p <0.05 and absolute logged fold-
change (Log2FC) = 0.585. The cells were first automatedly annotated by
scPred using its PMBC reference, and then cell clusters were manually
annotated according to scPred prediction. The B and T cells were isolated
and processed separately for downstream clustering and gene analysis.
The filtered contig annotation output from Cell Ranger VDJ analysis was
merged using scRepertoire v1.35 [14] with default parameters. Shazam
v1.1.0 was used to calculate the somatic hypermutation rate of heavy chain
variable (VH) genes.

Microneutralization

Vero C1008 (Vero 76, clone E6, Vero E6) cells (ATCC-CRL-1586 cells) were
cultured in 96-well cell culture plates to 80% confluence. Dilution of
samples (previously inactivated) was prepared with Dulbecco’'s modified
Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with
2% FBS and 2% penicillin-streptomycin-amphotericin B suspension
(Sigma-Aldrich, St. Louis, MO, USA). Serial dilutions (1:10 to 1:5120) were
prepared with virus (100 TCIDso) and incubated for 60 min at 37 °C in 5%
CO,. Later, samples (100 uL of each dilution) were incubated with Vero
cells in DMEM for 72 h as previously described. Samples were considered
positive when a serum dilution of at least 1:10 neutralized the 100%
cytopathic effect of the virus adjusted to 100 TCIDs, [15].

ELISA

ELISA was performed as previously described [16]. Briefly, ELISA microwell
plates (Thermo Fisher Scientific, Waltham, MA, USA) were coated with
SARS-CoV-2 RBD using 100nM carbonate-bicarbonate buffer. After
blocking with 2% BSA (Sigma-Aldrich), serum samples were diluted
1:100 in PBS with 0.05% Tween 20 and 1% nonfat milk (American Bio) and
incubated for 60 min at room temperature. After washing, anti-human IgG-
HRP (Sigma-Aldrich) was incubated for 30 min, and after washing, 50 pL of
TMB (Immunochemistry, Minnesota, USA) was added. The reaction was
stopped with 50 pL of 1M H,SO,, and the optical density (O.D.) was read at
450nm using an automated spectrophotometer (Thermo Scientific
Multiskan FC Microplate Photometer).

Statistical analysis

The chi-square test was used to compare the cell proportions and somatic
hypermutation rate of VH genes between the two groups. The
Mann-Whitney U test was used to compare the antibody response and
IGHV gene usage between groups. The symbols indicating significance are
as follows: *p <0.05, *p<0.01, **p<0.001, and ****p <0.0001. Data
analysis and visualization were performed using R v4.0.3.

RESULTS

Here, we assessed the single-cell transcriptomic profile of PBMCs
from five groups of individuals: (1) vaccinated with AZD1222 (AZ;
n=4); (2) previously infected and vaccinated with AZD1222
(AZ-hb; n=6); (3) vaccinated with Ad5-nCoV (Cso; n=6); (4)
previously infected and vaccinated with Ad5-nCoV (Cso-hb; n = 6);
and (5) convalescent of COVID-19 without vaccination (Inf; n =5)
(Fig. 1a). The clinical characteristics of these individuals are
outlined in Fig. 1b. The age of the patients ranged from 22 to 78
years old, with 17 females and 10 males. The duration between
SARS-CoV-2 infection diagnosis and vaccine administration
spanned from 4 to 14 months. All vaccinated individuals in the
study adhered to the recommended vaccine regimen: receiving
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Fig. 1 Single-cell transcriptomic profile of hybrid immunity induced by Ad5-nCoV and AZD1222 vaccines. a Study design. Twenty-seven
donors were enrolled in this study and divided into five groups: vaccinated with AZD1222 (AZ without prior infection and AZ-hb with prior
infection), vaccinated with Ad5-nCov (Cso without prior infection and Cso-hb with prior infection), and convalescent from COVID-19 (Inf).
PBMCs were collected from participants 1—2 months after the last vaccination or COVID-19 infection without vaccination and processed for
scRNA-Seq experiments. b Clinical and demographic characteristics of donors. ¢ Binding and neutralizing antibody titers against the ancestral
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either one dose of Ad5-nCoV or two doses of AZD1222, with a 30-
day interval between doses. Samples were collected one month
after the second dose of AZD1222 (AZ and AZ-hb), two months
after the dose of Ad5-nCoV (Cso and Cso-hb), and one to two
months after infection (Inf group) (Fig. 1b). Although whole-
genome sequencing of the viral samples was not conducted,
SARS-CoV-2 variant surveillance data indicate that participants in
this study were infected with ancestral SARS-CoV-2 (between May
2020 and January 2021) before the detection of any variants in
Hermosillo, Sonora, Mexico.

Humoral immune response

Previous reports have shown that hybrid immunity induces a
robust humoral immune response against SARS-CoV-2 variants
[3, 17, 18]. In this study, the levels of IgG antibody and neutralizing
antibody titres (nAbs) against the ancestral strain were signifi-
cantly lower in the Cso group than in the Cso-hb group (P < 0.04)
(Fig. 1¢). The IgG antibody and nAb responses were also lower in
the AZ group than in the AZ-hb group but the difference was
significant only for the level of nAb titres against Omicron BA.1. In
addition, the nAb response against Omicron BA.1 was significantly
lower than the response against the ancestral strain in the Cso-hb
group alone (p=0.0312) (Fig. 1c). These results indicate that
hybrid immunity resulting from either the AZD1222 or Ad5-nCoV
vaccine was associated with a higher neutralizing antibody (nAb)
response than those without previous infection, but the immune
response against Omicron BA.1 was lower for the Ad5-nCoV
vaccine (Cso-hb) than for the AZD1222 vaccine (Az-hb).

ScRNAseq analysis

We performed scRNAseq and scBCRseq on pooled PBMCs from
each group (AZ, AZ-hb, Cso, Cso-hb, or Inf) using 10x Genomics
technology. After library sequencing and data processing, we
obtained a total of 8188 single cells with good quality. The RNA
expression data were further scaled based on regressing the
number of unique molecular identifiers (UMIs) detected and
performing a uniform manifold approximation and projection
(UMAP) in the five groups to visualize B cell, T cell, natural killer
(NK) cell, monocyte, and plasmacytoid dendritic cell (pDC) clusters
(Fig. 2a). The UMAP of individual cell types revealed a differential
proportion of cells according to the group (Fig. 2b). We observed
that the most abundant immune cells were T cells (median:
55.7%), followed by monocytes (median: 17.8%) and B cells
(median: 15.4%). The Cso-hb group was characterized by a higher
percentage (P < 0.0001) of B cells (36.8% vs. other groups: 13.3%
—15.4%) and a lower abundance (P < 0.0001) of T cells compared
to other groups including Cso (36.6% vs. other groups: 53.6%
—58.1%) (Supplementary Fig. S1a-c). The other cells showed no
difference among groups, and reclustering was subsequently
performed within T- and B-cell types.

Profile of B cells

According to the transcriptional profile, four B-cell subclusters
were identified: two clusters of naive B cells (IgM*IgD*CD27"),
Bnaive-1 and Bnaive-2; one cluster of memory B cells
(IgD TNFRSF13B™, class-switched) and one cluster of plasmablasts
(CD9") (Fig. 2a, ¢ and Supplementary Fig. S2). A higher proportion
of Bnaive-1 cells, characterized by upregulation of the differen-
tially expressed genes (DEGs) JUN, FOS, CD83, CD69, NFKBIA, and
CXCR4, was found in the AZ, AZ-hb, and Cso groups (p < 0.0001)
(Fig. 2¢, d, and Supplementary Fig. 2b). In contrast, a higher
proportion of Bnaive-2 cells was found in the Cso-hb and Inf
groups (p < 0.01) (Fig. 2e-g). Memory B cells were predominant in
the Cso and Cso-hb groups (Cso and Cso-hb vs. Inf, p < 0.05; Cso-
hb vs. AZ-hb (p < 0.01)) (Fig. 2e, g). Thus, Cso and Cso-hb induced
the highest proportion of memory B cells, while AZ and AZ-hb
induced the highest proportion of activated naive B cells (Bnaive-
1). Furthermore, vaccination and hybrid immunity induced a
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higher proportion of Bnaive and memory B cells than the Inf
group. The samples were collected 1 month after infection, which
may explain the lower proportion of memory B cells in the Inf
group [19, 20].

The paired scBCRseq data showed that the hybrid groups had
more class-switched memory B cells than the vaccinated-only
groups, without preferences for a specific isotype other than
IGHA1, which was more frequent in the AZ-hb group than in the
Cso-hb group (Fig. 3a, b). The somatic hypermutation (SHM) rate
of IGHV in switched or unswitched memory B cells was similar
among the various groups (p > 0.05) (Fig. 3¢). Furthermore, IGHV3-
33 gene usage was significantly increased in the Cso (p=0.018)
and Cso-hb (p=0.028) groups compared to the Inf group, and
IGHV3-23 was higher (p =0.027) in the Cso group than in the Cso-
hb group, while IGHV1-18 was higher (p =0.04) in AZ-hb group
than AZ group (Fig. 3d). Although we did not sort antigen-specific
B cells, we observed that memory B cells from the infected and
hybrid groups highly expressed IGHV4-39.J4, IGHV3-33.J4, IGHV3-
74.J4, and IGHV3-23.J4, as observed in other studies that sorted
SARS-CoV-2 antigen-labeled B cells from infected individuals
(Fig. 3e) [21]. Clonal BCR sequences were not detected, and
therefore, the analysis of clonal diversity and abundance was not
performed. Taken together, the differences in IGHV gene expression
and the increased class switching in the hybrid groups suggest that
certain clones were preferentially increased to enhance immunity
upon a second encounter with the spike antigen.

Profile of T cells

We identified 17 distinct subclusters of T cells, including nine
clusters of CD4" T cells and seven clusters of CD8" T cells
(Fig. 4a, b). The CD4" T-cell clusters included five clusters of naive
cells (CD4.Tn-1 to CD4Tn-5), three clusters of memory cells
(CD4.Tm-1 to CD4.Tm-3 cells), and one cluster of regulatory T cells
(expressing IL2R, FOXP3, TIGIT, and CTLA4) (Fig. 4c-e). The CD8"
T-cell clusters included five clusters of CD8 cytotoxic effector
T cells (CD8.Te-1 to CD8.Te-5) with different expression levels of
cytotoxicity-associated genes and exhaustion-related genes, one
naive cluster (CD8.Tn cells expressing CCR7, SELL, LEF1, and
TCF7) and one cluster expressing Tc17 markers (RORC and KLRB1)
(Fig. 4c, i). The last cluster identified was y&6 T cells (CD3"
CD4 CD8 ). The CD4/CD8 T-cell ratio was higher in AZ- and Cso-
vaccinated individuals than in the respective hybrid groups (AZ-hb
and Cso-hb) (p<0.0001), suggesting that hybrid immunity
induced a higher proportion of CD8" T cells (Fig. 4e).

The dominant CD4" T-cell subsets varied among the vaccina-
tion and hybrid groups (Fig. 4f, i, j and Supplementary Fig. 3). The
CD4.Treg subset was found in similar proportions among all
groups. The Inf group had a high proportion of CD4.Tm-1 memory
T cells expressing high levels of LTB and IL7R, which are associated
with the lymph node development pathway, as well as CD4.Tn-1
naive T cells highly expressing genes involved in the “T-cell
activation”, “T-cell mediated immunity”, and “positive regulation
by host of viral transcription” pathways (Fig. 4f, i and Supplemen-
tary Fig. 3). In addition, the AZ group had a high proportion of
CD4.Tm-2 cells highly expressing LTB and IL7R, which are involved
in the “lymph node development” pathway, and CD4.Tn-4 cells
highly expressing the ribosomal gene RPS4Y1 and the mitochon-
drial gene MTRNR2L8. Cso and AZ-hb led to the expansion of
CD4.Tn-2, which exhibited highest expression of activation genes
(JUN and FOS). The Cso-hb group had a high proportion of CD4.Tn-
5 cells expressing DEGs associated with the “T-cell activation” and
“IL-12 production” pathways. Thus, specific imprints of CD4.Tn-1
and CD4.Tm-1 subsets in the Inf group and CD4.Tm-2 and CD4.Tn-
4 subsets in the AZ group were observed, while the CD4.Tn-
5 subset, expressing DEGs associated with the IL-12 production
pathway, was dominant in the Cso-hb group.

The dominant CD8-positive subsets also differed among the
groups. Vaccination (AZD1222 or Ad5-nCoV) or natural infection
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Fig.2 Characterization of B cell response induced by vaccines (Ad5-nCoV and AZD1222) and hybrid immunity. a UMAP of all single cells,
with each cell coloured for sample group, and major cell type. b UMAP of B cells, with each cell coloured for B cell subtype and group. ¢ Mean
expression of marker genes for B cell subsets. d Differentially Expressed Genes (DEGs) for each B cell subset. e Fraction of cells from different
samples in each B cell subtype. f Volcano plot to identify the DEGs between the two naive and plasma cell subsets. g Comparison of the
proportion of B cell subsets between groups using Chi-square test. ns p > 0.05, *p <0.05, **p <0.01, **p <0.001, and ****p <0.0001.

activated CD8" T-cell subsets expressing DEGs enriched in the
cytolysis pathway (Fig. 4g-j and Supplementary Fig. 3). The
proportion of cytotoxic CD8.Tc17 cells were higher in the Cso
group. Most importantly, the Cso-hb hybrid immunity group
predominantly exhibited CD8.Te-4 cells with elevated expression of
interferon gamma (IFN-y) genes and more than 78 DEGs enriched
in pathways related to the response to type | IFN or IFN-y signaling.
Furthermore, the proportion of yd T cells was higher in the AZ-hb
group (Fig. 4h). These results suggest a differential expansion of
clusters of CD8" T cells in response to vaccination and infection,
with hybrid immunity-inducing T-cell subsets (CD8.Te-4 or y&
T cells) with potentially stronger antiviral properties.

DISCUSSION
This study employs single-cell transcriptomic analysis and anti-
body quantification to assess the immunity triggered by Ad5-
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nCoV and AZD1222 vaccines. Our findings reveal a diminished IgG
antibody response to both the SARS-CoV-2 RBD of the ancestral
virus and Omicron BA.1 in the Cso group compared to the AZ
group. Nonetheless, the antibody response was substantially
augmented in the hybrid groups (Cso-hb and AZ-hb) against both
the ancestral and the Omicron variant. Omicron BA.1 was a variant
of concern due to its high transmissibility and ability to evade the
immune response, even in previously vaccinated individuals,
which helped corroborate the robust humoral response generated
in the hybrid groups, particularly in Az-hb. This underscores the
capability of these adenoviral vaccines to provoke robust hybrid
immunity. It is noteworthy, however, that the antibody response
in the Cso-hb group was 1-log lower than that observed in the
AZ-hb group.

The transcriptomic profile of B cells revealed that the principal
subset in all the groups consisted of naive B cells. The AZ and
AZ-hb groups exhibited a high frequency of naive B cells
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Fig. 4 Characterization of T cell response induced by vaccines (Ad5-nCoV and AZD1222) and hybrid immunity. a UMAP of T cells with
each cell coloured for T cell subtypes. b UMAP of T cells per group. ¢ Mean expression of marker genes for T cell subsets. Seventeen T cell
subsets were manually annotated based on the gene markers expression of the T cell types. d Mean expression of cytokine-related genes for T
cell subsets. e Ratio of CD4/CD8 T cells for each group. Distribution and percentage of CD4" (f), CD8" (g), and v (h) T-cell subsets on total
cells for each group. i Differentially expressed genes of each T cell subset. Only the top 5 genes are labeled. j Comparison of the proportion of
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expressing high levels of CXCR4 (Bnaive-1). In contrast, within the
Cso-hb and Inf groups, the Bnaive-2 cluster predominated,
characterized by a lower expression of CXCR4. This observation
suggests that AZ and AZ-hb induce the production of naive B cells
with an enhanced migratory capability to secondary lymphoid
tissues [22]. Furthermore, Cso and Cso-hb groups demonstrated a
higher proportion of memory B cells than the Inf group. However,
the variation in sample collection times could potentially account
for these disparities, as the groups vaccinated with Ad5-nCoV
were sampled two months after immunization. In contrast, the
AZD1222 groups (AZ and AZ-hb) were sampled one month after
receiving the booster dose.

The analysis of the usage of IGHV genes showed an
overrepresentation of the /GHV3 family in all groups using the
vaccine (IGHV3-23, IGHV3-30, IGHV3-33), as observed in other
studies, where IGHV3-23 has been reported as a commonly used
germline both in COVID-19 and healthy donors [21, 23].
Interestingly, Cso-hb and the Inf group shared a similar IGHV
gene usage profile, especially by the expression of IGHV5-51 and
IGHV3-11. The IGHV5-51 gene is associated with cross-reactive
neutralizing antibodies [24, 25], suggesting that hybrid immu-
nity elicited by Ad5-nCoV (Cso-hb) can produce neutralizing
antibodies with a wider breadth compared to Cso vaccination
only. Although our experimental design did not include the
sorted antigen-specific B cells, IGHV/IGHJ combinations were
similar to other studies evaluating SARS-CoV-2 antigen-labeled B
cells from infected individuals [21]. For example, IGHV3-23/
IGHJ4, which has been linked to SARS-CoV-2 and likely responds
to the spike protein rather than other viral proteins [26],
constituted the predominantly used IGHV/IGHJ combinations in
our cohort. These results could suggest a high frequency SARS-
CoV-2-specific B cells on recently vaccinated and infected
individuals. It is noteworthy that when comparing Ad5-nCoV
and AZD1222 vaccines, even in cases where similar IGHV/IGHJ
combination frequencies were observed, the Ad5-nCoV vaccine
elicits a diminished antibody response compared to AZD1222.
This observation implies the involvement of other factors in
explaining these discrepancies.

The transcriptional analysis of CD4" and CD8" T cells
revealed a diverse response elicited by vaccination, hybrid
immunity, or natural infection. Multiple memory and naive T
cell subsets exhibited expansion, including a shared population
of memory CD4" T cells found in both the AZ-hb and Cso
groups (CD4.Tm-3). In contrast, the Inf and AZ groups gave rise
to distinct subpopulations (CD4.Tm-1 and CD4.Tm-2, respec-
tively). CD4.Tm-3 represented a distinctive population, display-
ing a distinct gene expression profile in comparison to other
memory CD4" T cells. ANXT and FOS, markers of robust
activation, expressed in CD4.Tm-3 cells, along with upregula-
tion of the IL-2 signaling pathway, are crucial for long-term
memory T cells [27]. Conversely, CD4.Tm-2 exhibited signaling
pathways associated with apoptosis. These findings imply that
Cso and AZ-hb can foster a long-lasting population of memory
CD4 T cells (CD4.Tm-3) compared to the AZ group (CD4.Tm-2).
A similar trend emerged within naive CD4" T cells, as Cso and
AZ-hb expanded the same subset (CD4.Tn-2), distinct from the
infection group (CD4.Tn-1) and AZ (CD4.Tn-4). In contrast, the
subset observed in the Inf group (CD4. Tn-1) exhibited a
signaling pathway linked to SARS-CoV-2 and coronavirus
responses. Our data indicate that a single dose of Ad5-nCoV
proved sufficient to induce a robust activation of CD4" T cells
(both naive and memory), resembling the hybrid response
observed in the AZ-hb group.

In the case of effector CD8" T cells, a similar pattern was
observed between the Cso and AZ-hb groups, indicated by a
shared expansion of CD8.Te-2. This finding reinforces a compar-
able cellular response between these two groups, aligning with
the observations made in the CD4" T-cell subsets. Notably, the
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Cso group exhibited a substantial proportion of Tc17 cells
displaying moderate expression of effector genes (GZMA and
CST7) and elevated expression of TNF. While these cells are
predominantly known for their defence against bacteria and fungi,
multiple studies have highlighted the role of effector cytotoxic
Tc17 cells in antiviral immunity and inflammation [28, 29],
including in COVID-19 patients with mild symptoms [30]. The
stimulation of this particular subset in the Cso group could be
attributed to the utilization of human adenoviral vector type 5 in
the Ad5-nCoV vaccine. However, the role of Tc17 cells with
heightened TNF expression warrants further investigation, as this
phenomenon has not been reported with other COVID-19
vaccines.

Another intriguing observation pertained to the robust
activation of CD8.Te-4 cells within the Cso-hb group. This subset
of CD8" T cells displayed a cytotoxic profile, expressing GZMB
and GZMH alongside significant expression of the IFN-y gene
(IFNG), crucial for viral infection clearance. Moreover, CD8.Te-4
exhibited elevated expression of inhibitory receptor genes such
as PD-1 (PDCD1) and LAG-3, which are associated with T-cell
exhaustion. Thus, the vigorous activation of CD8.Te-4 cells
through the Ad5-nCoV vaccine led to the expression of
exhaustion-related genes, potentially serving as a balancing
mechanism to maintain immune system homeostasis and
prevent immunopathology linked to these cells. These results
parallel a separate study wherein CD8" T cells displayed a
balanced phenotype, expressing proinflammatory genes (TNF,
IFNG) and exhaustion genes (TIGIT, PDCD1) after Ad5-nCoV
vaccine immunization [10]. In conclusion, our findings illustrate
that both vaccines effectively stimulate the cellular immune
response, yet the Ad5-nCoV vaccine induces a more robust
CD8" T-cell response during hybrid immunity.

The average age of individuals vaccinated with AZD1222
differed from those receiving the Ad5-nCoV vaccine; this age
difference may partly account for the observed differences in
outcomes between the AZD1222 and Ad5-nCoV groups. These
groups were selected based on the initial strategy of the
vaccination campaigns in Mexico, where vaccines were admi-
nistered according to age. Individuals aged 60 and older
received the AZD1222 vaccine, while those under that age
received the Ad5-nCoV vaccine. Nevertheless, it was observed
that older individuals, vaccinated with AZD1222 vaccine, also
developed strong hybrid immunity and a robust antibody
response.

One limitation of this study is the variability in the time elapsed
between SARS-CoV-2 infection diagnosis and vaccine administra-
tion, which differed across groups (ranging from 4 to 14 months),
along with variations in the severity of COVID-19 infections and
participant ages. These distinctions could influence the immune
response. Furthermore, there were no pre-immunization or
healthy people’s data as a control for comparison. Also, pooling
the samples limited the analysis and comparisons among the 5
different groups, preventing the correct assessment of intragroup
variability that may arise from individual responses. Moreover, the
relatively small number of B cells obtained from the bioinformatic
analysis posed a constraint. Although the changes observed in the
BCR of memory B cells are likely a response to SARS-CoV-2, using
sorted SARS-CoV-2 antigen-labeled B cells along with more
sampling time points may provide a better reflection of the
immune response to SARS-CoV-2 vaccination and infection.
Similarly, the distinct T cell subsets induced by AZD1222 and
Ad5-nCoV vaccines might be a result of the T cell responses to the
adenovirus vectors employed in these vaccines. Additionally, due
to the limited number of cells, comprehensive analysis of other
cell populations, such as NK cells, monocytes, and pDCs, proved
challenging.

In summary, our study demonstrates that despite sharing a
backbone, an adenovirus vector-based approach, two vaccines
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can differentially induce hybrid immunity. Our results reveal that a
single dose of the Ad5-nCoV regimen generates robust hybrid
immunity and triggers a more pronounced cellular response than

AZD1222. However,

even among COVID-19-naive subjects,

AZD1222 elicits a more robust antibody response. The findings
presented herein provide a high-resolution transcriptomic profile
of both cellular and humoral immunity in response to AZD1222
and Ad5-nCoV vaccines, hybrid responses, and natural infections.
This comprehensive understanding enhances our knowledge of
the protective immune responses elicited by hybrid immunity and
adenovirus-based COVID-19 vaccines.
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5. CONCLUSIONES GENERALES

En este trabajo se produjeron 44 anticuerpos recombinantes a partir de 25,621 secuencias
VDJ, utilizando un criterio de seleccidn desarrollado para este fin. El anticuerpo 19n01 destaco por
su potente y amplia capacidad neutralizante contra diversas variantes del SARS-CoV-2, incluyendo
Alfa, Beta, Gamma, Delta y subvariantes de Omicron BA.1, BA.2, BA.4/5. Sin embargo, debido a
que parte de su epitopo se encuentra en las posiciones K444 y V445 de la proteina S, las
subvariantes de Omicron con mutaciones en esas posiciones, como BQ.1.1, XBB.1.5, IN.1.7 y
KP.3, ya no son susceptibles a su neutralizacion. Finalmente, la base de datos generada, que incluye
25,621 secuencias, podria ser de gran utilidad para seguir explorando potenciales anticuerpos
neutralizantes contra variantes emergentes de preocupacion. Ademas, las estrategias de seleccion
y caracterizacion empleadas en este trabajo podrian servir para la identificacion y estudio de futuros
anticuerpos, no solo contra el SARS-CoV-2, sino también contra otros agentes infecciosos.
El estudio transcriptomico unicelular realizado en linfocitos B de sujetos convalecientes de
COVID-19 permitio identificar la heterogeneidad de subpoblaciones en relacion con distintos
cuadros clinicos (leve, moderado, critico y severo). Estos resultados revelan la capacidad de las
subpoblaciones de linfocitos B para expresar genes proinflamatorios, especialmente en condiciones
criticas y severas, que podrian contribuir a la gravedad de la enfermedad. Ademas, en este trabajo
se muestra la identificacion y caracterizacion de un grupo de linfocitos B de memoria atipicos. Los
andlisis indican que estas células presentan un perfil transcripcional y de repertorio distintos en
comparacion con los linfocitos B de memoria convencionales. Asi mismo, los analisis muestran
que estas células siguen una via de diferenciacion de centros germinales; no obstante, su
diferenciacion y activacion podrian estar influenciadas por genes caracteristicos a la exposicion
antigénica al SARS-CoV-2. Este estudio contribuye a una mejor comprension del desarrollo de los
linfocitos B de memoria atipicos en COVID-19 y el papel de otras subpoblaciones en las diferentes
manifestaciones clinicas.
Los analisis realizados en el trabajo comparativo de la inmunidad hibrida generada por vacunas
basadas en vectores adenovirales demostraron que ambas vacunas estimulan eficazmente la
inmunidad hibrida, aunque con caracteristicas distintas. La vacuna AZD1222 destaca por generar

una robusta respuesta humoral con anticuerpos neutralizantes, mientras que Ad5-nCoV induce una
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intensa respuesta celular incluso con una sola dosis. Estos hallazgos evidencian la diversidad en la
respuesta inmune provocada por dos vacunas basadas en vectores adenovirales con esquemas de
vacunacion diferentes. Este estudio contribuye a la comprensién de la inmunidad hibrida en
COVID-19 y podria ser valioso para el disefio de futuras estrategias de vacunacion.

Finalmente, como resultado de esta tesis, se publicaron tres articulos titulados “19n01, a broadly
neutralizing antibody against Omicron BA.1, BA.2, BA.4/5, and other SARS-CoV-2 variants of
concern”, “Single-cell transcriptomic analysis of B cells reveals new insights into atypical memory
B cells in COVID-19” y “Comparative single-cell transcriptomic profile of hybrid immunity
induced by adenovirus vector-based COVID-19 vaccines”. Ademas, se ha presentado una patente
bajo el titulo “Anticuerpos contra el virus SARS-CoV-2 y sus variantes”, en la que se detalla el
desarrollo de los 44 anticuerpos producidos con tecnologia recombinante a partir de la
secuenciacion single-cell RNAseq de linfocitos B en sujetos convalecientes de COVID-19. Estos
resultados también se han presentado de forma oral y en pdster en el Congreso Internacional
COVID and Beyond: Novel Approaches to Global Infectious Diseases, llevado a cabo en Bruselas,
Bélgica, en octubre de 2022; asi como en el Congreso Internacional de Inmunologia (IUIS) en
Ciudad del Cabo, Sudafrica, en noviembre de 2023.
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